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Preface to ”Marine Compounds and Cancer 2020”

In 2019, the scientific and medical community celebrated the 50th anniversary of the introduction 
of the very first marine drug, Cytarabine (aka Ara-C, Cytosar-U®), in clinical use. In 1969, it was 
approved by the Food and Drug Administration (FDA) for the treatment of leukemia. At the 
beginning of 2021, the list of approved marine-derived anticancer drugs consists of nine substances, 
five of which received approval within the last two years, demonstrating the rapid evolution of the 
field. Many more are in different phases of clinical testing, including phase III trials, and a plethora of 
substances have already been examined regarding activity in vitro and in vivo. Technical innovation 
and increasingly precise research tools allow the dissection of the molecular mode of action of these 
cytotoxic substances, often uncovering the specific drug targets in cancer cells. This development 
will blur the boundaries between targeted and untargeted therapy, and will hopefully lead to a 
more direct use of cancer medicine based on a molecular rationale of activity. The Topical Collection 
“Marine Compounds and Cancer” of the journal Marine Drugs covers this whole field, from agents 
with cancer-preventive activity, to novel and previously characterized compounds with anticancer 
activity, both in vitro and in vivo, as well as reports on the latest status of the development of drugs 
under clinical investigation. In addition, special focus is placed on the current shortfalls and possible 
strategies to overcome obstacles in the area of marine anticancer drug development.

Friedemann Honecker, Sergey A. Dyshlovoy

Editors

xi
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Editorial

Marine Compounds and Cancer: Updates 2020

Sergey A. Dyshlovoy 1,2,3,* and Friedemann Honecker 2,4
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By the end of the year 2020, there are nine marine-derived anticancer drugs available on the
market, and the field is currently growing exponentially. This process is stipulated by improvements in
the development of biomedical sciences in general and recent approval of new and exciting anticancer
medications in particular, which were developed based on small molecules of marine origin.

Looking back, it is noteworthy that at the very beginning of 2018, when we published an article
on updates in the field of marine anticancer agents, there were only four marine-derived drugs
approved for the treatment of cancer and cancer-related conditions [1]. Those were cytarabine

(Cytosar-U®, the very first marine-derived drug [2] approved in 1969 produced by Pfizer [3]),
trabectedin (Yondelis®, produced by PharmaMar), eribulin mesylate (Halaven®, produced by Eisai
Inc.), and the antibody–drug conjugate (ADC) brentuximab vedotin (Adcetris®, produced by Seattle
Genetics) [1]. Within only three years since 2018, five (!) new drugs have been approved for the
treatment of different cancer types all over the world; two of them have been approved only recently in
2020. Thus, to the four “marine” pharmaceuticals listed above, the following medications were added:

• Plitidepsin (Aplidin®, produced by PharmaMar), dehydrodidemnin B, is an ascidian depsipeptide
binding to eEF1A2 and inducing an oxidative stress in cancer cells; the drug was first approved in
2018 in Australia for the treatment of multiple myeloma, leukemia, and lymphoma [4].

• Polatuzumab vedotin (PolivyTM, produced by Genentech, Roche) is an ADC that consists
of MMAE (monomethyl auristatin E, an analogue of dolastatin 10, which is a peptide toxin
of symbiotic marine cyanobacteria) conjugated with the CD76b-specific monoclonal antibody
polatuzumab. The antibody provides a specific delivery of MMAE to cancer cells, where following
the proteolytic ADC cleavage and release of the “warhead” molecule (MMAE), an inhibition of
tubulin polymerization leading to the cancer cells’ death can be achieved. The drug was approved
by the FDA in 2019 for the treatment of B-cell lymphomas, non-Hodgkin lymphomas, and chronic
lymphocytic leukemia [5].

• Enfortumab vedotin (PADCEVTM, produced by Astellas Pharma and Seattle Genetics) is another
ADC consisting of MMAE (see above) and an antibody specific to nectin-4. It was approved in
2019 for the treatment of metastatic urothelial cancer [6].

• Belantamab mafodotin (BlenrepTM, produced by GlaxoSmithKline) is yet another ADC consisting
of MMAF (monomethyl auristatin F, one of the MMAE derivatives) as the warhead, bound to an
antibody targeting BCMA (B-cell maturation antigen). Similar to MMAE, MMAF targets tubulin
polymerization. The drug was approved in 2020 for the treatment of relapsed and refractory
multiple myeloma [7].

Mar. Drugs 2020, 18, 643; doi:10.3390/md18120643 www.mdpi.com/journal/marinedrugs1
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• Lurbinectedin (ZepzelcaTM, produced by PharmaMar) is a synthetic derivative of trabectedin
(see above) that binds to the minor groove of DNA and exerts its anticancer action via inhibition
and degradation of RNA polymerase II. The drug was approved in 2020 for the treatment of
metastatic small cell lung cancer [8].

According to the Marine Pharmacology web page provided by Prof. Alejandro M. S. Mayer and
colleagues (https://www.midwestern.edu/departments/marinepharmacology.xml), there are currently
another 23 “marine” molecules in different stages of clinical development in various cancer entities [9].
The vast majority of these drug candidates (i.e., 19 out of 23 (83%)) are being tested as anticancer drugs.
It should, however, be noted that most of the molecules (70%) either are ADC derivatives of MMAE
or MMAF or are already approved drugs undergoing trials in entities where they have not yet been
approved (e.g., lurbinectedin in ovarian, breast, and small cell lung cancer) [9].

To keep track in this dynamic area and also to offer a platform on research dealing with new
and promising marine compounds possessing anticancer activity, we started a topical collection,
“Marine Compounds and Cancer” (http://www.mdpi.com/journal/marinedrugs/special_issues/marine-
compounds-cancer), in 2015 [10]. This topical collection covers the whole scope of agents showing
in vitro and in vivo anticancer properties, which are able to prevent cancer development or can
kill existing cancer cells. We publish data on both novel and previously characterized compounds,
which either just have started to come to the attention of biomedical scientists or already have become
established drugs [1,10,11].

A number of articles have been published in the topical collection before 2018 [1,10]. Since then,
many new high-quality manuscripts have been submitted and subsequently published. In total,
6 review and 24 original research articles have been accepted in this topical collection.

In the following, we will briefly review the data presented in those publications. Li and
colleagues reviewed the recent data on chemopreventive, antineoplastic, chemosensitive, procoagulant,
and anticoagulant activities of sepia ink polysaccharide [12]. Ćetković et al. summarized findings on
cancer-related genes and proteins found in marine sponges and provided insight into sponge genome
and proteome [13]. Fan et al. reviewed marine-derived compounds that have been described to

be active in human prostate cancer models both in vitro and in vivo. Molecules with activity in
this entity belong to different molecular classes, such as nucleotides, amides, quinones, polyethers,
and peptides, and possess different anticancer-related activities, such as antioxidant, antiangiogenetic,
antiproliferative, and apoptosis-inducing activities [14]. A nice concise review by Martínez Andrade
and coauthors covers the topic of marine microalgae and their unique molecules that have shown
anticancer properties [15]. Van Andel et al. outlined different chromatographic bioanalytical methods

that are used for the quantitative determination of marine-derived molecules, which have shown
anticancer properties [16]. Ha et al. compiled recent findings on the design, synthesis, and biological
activity of so-called hybrid (chimera) molecules, which are based on marine natural compounds

and their derivatives [17].
In the 24 research articles published in the topical collection since the beginning of 2018, data from

a number of both new and previously known marine-derived compounds have been reported. Guo et
al. synthesized a novel bromophenol derivative (BOS-102), which is active in a human lung cancer
cell model. The underlying mechanism of action could be identified as an induction of apoptosis
and cell cycle arrest via ROS-mediated PI3K/Akt and MAPK signaling [18]. Aldairi and colleagues
described glycosaminoglycan-like polysaccharides isolated from the marine mollusk Cerastoderma
edule. This compound has exhibited antiproliferative activity in chronic myeloid leukemia as well
as in relapsed acute lymphoblastic leukemia models [19]. Manh Hung et al. studied the effect of
gliotoxin in combination with adriamycin on non-small cell lung cancer cells resistant to Adriamycin.
The authors showed that gliotoxin can induce an intrinsic apoptotic response in cancer cells and
activate the p53 protein. Additionally, gliotoxin enhanced the cytotoxic effect of Adriamycin [20].
Loret et al. isolated and characterized the small protein BDS-5 from the sea anemone Anemonia viridis,
which shows similarities to Kunitz-type inhibitors. BDS-5 has shown to possess antiangiogenic activity,

2
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which may be exploited in anticancer therapy [21]. Using a pheochromocytoma model, Bechmann and
coauthors showed anticarcinogenic and antimetastatic activities of aeroplysinin-1 and isofistularin-3,
compounds that were previously isolated from the marine sponge Aplysina aerophoba. Additionally,
aeroplysinin-1 downregulated integrin β1 [22]. Hao and colleagues studied the anticancer activity of
phycocyanin in non-small cell lung cancer cells. The authors reported that phycocyanin can regulate
NF-κB signaling and induce apoptosis and cell cycle arrest, and suppresses cell migration, proliferation,
and colony formation [23]. An article by Lin et al. describes an anticancer effect of the sponge-derived
pentacyclic alkaloid manzamine A in colorectal cancer cells. In their research, using a microarray-based
gene expression analysis, the authors revealed an effect of the treatment on caspase-dependent intrinsic
apoptosis, DNA repair executed via an inhibition of CDKs p53/p21/p27 cell cycle arrest, and mRNA
metabolism [24]. Rath et al. reported an anticancer effect of the well-known spongian alkaloid
fascaplysin in lung cancer cells and circulating tumor cells from lung cancer. Fascaplysin induced
ATM signaling, initiated by treatment-induced DNA damage, and increased the anticancer action of
cisplatin [25]. Zhu and colleagues showed the antiangiogenic activity of rLm-cystatin F, a homologue of
cystatin F, which was isolated from the buccal glands of Lampetra morii. rLm-cystatin F can suppress the
migration, invasion, adhesion, and tube formation of HUVEC cells [26]. Ting and Chen demonstrated
the anticancer activity of the antimicrobial peptide tilapia piscidin 4 (TP4) derived from the fish
species Nile tilapia in non-small cell lung cancer cells. TP4 induced necrotic death of cancer cells and
increased the effect of the EGFR inhibitors erlotinib and gefitinib in EGFR-mutated non-small cell lung
cancer cells [27]. Liang and colleagues utilized a fragment-based drug design in order to optimize the
structure of the spongian brominated tyrosine itampolin A, which has previously been reported to be a
potent p38α inhibitor. The authors synthesized and selected the most potent derivative, which showed
activity in non-small cell lung cancer cells [28]. Qiao et al. investigated the anticancer activity of
tetracenomycin X in human lung cancer cells in vitro and in vivo. They showed that the compound
induces cell cycle arrest via both direct induction of cyclin D1 degradation by the proteasomal system
and indirect downregulation of cyclin D1 due to the activation of p38 and c-JUN [29]. Groult and
colleagues showed that algal λ-carrageenan oligosaccharides inhibit the migration of MDA-MB-231
breast cancer cells [30]. Xu et al. reported new and previously known natural dimeric naphthopyrones
that are cytotoxic in several human cancer cells lines and could demonstrate that this cytotoxicity is
executed via ROS-mediated apoptosis. Additionally, the authors showed that the PI3K/Akt pathway
also plays a role in inducing this cytotoxic effect [31]. Zhou et al. reported on the activity of four new
ansamycins, namely, divergolides T–W, and two previously known individual compounds isolated
from the culture of mangrove-derived actinomycete Streptomyces sp. KFD18. Some of these compounds
exhibited potent cytotoxicity in several human cancer cell lines, executed via the apoptotic pathway [32].
Lin and colleagues reported a suppressive effect of actinomycin V on the migration and invasion of
human breast cancer cells. This effect can be explained by the inhibition of the Snail/Slug-mediated
EMT (epithelial–mesenchymal transition) under drug treatment [33]. Teruya et al. analyzed the activity
of a low molecular weight fucoidan. They identified that it can suppress the growth of fibrosarcoma
cancer cells without having an effect on the proliferation of noncancer TIG-1 cells. The underlying
mechanism of this activity has been identified as a specific inhibition of the PD-L1/PD-L2 expression
in cancer cells [34]. An analysis of the αO-conotoxin GeXIVA activity in a breast cancer cell model
performed by Sun and colleagues revealed the antiproliferative activity of this conotoxin. This effect can
be explained by the downregulating α9-nAChR (α9 nicotine acetylcholine receptor), ultimately leading
to cell cycle arrest [35]. Kapustina et al. reported the isolation of four new humulane sesquiterpenoids,
leptogorgins A–C and a new dihydroxyketosteroid, leptogorgoid A. Some of these compounds
exhibited cytotoxicity and selectivity in human drug-resistant prostate cancer cells in vitro [36]. Zhou et
al. described the proapoptotic activity of the previously known spongian scalarane sesterterpenoid
12-deacetyl-12-epi-scalaradial in human cancer HeLa cells. The authors postulate that this cytotoxic
effect is executed via the MAPK/ERK pathway, as well as by the activation of the Nur77 nuclear
receptor activity [37]. Capasso et al. showed an antiproliferative activity and selectivity of mycalin
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A and its derivatives, synthesized by the same group, in melanoma and cervical cancer models [38].
Shubina and colleagues reported the discovery of a new structural group of spongian monosulfated
polyoxygenated steroids named gracilosulfates. In their work, they isolated seven gracilosulfates,

A–G. These molecules can inhibit the expression of PSA in human prostate cancer cells, thereby
inducing an anticancer effect [39]. Finally, Delgado-Roche et al. reported that metabolites of Thalassia
testudinum, in particular thalassiolin B, exhibit chemopreventive and antigenotoxic activity, which can
be of use in anticancer therapy. This effect was at least partially mediated by the inhibition of the
CYP1A1-mediated benzo[a]pyrene-induced transformation (i.e., by suppressing the effects of oxidative
and mutagenic stress) [40].

The scientific and medical community embraces new biologically active compounds, which will
hopefully be further developed into clinically useful drugs. Putting marine-derived molecules in the
focus of research on natural products and medical chemistry has already resulted in the development
of several effective drugs that have saved thousands of lives. Therefore, we thank all the authors who
have contributed to this important field and have added to the topical collection “Marine Compounds
and Cancer” of Marine Drugs!
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Abstract: Efficacy and mechanism of action of marine alkaloid 3,10-dibromofascaplysin (DBF) were
investigated in human prostate cancer (PCa) cells harboring different levels of drug resistance.
Anticancer activity was observed across all cell lines examined without signs of cross-resistance
to androgen receptor targeting agents (ARTA) or taxane based chemotherapy. Kinome analysis
followed by functional investigation identified JNK1/2 to be one of the molecular targets of DBF
in 22Rv1 cells. In contrast, no activation of p38 and ERK1/2 MAPKs was observed. Inhibition of
the drug-induced JNK1/2 activation or of the basal p38 activity resulted in increased cytotoxicity of
DBF, whereas an active ERK1/2 was identified to be important for anticancer activity of the alkaloid.
Synergistic effects of DBF were observed in combination with PARP-inhibitor olaparib most likely
due to the induction of ROS production by the marine alkaloid. In addition, DBF intensified effects of
platinum-based drugs cisplatin and carboplatin, and taxane derivatives docetaxel and cabazitaxel.
Finally, DBF inhibited AR-signaling and resensitized AR-V7-positive 22Rv1 prostate cancer cells
to enzalutamide, presumably due to AR-V7 down-regulation. These findings propose DBF to
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be a promising novel drug candidate for the treatment of human PCa regardless of resistance to
standard therapy.

Keywords: fascaplysin; prostate cancer; JNK1/2; natural products; synergism

1. Introduction

In the past decades, treatment of metastatic prostate cancer (mPCa) tremendously improved
resulting in increased overall survival (OS) and better quality of life of the patients. However, despite the
high efficacy of androgen receptor targeting agents (ARTA) and docetaxel in the hormone naïve stage of
disease, loss of efficacy of standard therapies is eventually observed in the course of treatment reflected
by reduced PSA-responses and a decreased OS with each additional treatment line [1–3]. To date,
different mechanisms of resistance have been identified. Thus, modification of the androgen receptor
(AR) including amplification, mutation, and alternative splice variants as well as PTEN loss were
found to be associated with decreased sensitivity to ARTAs, while up-regulation of p-glycoprotein and
the induction of life-prolonging autophagy mediate resistance to standard chemotherapy [2]. To date,
treatment strategies to overcome drug resistance in mPCa are limited and novel agents effectively
targeting drug-resistant prostate cancer are urgently needed.

Marine invertebrates are a rich source of new molecules having a unique structure and promising
biological activity [4,5]. A significant proportion of these compounds are cytotoxic to cancer cells
making them promising candidates for further development. By the end of 2020, there will be
10 clinically-approved anticancer drugs created on the bases of small molecules isolated from marine
organisms [6,7]. In addition, many more are in different stages of clinical and preclinical development
and around 1000 new structures are reported every year [8,9].

Fascaplysin is a red bioactive pigment initially isolated from the marine sponge
Fascaplysinopsis sp. [10]. This alkaloid possesses a 12H-pyrido[1,2-a:3,4-b’]diindole core [11] and reveals
a broad spectrum of biological activities, including antifungal, antibacterial, antiviral, antimalarial,
and antitumor effects [11–13]. Its antitumor activity was evaluated in different human cancer cells lines
including lung, prostate, breast, and colorectal cancer, melanoma and leukemia [13–20]. Fascaplysin and
similar alkaloids seem to mediate their activity by inhibition of cyclin-dependent kinase 4 (CDK4) and
intercalation with dsDNA, which leads to a G1-phase cell cycle arrest and ultimately to the apoptotic
cancer cell death [11,12,21,22]. However, recently it was reported that fascaplysin can kill cancer
cells independently from the presence and activity of CDK4, suggesting other molecular targets to be
involved in its mechanism of action [17]. Indeed, several other molecular targets and cellular processes,
both pro-apoptotic and pro-survival, have also been reported to be affected by this marine alkaloid.
Thus, fascaplysin was capable to inhibit VEGFR2, TRKA, surviving, and HIF-1α [17]. In lung and
colorectal cancer cells, synergistic effects with AKT and AMPK inhibitors were observed, emphasizing
its possible implication in combinational therapy [23]. Additionally, an induction of cytoprotective
autophagy was found in human breast cancer cells as well as human vascular endothelial cells
treated with fascaplysin and its derivatives [18,19]. This event was linked to the PI3K/AKT/mTOR
signaling inhibition in the treated cells [18,24]. Autophagy is often induced in cancer cells exposed
to chemotherapeutics as one of the basic survival mechanisms, helping the cells to overcome stress
conditions [25,26].

Several halogenated fascaplysin derivatives were found to exhibit antitumor activity as well.
Thus, 3-chlorofascaplysin suppressed angiogenesis and tumor growth of breast cancer cells [18].
The brominated derivatives, i.e., 3- and 10-bromofascaplysins induced a caspase-dependent apoptosis
in human leukemia cells at nanomolar concentrations [13]. Additionally, these compounds were active
in rat C6 glioma cells model [27]. Of note, in this experiment the brominated derivatives were more
active in comparison with “mother” fascaplysin molecule [27].
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3,10-Dibromofascaplysin (DBF) is a novel halogenated fascaplysin alkaloid initially isolated from
the marine sponge Fascaplysinopsis reticulata [28] and later synthesized by our group [20]. Recently,
we identified DBF to be active in human prostate cancer cells during a small-scale screening of
semi-synthetic fascaplysin derivatives. In contrast to the other synthesized derivatives, DBF revealed a
smooth cytotoxicity profile, suggesting a wide therapeutic window [20]. In addition, DBF was found
to affect cellular metabolism, which further leads to cancer cell death [20]. In the current research we
evaluated the activity of DBF in human prostate cancer cell lines harboring different levels of drug
resistance to currently available standard therapies. Mechanism of action and molecular targets were
examined by a kinome profiling approach.

2. Results and Discussion

2.1. 3,10-Dibromofascaplysin (DBF) Induces Apoptotic Cell Death of Drug-Resistant Prostate Cancer Cells

Overcoming drug resistance is a major challenge in the treatment of advanced prostate cancer.
3,10-Dibromofascaplysin (DBF, Figure 1A)—a new halogenated fascaplysin—showed promising
activity in previous screening experiments [20]. Therefore, we evaluated cytotoxicity of this marine
alkaloid in different human drug-resistant prostate cancer cell lines in vitro.

 

Figure 1. Cytotoxicity and selectivity of DBF. (A), The structure of DBF. (B), Cytotoxicity profiles of
DBF in human prostate cancer cell lines resistant to hormone therapy or docetaxel. Cell viability was
measured using MTT assay following 72 h of incubation. (C), Western blotting analysis of the protein
expression in 22Rv1 cells treated with DBF for indicated time. β-actin was used as a loading control.

22Rv1, PC3 and DU145 cells reveal resistance to AR-targeting therapies e.g., abiraterone
and enzalutamide. In 22Rv1 cells, resistance is mediated by the expression of AR splice variant
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7 (AR-V7) [29], which lacks an androgen binding site and induces permanent auto-activation of the
ARs [30]. PC3 and DU145 cells lack AR expression and thus do not require androgens for growth
and proliferation [29]. DBF was found to be cytotoxic in all cell lines investigated at micro- and
nanomolar concentrations with the highest activity in 22Rv1 cells (Table 1). The docetaxel-resistant
PC3 and DU145 sublines (PC3-DR and DU145-DR) were generated using continuous incubation of
PC3 and DU145 with increasing concentrations of docetaxel until reaching a concentration of 12.5 nM
as previously described [31]. Notably, the PC3-DR and DU145-DR cells are ~50-fold less sensitive to
docetaxel compared to their parental cell lines (Figure 1B). Remarkably, IC50 of DBF in PC3-DR cells
was only 2-fold higher compared to PC3 cells, and DU145-DR cells were even more sensitive to DBF
than DU145 cells suggesting no cross-resistance between docetaxel and DBF (Figure 1B, Table 1).

Table 1. Cytotoxicity of DBF in different prostate cancer cells. Cells were incubated with the drug
for 72 h. Docetaxel was used as a reference compound.

Cell Line
IC50, 72 h

DBF [μM] Docetaxel [nM]

22Rv1 0.29 ± 0.04 0.38 ± 0.08
PC3 0.79 ± 0.17 8.55 ± 3.09
PC3-DR 1.51 ± 0.35 355.8 ± 148.7
DU145 4.19 ± 0.81 1.72 ± 0.19
DU145-DR 1.25 ± 0.27 89.4 ± 13.2

In a next step, we evaluated the mechanism of action of DBF in prostate cancer. 22Rv1 cells were
chosen as they revealed the highest sensitivity to the marine compound. First, apoptotic markers
including poly(ADP-ribose)polymerase (PARP) and caspase-3 were examined to determine the
character of cell death mediated by DBF (Figure 1C). In fact, cleavage of both proteins first appeared
48 h after treatment of 22Rv1 cells at concentrations of 5 and 10 μM. Hence, these conditions were
chosen for further experiments.

2.2. DBF Induces Alterations of Protein Tyrosine Kinases Activity

Protein kinases are important target molecules for various anticancer drugs [32]. They catalyze
the phosphorylation of target proteins thereby modulating their activity. Serine/threonine kinases
(STK) belong to a group of protein kinases, involved in critical processes related to both, cellular death
and survival [33]. In fact, modulation of STKs activity has been identified as a mechanism of
action of a number of clinically-approved drugs, such as cobimetinib, palbociclib, axitinib, sunitinib,
and others [33]. Hence, we assessed the effect of DBF on STKs activity by functional kinomics assay
using the PamTechnology® (http://www.pamgene.com, Figure 2A–E) [34]. This method allows to
determine specific STK activity changes in living cells. Short-term treatment for 2 h was chosen in order
to minimize the detection of unspecific effects secondary to cell death related events. Results are shown
for the control group vs. the treated group, as a log2 of signal intensity per peptide (Figure 2A–D).
No significant changes of the overall STKs activity were observed between the groups (Figure 2C).
However, further analyses of specific STK potentially affected by DBF predicted an activation of
JNK1 kinase (Figure 2E), belonging to the group of the mitogen activated protein kinases (MAPKs).
Additionally, other MAPKs, such as p38 and ERK1, were also predicted to be activated by DBF, however,
with a lower specificity score (Figure 2E). The above mentioned MAPKs are associated with different
cancer-related processes, however, with ambiguous impact on cancer cell elimination and growth
inhibition [32,35]. In prostate cancer, MAPKs were reported to have an important impact on tumor
growth [35–37]. Additionally, a crosstalk with AR-signaling has been demonstrated, especially for
JNK1/2 [38–40]. Thus, the changes of JNK1/2 activity and other MAPKs were further examined.
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Figure 2. Functional kinome profiling of serine/threonine kinases (STKs). 22Rv1 cells were treated
with DBF for 2 h; proteins were extracted and analyzed using STK-PamChip® (sequence-specific peptide
phosphorylation assay) and anti-phospho-STK antibodies. (A), Microphotographs of STK-PamChip®.
The generated data is represented as heat-map plot (B), box plots (C), or volcano-plot (D). Red dots
indicate peptide substrates having significantly increased phosphorylation in comparison to control
samples (log2(p) > 1.3, dotted line, (D)). (E), Upstream analysis of the treatment-affected kinases in
22Rv1 cells. Normalized kinase statistic > 0 indicates higher kinase activity in DBF-treated cells;
specificity score > 1.3 indicates statistically significant changes.
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2.3. Validation of Kinome Analysis Data

JNK1 was the top-ranked kinase predicted to be activated by DBF in prostate cancer 22Rv1
cells (Figure 2E). Hence, time-dependent Western blotting-based analyses of JNK1/2 activation were
performed for further validation (Figure 3A). Indeed, a phosphorylation of JNK1/2 was only observed
in PCa cells exposed to short-term DBF treatment (2 h), whereas no activation, or even phospho-JNK1/2
degradation was found after 6 h to 48 h (Figure 3A). More detailed examinations revealed a pronounced
JNK1/2 phosphorylation already after 15 min of DBF treatment. Thus, JNK1/2 phosphorylation is one
of the very first cellular events following drug exposure (Figure 3D), long before first apoptotic signs
appear (48 h, Figure 1C). Due to a potential crosstalk of different MAPKs, we examined the effect
of DBF on p38 and ERK1/2 MAPKs, which were also predicted to be affected by kinomic analysis
(Figure 3B,C,E,F). Of note, no significant alterations of p38 and ERK1/2 were observed at any time
point ranging from 15 min to 48 h of treatment (Figure 3B,C,E,F).

 
Figure 3. Validation of kinome analysis data using Western blotting. Western blotting analyses of
the phosphorylated and total JNK1/2 (A,D), p38 (B,E), and ERK1/2 (C,F) kinases in 22Rv1 cells treated
with DBF for 2–48 h (A–C) or 15 min–2 h (D–F). β-actin was used as a loading control.
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2.4. Role of JNK1/2 and Other MAPKs in Cytotoxic Effect of DBF

In malignant conditions, the impact of JNK1/2, p38, and ERK1/2 MAPKs depend on the cellular
context as well as the nature of stimuli ranging from pro-survival to pro-apoptotic effects [41].
In order to determine the role of JNK1/2 and the other MAPKs in execution of the biological effects of
DBF, we applied a co-treatment with specific inhibitors. Therefore, selective JNK1/2 inhibitor SP600125
(Figure 4A), p38 inhibitor SB203580 (Figure 4B), MEK1 inhibitor PD98039 (Figure 4C), as well as ERK1/2
inhibitor FR180204 (Figure 4D) were tested. Note, MEK1/2 kinase exclusively and directly activates
ERK1/2 [42] indicating that an inactivation of MEK1/2 leads to an inhibition ERK1/2 [42]. Due to the
cytotoxic nature of most of the inhibitors mentioned above, we used combinations of several active
concentrations to determine a synergistic or antagonistic effect of the inhibitors on cytotoxic activity of
DBF. The data were generated using MTT assay and were further analyzed using SynergyFinder 2.0
software and a Zero interaction potency (ZIP) reference model [43] (Figure 4A–D). We generated
heat-maps for the effects of DBF and the MAPK inhibitors alone, and for their respective combinations
(Figure 4A–D). Our analyses revealed pronounced synergistic effects of DBF with JNKi (SP600125) and
p38i (SB203580) suggesting a pro-survival role of both kinases in the cellular response to DBF treatment
(Figure 4A,B). In contrast, the MEK/ERKi (PD98039/FR180204) antagonized cytotoxic effects of DBF
(Figure 4C,D) indicating ERK1/2 to exert a cytotoxic function in DBF-treated 22Rv1 cells. Additionally,
to confirm these data we applied the lower non-cytotoxic concentrations of the inhibitors in order
to avoid unspecific cytotoxicity-related effects (Figure 4E–H). Thus, in line with the above described
results (Figure 4A–D), co-treatment with JNKi and p38i increased the cytotoxic effects of DBF, while in
contrast combination with MEKi and ERKi reduced DBF mediated cytotoxicity (Figure 4E–H).

Interestingly, in our experiments we observed a transient (temporal) activation of JNK1/2,
which takes place within first two hours, and then decreases to the basal level by the time point of 6 h
(Figure 3A,D). A number of previous studies report that activation of MAPKs may have either transient
or sustained character in the same model, depending on stimulus nature (reviewed in [44]). Moreover,
the time course of MAPK activation may be critical for the specific outcome of this event as well as for
the cellular fate [44–47]. In particular, it has been shown that sustained activation of JNK normally
leads to the apoptotic program activation, whereas temporal short-term activation of this MAPK
stimulates the cellular survival [45]. In line with this, the observed short-term activation of JNK1/2 in
DBF-stimulated cells (Figure 3A,D) which was identified as a pro-survival event (Figure 4A,E)

In summary, DBF treatment is accompanied by JNK1/2 activation. The inhibition of this process
could synergistically increase an anticancer effect of the marine alkaloid. Although, no regulation of
p38 or ERK1/2 was observed in our experiments, the generated results suggest an involvement of both
kinases in the maintenance of cellular processes, which are important for survival and death of the
drug-treated cancer cells, correspondingly (Figure 4C,D).

2.5. Effect of DBF in Combination with Platinum and Taxane Agents

Taxanes are routinely applied in advanced prostate cancer, while platine-based therapy shows
pronounced activity in patients harboring DNA repair defects or aggressive variants of the disease.
In order to determine the clinical relevance of DBF in potential combinational therapies, co-treatment
with cisplatin and carboplatin (platinum drugs, DNA-binding agents inducing cross-links) (Figure 5A,B),
as well as docetaxel and cabazitaxel (taxane derivates, which mediate a microtubuline stabilization) was
performed (Figure 5C,D). The activity of the drugs in combinations was analyzed by SynergyFinder 2.0
software using a ZIP reference model.

Remarkably, for DBF combinations with all afore mentioned drugs pronounced synergistic effects
were detected (Figure 5A–D). Of note, synergism was observed for the whole range of carboplatin
and cabazitaxel concentrations (Figure 5B,D), whereas for combinations with cisplatin and docetaxel
synergistic effects were observed only for low doses of the drugs (Figure 5A,C).
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Figure 4. Analysis of the effect on DBF in combination with MAPKi. 22Rv1 cells were co-treated
with DBF in combination with JNK1/2 inhibitor SP600125 (A,E), p38 inhibitor SB203580 (B,F),
MEK1/2 inhibitor PD98059 (C,G), or ERK1/2 inhibitors FR180204 (D,H) for 48 h. The viability
was measured using the MTT assay and the effect of the drug combination (synergism / additive effect /
antagonism) was calculated and visualized using SynergyFinder 2.0 software and a ZIP reference
model (A–D); or presented as of cell viability in % of control (E–H). Red regions indicate synergism;
white—additive effect; green—antagonism (A–D). * p < 0.05, one-way ANOVA test.
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Figure 5. Analysis of the effect on DBF in combination with platinum and taxane drugs. 22Rv1 cells
were co-treated with DBF in combination with cisplatin (A), carboplatin (B), docetaxel (C), or cabazitaxel
(D) for 48 h. The viability was measured using the MTT assay and the effect of the drug combination
(synergism/additive effect/antagonism) was calculated and visualized using SynergyFinder 2.0 software
and a ZIP reference model. Red regions indicate synergism; white—additive effect; green—antagonism.

2.6. Effect of DBF in Combination with Olaparib

We further examined the effects of DBF in combination with PARP inhibitor olaparib. Olaparib has
recently been approved by the FDA for the treatment of patients with deleterious germline or somatic
homologous recombination repair (HRR) gene-mutated metastatic castration-resistant PCs. PARP holds
major functions on DNA repair of single strand breaks (ssDNA), induced by different stress factors [48].
Inhibition of ssDNA reparation by PARP inhibitors results in DNA double strand (dsDNA) breaks
eventually leading to synthetic cell death in cells carrying HRR defects [49–51]. 22Rv1 cells are
known to bear a BRCA2 defect, the most frequent HRR alteration in PCa, revealing high sensitivity to
olaparib [52]. Remarkably, DBF exhibited a strong synergistic effect when combined with olaparib
at the whole range of concentrations of both drugs (Figure 6A). We hypothesized that this may be
due to ssDNA breaks following treatment with DBF, potentially mediated by increased production of
reactive oxygen species (ROS) [53]. Hence, we have examined the induction of ROS in 22Rv1 cells
treated with DBF. Notably, a significant increase of the ROS level was detected already after 1 h of
treatment with 1 μM of DBF (Figure 6B,C), whereas the DNA damage could be detected only after
longer time of treatment with the same concentration of the drug (Figure 6D). Thus, the ROS induction
is a primary effect of the alkaloid in cancer cells. Moreover, the previously described JNK1/2 activation
(Figure 2A,B), may also result from oxidative stress [54].
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Figure 6. Analysis of the effect on DBF on ROS production and DNA damage. (A), 22Rv1 cells were
co-treated with DBF in combination with olaparib for 48 h. The viability was measured using the MTT
assay and the effect of the drug combination (synergism / additive effect / antagonism) was calculated
and visualized using SynergyFinder 2.0 software and a ZIP reference model. Red regions indicate
synergism; white—additive effect; green—antagonism. (B,C), Effect of DBF on ROS production in
22Rv1 cells following 1 h of treatment. The analysis was performed using CM-H2DCFDA staining
and flow cytometry technique (B). The ROS level was quantified with Cell Quest Pro software (C).
H2O2 (200 μM) was used as a positive control. (D), Analysis of DNA break in 22Rv1 cells treated with
DBF for indicated time. n.s.—non-significant (p > 0.05), * p < 0.05, one-way ANOVA test.

2.7. Effect of DBF on AR Signaling

Hormone therapy is a key component in the treatment of advanced prostate cancer. AR targeting
agents (ARTA), e.g., enzalutamide, competitively inhibit the AR resulting in suppression of AR-signaling
which in turn leads to inhibition of prostate cancer cell growth and viability [52,55]. Resistance to
ARTA is mediated by AR amplification, mutation, or alternative splicing. AR splice variant V7 (AR-V7)
lacks a C-terminal androgen binding domain and therefore cannot bind androgens or antiandrogens.
An auto-activated AR signaling results in cell proliferation and survival [30]. Along with an AR-full
length (AR-FL) expression, 22Rv1 cells are also known to express AR-V7, and therefore are resistant
to enzalutamide [29]. Interestingly, DBF is able to resensitize 22Rv1 cells to enzalutamide showing
synergistic effects with the ARTA (Figure 7A). In order to explain this phenomenon we examined
the effect of DBF on the expressional levels of both AR-FL and AR-V7. Notably, we observed a
down-regulation of AR-V7 and other AR splice variants (AR-Vs) in the treated 22Rv1 cells (Figure 7B).
Additionally, the expression of AR-FL was also suppressed, suggesting an inhibition of AR signaling
(Figure 7B). In line with this, a down-regulation of PSA expression was detected (Figure 7B). Note,
PSA is a down-stream target of AR pathway reflecting its activity. Hence, we speculate that DBF is
capable of AR-FL/V7-dependent signaling inhibition caused by a down-regulation of both AR-FL
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and AR-V7 expression. Moreover, due to the suppression of AR-V7 the investigated alkaloid recalls
sensitivity of 22Rv1 cells to enzalutamide, making DBF a promising drug candidate for the treatment
of castration-resistant PCa.

 
Figure 7. Analysis of the effect on DBF on AR signaling. (A), 22Rv1 cells were co-treated with
DBF in combination with enzalutamide for 48 h. The viability was measured using the MTT assay
and the effect of the drug combination (synergism/additive effect/antagonism) was calculated and
visualized using SynergyFinder 2.0 software and a ZIP reference model. Red regions indicate synergism;
white—additive effect; green—antagonism. (B), Effect of DBF on the expression of several proteins
involved in the androgen receptor signaling following 72 h of treatment. Protein expression was
accessed using Western blotting. β-actin was used as a loading control.

3. Materials and Methods

3.1. 3,10-Dibromofascaplysin

The marine alkaloid 3,10-dibromofascaplysin (DBF) was synthesized and purified as previously
reported [20]. The purity of the compounds has been confirmed using H1 NMR and high-resolution
mass spectrometry.

3.2. Reagents and Antibodies

CM-H2DCFDA was purchased from Molecular probes (Invitrogen, Eugene, OR, USA);
MTT (3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) and propidium iodide
(PI)—from Sigma (Taufkirchen, Germany). cOmplete™ EASYpacks protease inhibitors cocktail
and PhosSTOP™ EASYpacks phosphotase inhibitors cocktail—from Roche (Mannheim, Germany).
Anisomycin—from NeoCorp (Weilheim, Germany). N-acetylcystein—from MedChemExpress
(Monmouth Junction, NJ, USA). Docetaxel, cabazitaxel, cisplatin and carboplatin—from a Pharmacy
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of the University Hospital Hamburg-Eppendorf (Hamburg, Germany). RNase—from Carl Roth
(Karlsruhe, Germany). Primary and secondary antibodies are listed in Table 2.

Table 2. List of antibodies used.

Antibodies Clonality Source Cat.-No. Dilution Manufacturer

anti-AR pAb rabbit sc-816 1:200 Santa Cruz
anti-AR-V7 mAb rabbit 198394 1:1000 abcam
anti-cleaved Caspase-3 mAb rabbit #9664 1:1000 Cell Signaling
anti-ERK1/2 mAb mouse #9107 1:2000 Cell Signaling
anti-JNK1/2 mAb rabbit #9258 1:1000 Cell Signaling
anti-mouse IgG-HRP sheep NXA931 1:10,000 GE Healthcare
anti-p38 mAb rabbit #9212 1:1000 Cell Signaling
anti-PARP pAb rabbit #9542 1:1000 Cell Signaling
anti-phospho-ERK1/2 mAb rabbit #4377 1:1000 Cell Signaling
anti-phospho-JNK1/2 mAb rabbit #4668 1:1000 Cell Signaling
anti-phospho-p38 mAb rabbit #4511 1:1000 Cell Signaling
anti-PSA/KLK3 mAb rabbit #5365 1:1000 Cell Signaling
anti-rabbit IgG-HRP goat #7074 1:5000 Cell Signaling
anti-α-Tubulin mAb mouse T5168 1:5000 Sigma-Aldrich
anti-β-Actin-HRP pAb goat sc-1616 1:10,000 Santa Cruz

3.3. Cell Lines and Culture Conditions

The human prostate cancer cell lines DU145, PC-3 and 22Rv1 were purchased from ATCC
(Manassas, VA, USA). The docetaxel-resistant DU145-DR and PC3-DR cell lines, generated as described
previously [31], were kindly provided by Prof. Z. Culig, Innsbruck Medical University, Austria. The cell
lines used had a passage No. ≤ 50, and were continuously kept in culture for a max. of 3 months.
All cell lines used were recently authenticated by commercial service (Multiplexion GmbH, Heidelberg,
Germany). Cells were cultured as monolayers in a humidified atmosphere with 5% CO2 at 37 ◦C.
For cell culture, the RPMI medium supplemented with Glutamax™-I (gibco® Life technologies™,
Paisley, UK) containing and 1% penicillin/streptomycin (Invitrogen) and 10% fetal bovine serum
(FBS, gibco® Life technologies™) was used. Cells were regularly inspected for stable phenotype and
mycoplasma infection.

3.4. MTT Assay

Cell viability was evaluated using MTT assay as previously reported [56]. Cells were seeded in
96-well plates (6000 cells/well in 100 μL/well, unless otherwise stated), incubated overnight and the
medium was replaced with fresh medium containing the investigated drugs at indicated concentrations.
Cells were incubated for the indicated time and MTT reagent was added. After 2 to 4 h of incubation the
media was aspirated, the plates were dried (1 h at RT), and 50 μL/well of DMSO were added to each well.
The absorbance was measured using Infinite F200PRO reader (TECAN, Männedorf, Switzerland).
Cell viability and IC50s were calculated using The GraphPad Prism software v. 7.05 was used
(GraphPad Prism software Inc., La Jolla, CA, USA)

3.5. Kinase Activity Profiling

Kinase activity profiling was performed as previously reported [57,58]. The PamStation®12
machine (PamGene International, ’s-Hertogenbosch, The Netherlands) and STK-PamChip® arrays
were used for profiling of the affected serine/threonine kinases.

In brief, the cell were lysed using M-PER Mammalian Extraction Buffer (Pierce, Waltham, MA,
USA) containing Protease and Phosphatase Inhibitor Cocktails (Pierce). Then, 1 μg of total extracted
protein mixture with ATP were applied per each array. The phosphorylation of the specific peptide was
detected using primary anti-phospho-Ser/Thr antibodies and secondary polyclonal swine anti-rabbit
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Immunoglobulin-FITC antibody and CCD camera The signals were further analyzed using the
BioNavigator software v. 6.0 (BN6, PamGene International).

3.6. Western Blotting

The assay was performed as previously reported [59]. 22Rv1 cells were seeded in Petri dishes
(ø 6 cm, 106 cells/well in 5 mL/dish), incubated overnight and treated with the compounds in fresh culture
media (5 mL/dish) for indicated time. Then, cells were harvested and the proteins were extracted and
separated using PAGE in gradient ready-made gels. The proteins were then transferred onto ø 0.2 μm
pore PVDF membrane, followed by blocking and treated with primary and secondary antibodies.
The signals were detected using the ECL chemiluminescence system (Thermo Scientific, Rockford,
IL, USA). The antibodies used are listed in Table 2.

3.7. Determination of Drug Combination Effects

The effects (synergistic versus antagonistic) of MAPK inhibitors (SP600125, SB203580, PD98059,
and FR180204), clinically used cytotoxic chemotherapeutics (cisplatin, carboplatin, docetaxel,
and cabazitaxel), PARP inhibitor olaparib, or AR inhibitor enzalutamide on the cytotoxic activity of DBF
was determined using the Zero interaction potency (ZIP) reference model [43] and the online-based
SynergyFinder 2.0 software (https://synergyfinder.fimm.fi, [60]). The experiments were performed
as described previously [61]. The 22Rv1 cells (12,000 cells/well of 96-well plate) were co-treated with
the defined concentrations of inhibitors and DBF for 48 h in 100 μL/well of 10% FBS/RPMI media.
The cytotoxic effects of the individual drugs and its combinations were measured using MTT assay
and the data was analyzed using SynergyFinder 2.0 software. Deviations between observed and
expected responses with positive (red areas) and negative δ-values (green areas) indicate synergy and
antagonism, respectively.

3.8. Analysis of Intracellular ROS Level

Intracellular ROS levels were accessed using the flow cytometry technique and CM-H2DCFDA
staining (Cat. No. C6827, Molecular probes, Invitrogen, Eugene, OR, USA) following the previously
reported protocol [62,63]. In brief, 105 of 22Rv1 cells were seeded in 12-well plates and incubated overnight.
The media was exchanged with 4 μM CM-H2DCFDA solution in pre-warmed PBS (0.5 mL/sample)
and the cells were incubated for 30 min in the dark (37 ◦C, 5% CO2). Then the staining solution was
replaced with pre-warmed PBS containing investigated compounds at the defined concentrations and
the plates were incubated for another 2 h. The cells were harvested and immediately analyzed by
flow cytometry.

3.9. Analysis of DNA Damage

The effect of the treatment on DNA damage was analyzed using flow cytometry technique and
PI staining. The cells were incubated overnight in 6-well plates (0.2 × 106 cells/well in 2 mL/well),
then the media was exchanged with fresh drug-containing media and the cells were incubated
for another 48 h. After that, the cells were harvested by trypsinization, twice washed with PBS,
resuspended in 70% EtOH/H2O and incubated overnight at −20 ◦C. The cells were then pelleted,
air-dried, and incubated in 0.2 mL/sample the staining solution containing RNase (0.2 mg/mL) and PI
(0.02 mg/mL) in PBS for 30 min in the dark at RT. Then additional 0.2 mL/sample of PBS was added
to each sample and the cells were immediately analyzed by FACS Calibur (BD Bioscience, Bedford,
MA, USA) instrument. The results were analysed using the BD Bioscience Cell Quest Pro v.5.2.1.
software (BD Bioscience, San Jose, CA, USA). The cells containing damaged DNA were identified as
sub-G1 population.
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3.10. Data and Statistical Analysis

For statistical analyses the GraphPad Prism software v. 7.05 was used (GraphPad Prism software
Inc., La Jolla, CA, USA). Data are presented as mean± SD. The unpaired Student’s t-test (for comparison
of two groups) or one-way ANOVA in combination with Dunnett’s post-hoc test (for comparison of
multiple groups) were used to compare the treated groups with control group. All the experiments
were performed in triplicates, unless otherwise stated. Statistically significant differences (*) was
assumed if p < 0.05.

4. Conclusions

Here, we investigated the mechanism of action of the marine natural alkaloid
3,10-dibromofascaplysin (DBF), which has been previously identified by us as a promising compound
in screening experiments. DBF induced apoptosis in human prostate cancer cells, including hormone-
and docetaxel-resistant lines, at low micro- and nanomolar concentrations. No cross-resistance to
currently available standard therapies was observed. The kinome analysis followed by the validation
and functional experiments identified JNK1/2 as one of the molecular targets of DBF in the cells.
Inhibition of JNK1/2 and p38 by specific inhibitors led to the increase of cytotoxic activity of DBF,
whereas active ERK1/2 was identified to be important for the cytotoxic activity of the alkaloid.
Remarkably, DBF strongly synergized with olaparib due to the induction of ROS production, as well as
with other clinically approved platinum and taxane agents. Additionally, the compound inhibited
AR-signaling and resensitized AR-V7-positive prostate cancer cells to enzalutamide, presumably due
to AR-V7 inhibition. A combination of these properties makes this marine alkaloid a promising drug
candidate for the treatment of human castration-resistant PCa.
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Abstract: The aim of the present work was to evaluate the effects of Thalassia testudinum hydroethanolic
extract, its polyphenolic fraction and thalassiolin B on the activity of phase I metabolizing enzymes as
well as their antimutagenic effects. Spectrofluorometric techniques were used to evaluate the effect of
tested products on rat and human CYP1A and CYP2B activity. The antimutagenic effect of tested
products was evaluated in benzo[a]pyrene (BP)-induced mutagenicity assay by an Ames test. Finally,
the antimutagenic effect of Thalassia testudinum (100 mg/kg) was assessed in BP-induced mutagenesis
in mice. The tested products significantly (p < 0.05) inhibit rat CYP1A1 activity, acting as mixed-type
inhibitors of rat CYP1A1 (Ki = 54.16 ± 9.09 μg/mL, 5.96 ± 1.55 μg/mL and 3.05 ± 0.89 μg/mL,
respectively). Inhibition of human CYP1A1 was also observed (Ki = 197.1 ± 63.40 μg/mL and
203.10 ± 17.29 μg/mL for the polyphenolic fraction and for thalassiolin B, respectively). In addition,
the evaluated products significantly inhibit (p < 0.05) BP-induced mutagenicity in vitro. Furthermore,
oral doses of Thalassia testudinum (100 mg/kg) significantly reduced (p < 0.05) the BP-induced
micronuclei and oxidative damage, together with an increase of reduced glutathione, in mice.
In summary, Thalassia testudinum metabolites exhibit antigenotoxic activity mediated, at least, by the
inhibition of CYP1A1-mediated BP biotransformation, arresting the oxidative and mutagenic damage.
Thus, the metabolites of T. testudinum may represent a potential source of chemopreventive compounds
for the adjuvant therapy of cancer.

Keywords: Thalassia testudinum; thalassiolin B; polyphenols; CYP1A1; benzo[a]pyrene; chemoprevention
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1. Introduction

Air pollution-related diseases represent a major environmental problem affecting health worldwide.
Outdoor and indoor pollution has been tightly associated with the incidence of respiratory diseases,
including lung cancer. In accordance with WHO estimates, lung cancer causes about 6% of premature
deaths related to outdoor air pollution, as well as tobacco consumption [1]. Polycyclic aromatic
hydrocarbons (PAHs) are pollutants widely distributed in the environment as a result of organic matter
incomplete combustion. Furthermore, PAHs are present in commercial products consumed by humans
(e.g., tobacco) [2]. Benzo[a]pyrene (BP), one of the main PAH air pollutants, is metabolized by CYP1A1
and CYP1B1 enzymes and it is biotransformed into carcinogenic (±)-B[a]P-r-7, t-8-dihydrodiol-t-9,10
(BPDE) epoxide species [2,3]. BPDE reacts with DNA to produce BPDE-N2-deoxyguanosine adducts,
promoting DNA mutations and carcinogenesis [4–7]. The presence of BPDE-DNA adducts in human
lung cells has been well documented to be related to the initiation of pulmonary cancer [5,8].

Advances in the pharmaceutical industry improve cancer treatment; however, the discovery
of new effective chemopreventive agents is still necessary. Cancer chemoprevention by natural or
synthetic agents capable of avoiding, reversing or suppressing carcinogenic progression has become a
plausible strategy to arrest cancer mortality [9]. There are several classes of cancer chemopreventive
agents including blocking agents, which act at the initiation stage of carcinogenesis by inhibiting
pro-carcinogen activating enzymes by inducing carcinogen-detoxifying enzymes, by enhancing
antioxidant activity or by inducing DNA repair enzymes [10]. Cytochrome P450 (CYP450) enzymes are
a superfamily of hemoproteins that catalyze the biotransformation of not only a wide array of drugs
and endogenous substances, but also the bioactivation of many pro-carcinogens [11]. Consequently,
specific CYP enzymes have been identified as potential targets for cancer chemoprevention [12].

Polyphenols exert a wide range of beneficial effects beyond their antioxidant and anti-inflammatory
properties [13–15]. Data evidence from in vitro [16–20] and in vivo studies [21–24] suggest the
chemoprotective role of polyphenols against lung carcinogenesis probably resulting from three main
mechanisms: antioxidant activity, regulation of phase I and II enzymes and regulation of cell survival
pathways [24].

Marine plants are a potential source of secondary metabolites with beneficial properties [25–32].
Thalassia testudinum seagrass grows abundantly in the Caribbean Sea, particularly in the Cuban
coasts. A previous study reports sulfated glycoside flavone thalassiolin B (TB) (chrysoeriol7-β-
d-glucopyranosyl-2”-sulphate, Figure 1) as the most abundant bioactive component within the
T. testudinum crude hydroethanolic extract (Th) [33]. Other phenolic compounds have been identified
in the extract, including apigenin-7-O- β-d-glucopyranosyl-2′′-sulfate (thalassiolin C), chrysoeriol-7-O-
β-d-glucopyranoside, apigenin-7-O- β-d-glucopyranoside, dihydroxy-3′,4′-dimethoxyflavone 7-O-
β-d-glucopyranoside, luteolin-3′-sulphate, chrysoeriol and apigenin [34]. Th shows in vitro scavenger
activity for •OH, RO2

•, O2
•− and DPPH• free radicals and in vivo antioxidant effects against brain

and liver induced-lipid peroxidation in mice [34,35]. In addition, Th shows acute anti-inflammatory
effects in mice [36] and it displays selective anti-proliferative activity against cancer cells compared
to normal cells [37]. Besides, the extract also inhibits drug efflux by ABCG2/breast cancer resistance
protein (BCRP) and ABCB1/P-glycoprotein (MDR1 gene), increasing intracellular accumulation of
anticancer agents [38,39]. Thus, the marine angiosperm T. testudinum has been considered a natural
source of potential antitumor agents.

On the other hand, Th modulates the activity of different isoforms of P450 system, including CYP1A
and 2B families [38,40]; however, these interactions are not well characterized yet. As CYP1A and
2B subfamilies are involved in the metabolism of several mutagens and carcinogens, the enzymatic
inhibition could be associated with decreased carcinogenic risk. Thus, the aim of the present work was
to further characterize the effects of T. testudinum extract and its polyphenolic components (polyphenolic
fraction of the hydroethanolic extract, PF) on CYP1A and CYP2B enzymatic activity, an also to evaluate
the effects of Th on BP-induced mutagenicity.
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Figure 1. Chromatographic profile of thalassiolin B isolated from T. testudinum hydroethanolic extract.
(A) Chemical structure of thalassiolin B (chrysoeriol 7-β-d-glucopyranosyl-2”-sulphate), the main
component of T. testudinum extract. (B) HPLC of thalassiolin B standard. (C) HPLC profile of
T. testudinum hydroethanolic extract. The authors have the right to use this figure.

2. Results

2.1. Tested Compounds Modulate Rat CYP1A But Not CYPB2 Activity

The enzymatic activity of CYP1A1/2 CYP2B1/2 was measured in rat liver microsomes in the
presence, or not, of Th, PF or TB. Test products shown no interference with the fluorescence of resorufin
even at the highest concentration tested. No appreciable changes in the activity of both CYP2B isoforms
were observed (data not shown). In contrast, Th, PF and TB modulated the rat CYP1A activities as
shown in Table 1. The enzymatic activity of both CYP1A1 and CYP1A2 was modulated by the test
natural products; however, CYP1A1 was more sensitive than CYP1A2. The PF and TB showed a
significant (p < 0.05) higher inhibitory effect than the crude extract (Th) on CYP1A isoforms; meanwhile,
the Th showed no significant inhibition for CYP1A2.

Table 1. Rat CYP1A1/2 activity modulation by T. testudinum extract and its components.

CYP Product Test Product Concentrations (μg/mL)

rCYP1A1

2.5 5.0 12.5 25.0 50.0

Th 74.88 ±2.92 a 63.11 ±8.22 a,* 49.68 ±8.04 a,** ND ND
PF 46.61 ±3.10 b,** 43.31 ±0.94 b,** 31.76 ±6.64 b,** 27.07 ±1.95 a,** 24.00 ±2.97 a,**
TB 53.83 ±1.08 c,* 42.97 ±4.66 b,** 42.35 ±0.84 a,** 29.99 ±3.03 a,** 35.15 ±1.92 b,**

rCYP1A2

2.5 5.0 12.5 25.0 50.0

Th 100.47 ±10.66 a 99.88 ±5.25 a 94.65 ±14.80 a ND ND
PF 83.93 ±2.55 a 71.87 ±2.85 b 62.05 ±4.92 b,* 55.02 ±2.84 a,* 56.02 ±2.04 a,*
TB 81.01 ±8.06 a 75.04 ±2.78 b 57.08 ±4.70 b,* 63.36 ±4.90 a,* 57.03 ±4.07 a,*

Test products were added at 2.5–50.0 μg/mL to the incubation mixture containing rat liver microsomes (80 μg)
and 7-ethoxyresorufin (1 μM) for CYP1A1 or 7-methoxyresorufin (5 μM) for CYP1A2. The values represented the
means ± SD of CYP activities (% respect control) from three independent experiments. Each sample was running by
triplicate. The enzymatic activity in absence of test products was taken as 100%. rCYP1A1, rCYP1A2: rat CYPs;
Th: T. testudinum extract; PF: polyphenolic fraction; TB: thalassiolin B. Different letters (a,b,c) represent statistical
differences (p < 0.05) between test products; * p < 0.05, ** p < 0.01 when compared with control (100% enzyme
activity).

27



Mar. Drugs 2020, 18, 566

2.2. T. testudinum Extract, Polyphenolic Fraction and Thalassiolin B Are CYP1A1 Mixed-Type Inhibitors

Once CYP1A1 was identified as the most sensitive enzyme, kinetics experiments were performed
in order to elucidate the type of inhibition induced by PF and TB. Demethylation of EROD in the
presence of rat liver microsomes showed typical Michaelis–Menten kinetics for evaluated products
(Figure 2A–C). Using non-linear regression and a Lineweaver–Burk plot, it was determined that
Th, PF and TB are mixed-type inhibitors for rat CYP1A1 (Figure 2D–F) with constants of inhibition
(Ki) of 54.16 ± 9.09 μg/mL, 5.96 ± 1.55 μg/mL and 3.05 ± 0.89 μg/mL, respectively (Table 2). In a
mixed-type inhibition model, affinity changes of the enzyme for the substrate in presence of an inhibitor
is determined by the parameter alpha (α), which was 8.66 ± 2.82 for Th, 370.60 ± 56.86 for PF and
3.65 ± 0.86 for TB (Table 2).

Figure 2. Inhibition kinetics of rat CYP1A1 by T. testudinum extract, polyphenolic fraction and
Thalassiolin B. The fluorescence was recorded every 15 s during 15 min; reactions consisted in 80 μg
protein, 0.32–10 μM 7-ethoxyresorufin, and 50 mM NADPH. For inhibition assays, the test products
were added at different concentrations to the reaction mixture. Each point in (A–C) represents the
mean ± SD from three independent experiments. (D–F) Lineweaver-Burk plot analyses were done
to obtain the kinetic parameters. (A,D) T. testudinum extract (Th); (B,E) polyphenolic fraction (PF);
(C,F) thalassiolin B (TB).
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Table 2. Kinetics parameters for rat and human CYP1A1 inhibition.

Inhibitor Parameter Rat CYP1A1 Human CYP1A1

ER
Vmax (pmol/min/mgPr) 2396.00 ± 116.20 95.20 ± 8.14

Km (μM) 0.42 ± 0.05 0.34 ± 0.02

Th

Type of inhibition Mixed -
Ki (μg/mL) 54.16 ± 9.09 -

α 8.66 ± 2.82 -

PF

Type of inhibition Mixed Mixed
Ki (μg/mL) 5.96 ± 1.55 197.10 ± 63.40

α 370.60 ± 56.86 7.14 ± 5.67

TB

Type of inhibition Mixed Non-competitive
Ki (μg/mL) 3.05 ± 0.89 203.10 ± 17.29

α 3.65 ± 0.86 -

Data represent the mean ± SD of three independent experiments. Kinetic parameters were obtained by a nonlinear
regression analysis of experimental data fitted to Michaelis-Menten equation. EROD (7-ethoxyresorufin) was used
as substrate, Vmax: maximum velocity, Km: Michaelis-Menten constant. Th: T. testudinum hydroethanolic extract;
PF: polyphenolic fraction; TB: thalassiolin B. Human recombinant CYP1A1 was obtained from E. coli.

2.3. Polyphenolic Fraction and Thalassiolin B Modulate the Human CYP1A1 Activity

Taking into account that rat CYP1A1 was more sensitive than the CYP1A2 isoform, the effect
of tested products on human recombinant CYP1A1 activity was evaluated. The results showed
a significant (p < 0.05) inhibition of human recombinant CYP1A1 by PF and TB, while Th only
exhibited a slight inhibitory effect on enzyme activity at the highest concentration (Figure 3A).
The biochemical characterization of human CYP1A1 inhibition resulted in a mixed-type for PF and
non-competitive inhibition for TB (Figure 3B–E). A moderate inhibitory potential was found for PF and
TB on human CYP1A1 with Ki of 197.10 ± 63.40 μg/mL and 203.10 ± 17.29 μg/mL, respectively (Table 2).
These results showed a potential inhibitory effect of phase I carcinogen-metabolizing enzymes CYP1A1
by T. testudinum metabolites.

Figure 3. Inhibition of human recombinant CYP1A1 activity and kinetics by the tested products.
(A) The fluorescence was recorded every 15 s during 15 min; reactions consisted in 40 μg protein,
0.32–10 μM 7-ethoxyresorufin, and 50 mM NADPH. For inhibition assays, the products were added
at different concentrations to the reaction mixture. Each point in (A) represents the mean ± SD from
three independent experiments. (B–E) Lineweaver–Burk plot analysis was done to obtain the kinetic
parameters. (B,C) polyphenolic extract; (D,E) thalassiolin B. Th, Thalassia testudinum hydroethanolic
extract; PF, polyphenolic fraction; TB, thalassiolin B. * Statistical differences (p < 0.05).
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2.4. Antimutagenic Effect of T. testudinum Extract, Polyphenolic Fraction and Thalassiolin B against
Benzo[a]pyrene-Induced Mutagenicity in S. typhimurium

The bioactivation of BP by CYP1A1 leads to carcinogenic effects [2,5]. Since Th, PF and TB exert
inhibitory effects on both rat and human CYP1A1 activity, we explored the potential anti-mutagenic
effect of these compounds by using the Ames test. First, we evaluate the cytotoxicity of test products
(up to 1000 μg/mL) on S. typhimurium. The frequency of spontaneous reversion in controls (S9 plus
vehicle) did not differ from the historically controls of our laboratory for S. typhimurium. Therefore,
the test products are not cytotoxic for S. typhimurium, whereas BP induced a significantly (p < 0.05)
increase of revertant frequency. Interestingly, the number of revertant colonies decreased in a
dose-dependent fashion in presence of test natural products. The inhibition percentage of BP-induced
mutagenicity in presence of S9 activation mixture achieved 27% for the highest tested dose of the
extract (1000 μg/mL), 34% for PF (500 μg/mL) and 33% for TB (400 μg/mL) (Table 3). These results
suggested that Th, PF and TB possess antimutagenic effects under these experimental conditions.

Table 3. Effects of T. testudinum extract and its components on benzo[a]pyrene-induced mutagenicity
in Salmonella typhimurium.

Treatments
His+ Revertants/Plate

(% Inhibition)

S9-Control 23.1 ± 2.0
S9-Control vehicle + BP 746.2 ± 32.3
S9-Th (10 μg/mL) + BP 714.4 ± 8.5
S9-Th (100 μg/mL) + BP 678.0 ± 11.2 ** (10%)

S9-Th (1000 μg/mL) + BP 547.4 ± 5.9 *** (27%)
S9-PF (5 μg/mL) + BP 713.4 ± 8.8
S9-PF (50 μg/mL) + BP 665.5 ± 10.1 ** (11%)
S9-PF (500 μg/mL) + BP 497.3 ± 10.7 *** (34%)
S9-TB (400 μg/mL) + BP 512.1 ± 28.4 *** (32%)

Data represent mean ± SD of histidine revertant colonies number in TA98 S. typhimurium strain of two independent
experiments by triplicate. Incubations were in presence of rat liver microsomal mix (S9). Th: T. testudinum extract;
PF: polyphenolic fraction; TB: thalassiolin B, BP: benzo[a]pyrene. ** p < 0.01, *** p < 0.001, ANOVA followed by
Tukey test, compared to control vehicle + BP. %inhibition: percentage of inhibition number revertants/plate in
regards to “S9-Control (vehicle) + BP” group, as (1-(colonies/plates with BP + product)/(colonies/plate with just BP))
× 100%.

2.5. T. testudinum Extract Reduces Oxidative Damage and Micronuclei Formation in BP-Exposed Mice

The capacity of Th to reduce BP-induced oxidative damage in mice was evaluated by measuring
the serum levels of malondialdehyde (MDA), advanced oxidation protein products (AOPP) and
reduced glutathione (GSH). As we expect, in Th pre-treated mice, the levels of MDA and AOPP
were significantly lower (p < 0.05) than in BP control animals. In accordance with the reduction of
oxidative damage, GSH level was significantly increased (p < 0.05) in Th pre-treated animals (Table 4).
Additionally, BP induced a significant micronuclei formation in bone marrow of BP-exposed animals
compared to cells from control animals (vehicle). Meanwhile, in Th pre-treated mice it was found a
significant reduction (p < 0.05) of micronuclei formation (Table 5). These results indicate a protective
effect by the extract obtained from T. testudinum leaves against BP-induced DNA damage together
with a modulation of systemic oxidative stress in mice.
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Table 4. Effects of T. testudinum extract pre-treatment on oxidative stress biomarkers in mice after
exposure to benzo(a)pyrene.

Treatment (mg/kg)
MDA

(μM/mgPr)
AOPP

(μM chloramines/mgPr)
GSH

(μM/mgPr)

Control (vehicle) 3.17 ± 0.5 7.41 ± 1.3 495.1 ± 67.8
BP 7.31 ± 0.2 a 14.67 ± 1.2 a 149.7 ± 63.5 a

Th + BP 5.55 ± 0.6 b 11.64 ± 1.5 b 352.8 ± 35.1b

Values are expressed as mean ± SD (concentration per mg protein). a significant difference regarding control,
b significant difference regarding to BP group. Control: animals received 7 daily oral doses of distilled water and one
dose of oil (BP vehicle). Th: T. testudinum extract, BP: animals received 250 mg/kg benzo(a)pyrene, BP + T. testudinum:
7 days oral pre-treatment with 100 mg/kg T. testudinum extract before receiving BP dose. ANOVA-Dunnett post
hoc-test, p < 0.05. MDA: malondialdehyde, AOPP: advanced oxidation protein products, GSH: reduced glutathione.

Table 5. Effects of T. testudinum extract on benzo(a)pyrene-induced micronucleus in mice bone marrow.

Treatment
(mg/kg)

PCE/NCE MN/PCE

Control (vehicle) 1.8 ± 0.26 b 4.0 ± 0.7 b

BP 3.4 ± 0.78 a 17.0 ± 1.7 a

Th + BP 2.0 ± 0.21 b 7.0 ± 1.0 a,b

Values are expressed as mean ± SD. MN: micronucleus, PCE: polychromatic erythrocytes, NCE: normochromatic
erythrocytes (2000 cells/animal), Control: Animals received 7 daily oral doses of distilled water and one dose of
oil (BP vehicle). Th: T. testudinum extract, BP: animals received 250 mg/kg of benzo(a)pyrene, BP + T. testudinum:
7 days’ oral pre-treatment with 100 mg/kg T. testudinum extract before receiving BP dose, a significant difference
regarding control, b significant difference regarding to BP group. ANOVA–Dunnett post hoc-test, p < 0.05.

3. Discussion

There is evidence on the inhibitory effects of plant-derived phenols in PAH-induced mutagenesis
and carcinogenesis [41,42]. The antimutagenic and chemopreventive properties of polyphenols have
been associated with modulation of CYP450-mediated metabolism of mutagens, as well as to the
interaction with active mutagenic metabolites [43]. It has been suggested that flavones which contain
free 5- and 7-hydroxyls are potent inhibitors of cytochrome CYP1Al/2 [44]. Therefore, they may be
useful as chemopreventive agents against PAH-induced carcinogenesis. The extract obtained from
the leaves of T. testudinum marine plant is rich in flavonoids and other polyphenols (29.5% ± 1.2%
total polyphenols, proanthocyanidins 21.0% ± 2.3%, total flavonoids 4.6% ± 0.2%, expressed as g per
100 g of the dry extract, % w/w) suggesting a potential inhibitory capacity on CYPs enzymatic activity.
Derivate of T. testudinum are under preclinical investigation as new nutraceutical with promising
active pharmacological effects [45–47]. The T. testudinum extract constitutes a potential source of
chemopreventive agents because of its effectiveness as anti-inflammatory and antioxidant, which has
been demonstrated previously [33–35,45–47].

In an earlier report, we describe the inhibitory effects of the Th and TB on the CYP1A1
activity in human hepatocytes [38]. The current work was aimed to further understanding of
the effects of Th, PF and TB on CYP1A activity. This work let us evaluate the role of polyphenolic
constituents of the extract, as substances responsible of its bioactive properties, in particular on phase I
metabolizing enzymes.

Reduced O-Dealkylation of 7-ethoxyresorufin and 7-methoxyresorufin demonstrated the capacity
of tested products to inhibit rat and human CYP1A1/2 activities. The polyphenolic-rich fraction
isolated from the extract and TB revealed to be more active than Th, which in part supported our early
hypothesis. All the natural products showed a mixed-type inhibition on rat CYP1A1, describing typical
Michaelis–Menten kinetics, meanwhile exhibiting a differential response on human CYP1A1. Th did
not inhibit the human CYP1A1 isoform. However, the PF and TB showed relevant inhibitory effects
with differences in their kinetics and inhibition mechanism. PF acted as a mixed-type inhibitor, while TB
behaved as non-competitive inhibition kinetics. These results were in agreement with previous reports
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on interspecies differences regarding the inhibitory potency of natural compounds [47,48] and also
provided additional evidence on the interactions of polyphenols with CYP450 system.

Other naturally occurring polyphenolic compounds, such as galangin (3,5,7-trihydroxyflavone)
and apigenin (5,7,4-trihydroxyflavone) also inhibit CYP1A1 and CYP1A2 activities [49]. Reported values
of apparent Ki for the inhibition of CYP1A1by galangin is 0.015 μM [50] and 0.32 μM apigenin [51].
On the other hand, there are fewer reports regarding the inhibition of CYP1B1 catalytic activity by
naturally occurring compounds than CYP1A1 and CYP1A2. In fact, the extract and its polyphenolic
components did not modulate CYP2B family activity under our experimental conditions.

The capacity of polyphenols and flavonoids to inhibit CYP1A1/2 isoforms has been proposed
as the main mechanism supporting the antimutagenic and chemopreventive activities of these
natural compounds [52]. Metabolic activation from BP to BPDE is believed to be essential for the
mutagenic and carcinogenic properties of this pollutant [53,54]. CYP1Al plays an important role in
the biotransformation/activation of BP [55,56]. Thus, we assessed the antimutagenic properties of
the extract and its derivate in S. typhimurium TA98 by the mutagenesis assay of Maron and Ames
(1983) [57]. The aim of this assay was to explore the biological consequences of the CYP1A modulation
by the tested products. BP bioactivation was achieved by phenobarbital-induced rat liver S9 fraction.
It is widely accepted that the Ames assay is useful for correlating in vitro mutagenesis and in vivo
carcinogenicity in animals and humans. Th, PF and TB exerted a protective effect against BP-induced
mutagenicity in S. typhimurium, evidenced here by the reduction of His+ revertant colonies per plate,
which suggested a potential antimutagenic activity of this marine organism.

Interestingly, in a previous report we observed a significant increase in BP mutagenicity after
incubation with S9 fractions obtained from rats, orally treated during 10 days with doses of 200 and
400 mg/kg of Th; however, mutant colonies were reduced at low evaluated doses (20 mg/kg) [40]. We also
reported a differential response of CYP1A1, 1.5-fold increase after treatment with 200 mg/kg of Th,
a discrete increase at 400 mg/kg dose and no significant changes at the low dose of T. testudinum extract.
Differences in CYP activity suggest that polyphenol concentration could be a critical factor mediating
the interaction between T. testudinum extract and CYP1A1 activity or BP mutagenicity. The present
work may support this hypothesis, since BP-induced DNA damage, micronucleus frequency and
oxidative damage diminished in orally pre-treated mice with 100 mg/kg of Th. These results are in
agreement with the in vitro Ames test results and contrast with previous reports of our group in which
a high dose of Th was assessed.

Antioxidant and anti-inflammatory properties of T. testudinum extract have been also observed
under similar experimental conditions [46,58]. Accordingly, T. testudinum extract could protect DNA
by different mechanisms, where antioxidant effects and the modulation of BP bioactivation should
be conjugated. The capacity of T. testudinum components to inhibit CYP1A enzymatic activity could
certainly be involved in the observed chemoprotective effect, but the alternative hypothesis which
considers that Th components may act as scavengers that bind reactive metabolites of BP must not
be discarded (assessed in ongoing studies). Previously, we demonstrated that the extract protects rat
hepatocytes from terbutil-hidroperoxide-induced GSH depletion, together with higher catalase and
superoxide dismutase activities compared with controls [35]. Th also showed protective effects against
ethanol-, carbon tetrachloride- and lipopolysaccharide-induced cytotoxicity in rat hepatocytes [35].
Therefore, it seems that a combination of different mechanisms might be involved in the complex
interaction of T. testudinum extract and the ADME cellular process, which in turn has influence its
bioactive properties.

DNA oxidative damage is critical for BP in vivo toxicity [59–61]. It has been also reported that BP
induces genetic lesions such as DNA single-strand breaks, DNA–protein cross-links and chromosomal
aberrations [60]. The protective effects of Th against acute exposure to BP were corroborated here by
mean the micronucleus assay. As we expected, Th reduced not only the BP-oxidative damage but
also the micronucleus formation, meanwhile an increase of antioxidant defenses, such as GSH levels,
was observed.
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These results altogether support new findings on the modulation of CYP system and particularly
CYP1A1 by T. testudinum polyphenols. As mentioned before, CYP1A1/2 activity plays a significant
role in the activation/detoxification balance of pro-carcinogens in hepatic and extrahepatic tissues.
Therefore, the inhibitory effects of polyphenols present in T. testudinum marine plant on CYP1A activity
may explain, in part, the antimutagenic and/or chemopreventive properties of these natural products.

4. Materials and Methods

4.1. Materials and Reagents

Beta-naphtoflavone (β-NF), 7-ethoxyresorufin (EROD), methoxyresorufin (MROD),
benzyloxiresorufin (BROD), penthoxyresorufin (PROD), resorufin and benzo[a]pyrene (BP)
were purchased from Sigma (St. Louis MO, USA). Culture media were obtained from BD Difco
(Trenton, NJ, USA). The Escherichia coli DH5α recombinant and Salmonella typhimurium strains were
kindly provided by Dr. Peter Guengerich (Vanderbilt University, Nashville, TN, USA).

4.2. Vegetal Material

Thalassia testudinum (Banks and Soland ex. Koenig) was collected during March 2017 in “Guanabo”
beach (22◦05′45” N, 82◦27′15” W). The specimen was identified by Dr. J.A. Areces (Institute of
Oceanology, Havana, Cuba) and a voucher sample (No. IdO40) is deposited in the herbarium of
the Cuban National Aquarium. The leaves were washed with water to eliminate sediments and
the excess of salt; then, the plant material was dried at room temperature. Whole dry and ground
T. testudinum leaves (840 g) were continuously extracted with ethanol-H2O (50:50, v/v) during 24 h at
room temperature. The extract was filtered and concentrated under reduced pressure and temperature
(40 ◦C) to yield 54 g of crude extract (Th).

Th was used as a starting material to obtain a polyphenol-enriched fraction (PF), where non-polar
components were excluded by chloroform extraction (1:10, w/v). The resultant PF was filtered and
dried at room temperature. Later, TB (1-chrysoeriol 7-β-d-glucopyranosyl-2”-sulphate) was isolated by
electrospray ionization mass spectrometry (ESIMS) with an [M − H]− ion at m/z = 541. The structure
was confirmed by spectroscopic analysis (1H and 13C nuclear magnetic resonance) as shown in Figure 1,
and compared to reported data [38].

4.3. Rat Liver S9 and Microsomal Fraction Obtaining

The S9 fraction was obtained as previously described [57]. To obtain the microsomal fraction,
S9 was split into 1 mL aliquots and centrifuged at 100,000× g and 4 ◦C per 60 min. The pellet was
resuspended in 0.1 M phosphate buffer (pH 7.4) plus 0.25 M sucrose and it was centrifuged again at
100,000× g at 4 ◦C per 60 min. The pellet (microsomal fraction) was resuspended in 0.1 M phosphate
buffer (pH 7.4), 1 mM EDTA, 0.1 mM dithiothreitol and 20% v/v glycerol and stored at −80 ◦C until use.

4.4. Bacterial Membrane Fraction Obtaining

The isolation of membrane fractions from Escherichia coli expressing a recombinant human CYP1A1
was performed as previously described [62,63]. Briefly, overnight cultured E. coli DH5α were diluted
1:100 in Terrific Broth/ampicillin (100 μg/mL) medium containing 1 mM isopropyl b-d thiogalactoside,
0.5 mM aminolevulinic acid, 1 mM thiamine and trace salts. Bacteria cultures were grown during 24 h
at 30 ◦C and 150 rpm shaking. Thereafter, E. coli membrane fractions were isolated from the whole
pellets by serial d ultracentrifugation steps.
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4.5. Enzymatic Activity Assays

4.5.1. CYP1A1 and CYP1A2 Activities

CYP enzymatic activities were evaluated in rat liver microsomes and in bacterial membrane fraction
by spectrofluorometric assay as previously described [48,64], with slight modifications. The reaction
mixtures contained: rat liver microsomes (80 μg) or bacterial membrane fraction (40 μg), EROD (1 μM)
or MROD (5 μM) substrate and 2.5 to 50 μg/mL of test products (Th, PF or TB). Then, buffer solution
(Tris-HCl (50 mM) and MgCl2 (25 mM), pH = 7.6) was added to reaction mixtures and incubated
3 min at 37 ◦C. The reaction started by the addition of NADPH (0.5 mM). The fluorescence units were
registered at 20 s intervals during 15 min in a hybrid multi-mode microplate reader (Synergy H4,
Biotech). Finally, CYPs activities were calculated from a resorufin standard curve (5–50 pmol/mL).
Interference of tested products with the fluorescence of resorufin was also carried out.

4.5.2. CYP2B1 and CYP2B2 Activities

The activities of CYP2B1-related penthoxyresorufin O-dealkylase (PROD) and CYP2B2-related
benzyloxyresorufin O-dealkylase (BROD) were determined in rat liver microsomes by
spectrofluorometric techniques as previously described [64], with minor modifications. The assays
were conducted under similar conditions previously described for CYP1A activity.

4.6. Kinetic Analysis of Enzyme Inhibition

Different concentrations of substrates (0.32–10 μM of EROD) mixed with rat liver microsomes
(80 μg) or E. coli membrane fraction (40 μg) were used for enzymatic kinetics assays in presence or
absence of the tested products. Kinetic constants were obtained by a nonlinear regression analysis of
experimental data fitted to the Michaelis–Menten equation with competitive, non-competitive and
mixed-type inhibition models (GraphPad Prism version 6 software). Kinetic analysis was also shown
by using the Lineweaver–Burk plot.

4.7. Ames Test

The effects of the tested products against BP-induced mutagenicity was assessed according to
Maron and Ames [57], in Salmonella typhimurium strain TA98 and rat liver S9 fraction. The reaction
mixture contained 0.6% agar, 0.5% NaCl, 0.5 mM biotin and 0.05 mM L-histidine. A solution of the
tested products (100 μL) at different concentrations (Th: 10, 100, 1000 μg/mL; PF: 5, 50, 500 μg/mL;
TB: 400 μg/mL), overnight cultured S. typhimurium (108 cells), S9 (500 μL) and benzo(a)pyrene
(10 μg/plate) were added to the reaction mixture (2 mL). Phosphate buffer (500 μL) was used instead of
the S9 fraction as negative control. Afterward, the plates were incubated at 37 ◦C for 48 h and the number
of revertant colonies (His+) was quantified. The inhibition percentage of BP-induced mutagenicity was
calculated as (1-(number colonies/plates with mutagen plus the tested products)/(number colonies/plate
with just mutagen)) × 100%.

4.8. Effects of the T. testudinum Extract against BP-Induced DNA Damage in Mice

Balb/c male mice (20–25 g) were obtained from Centro para la Producción de Animales de
Laboratorio (CENPALAB, Havana, Cuba). The animals were adapted to standard conditions
(temperature: 20 ± 2 ◦C, humidity: 40–60%, 12 h light/dark cycle) during a week. Mice were
fed with a standard diet and water ad libitum. Experimental procedures were carried out in
accordance with European regulations on animal protection (Directive 86/609), and the Guide for the
Care and Use of Laboratory Animals as adopted and promulgated by the US National Institute of
Health (NIH Publication№ 85–23, revised 1996). The experimental protocol was approved by the
Institutional Animal Care and Ethical Committee from the Institute of Marine Sciences (ICIMAR),
Havana, Cuba (Protocol number 1805, Date of approval: 28 March 2018). Four groups were included
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in the study (five animals per group). The first group was animals received seven daily oral doses
of distilled water and one dose of oil (BP vehicle). The second group only received one oral dose of
benzo(a)pyrene (250 mg/kg), the last day of the experiment. The third group was orally treated with Th
aqueous solution (100 mg/kg) for seven days and one hour after the last administration of the extract,
animals received an oral dose of BP (250 mg/kg). After 24 h, all the animals were sacrificed, and blood
samples were obtained by cardiac puncture and centrifuged at 3000× g for 10 min, at 4 ◦C. Serum was
collected and stored at −80 ◦C until use.

4.8.1. Oxidative Stress Biomarkers Determination

Serum markers of oxidative stress were determined in mice. Malondialdehyde (MDA) content
was determined as previously described [65]. Reduced glutathione (GSH) levels were measured at
412 nm after precipitation of thiol proteins by using the Ellman‘s reagent (5,5‘dithiobis-2-nitrobenzoic
acid, Sigma, Burbank, CA, USA) in accordance with Sedlak and Lindsay [66]. The advanced oxidation
protein products (AOPP) were quantified with potassium iodide (1.16 M) followed by the addition of
acetic acid. The absorbance was immediately read at 340 nm. AOPP concentration was expressed as
μM of chloramine-T. Concentration of oxidative stress biomarkers was expressed per mg of protein.

4.8.2. Micronuclei Formation Determination

After mice euthanasia, the femurs were removed, and its proximal end was shortened until the
marrow canal became visible. One milliliter of serum was introduced into the bone canal and the
marrow was aspirated and flushed several times. Cells were centrifuged at 1000 rpm for 5 min at 4 ◦C.
Afterward, they were fixed in methanol and stained with Giemsa 5% (v/v) for 12 min. The presence of
micronuclei was determined in a sample of 2000 polychromatic erythrocytes (PCE). Normochromatic
erythrocytes (NCE) were also scored in 200 erythrocytes samples to determine the PCE/NCE ratio [67].

4.9. Statistical Analysis

Statistical analyses were performed with GraphPad Prism 5.0 (GraphPad, La Jolla, CA, USA).
Revertants/plate, enzymatic activities, MDA, GST, AOPP levels, and micronucleus data were expressed
as mean ± SD values. For multiple mean comparisons was used a one-way ANOVA followed by
Dunnett or Tukey non-parametric tests. The level of statistical significance was set to * p < 0.05,
** p < 0.01, or *** p < 0.001.

5. Conclusions

In summary, our results suggest that in vitro and in vivo antimutagenicity effects of
Thalassia testudinum extract and its polyphenolic components may be mediated, at least, by the
inhibitory effect on phase I metabolizing enzymes, in particular the CYP1A family. As consequence,
reduced oxidative stress and mutagenic effects were observed. The results altogether contribute
to support the potential of T. testudinum as a source of chemoprotective compounds against air
pollution-mediated carcinogenesis.
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Abstract: Seven new polyoxygenated steroids belonging to a new structural group of sponge
steroids, gracilosulfates A–G (1–7), possessing 3β-O-sulfonato, 5β,6β epoxy (or 5(6)-dehydro),
and 4β,23-dihydroxy substitution patterns as a common structural motif, were isolated from the
marine sponge Haliclona gracilis. Their structures were determined by NMR and MS methods.
The compounds 1, 2, 4, 6, and 7 inhibited the expression of prostate-specific antigen (PSA) in 22Rv1
tumor cells.

Keywords: polyoxygenated steroids; sponge; Haliclona gracilis; anticancer activity

1. Introduction

Marine organisms are known as a rich source of unique bioactive sulfate-containing metabolites [1].
Sulfated derivatives of different chemical classes (aliphatic compounds, steroids, terpenoids,
carotenoids, aromatic compounds, alkaloids, carbohydrates, etc.) have been identified from them [1–4].
Marine invertebrates such as starfishes, ophiuroids, and ascidians contain mainly mono- and
disulfated polyoxygenated steroids [1], which are almost exclusively marine secondary metabolites [1],
while terrestrial sulfated polyoxygenated steroids are relatively rare. In fact, there is only one report
concerning isolation of sulfated polyoxygenated steroid from plants [5].

Sulfated steroids represent one of the most numerous classes of sponge metabolites [1–3] Marine
sponges provide a great structural diversity of bioactive sulfated polyoxygenated steroids, including
nitrogen-containing [6], halogenated [7,8], monosulfated [9–17], disulfated [18], and trisulfated [7,8]
steroids, as well as tetra- [19] or pentasulfated dimeric steroid derivatives [20]. The monosulfated
polyoxygenated steroids account for only a part of these metabolites. Some of them show
antimicrobial [13] and/or antifungal [10,13,15] and cytotoxic [10] activities or enhance glucose uptake
via the AMPK signaling pathway [9].

During the search for bioactive compounds from the Northwestern Pacific deep-water marine
invertebrates [21,22], we collected the pale orange sponge Haliclona gracilis near Shikotan Island, Russia,
whose extract exhibited hemolytic and antifungal activities.

The genus Haliclona (order Haplosclerida, family Halinidae) is represented by more than 600
species [23]. Marine sponges of Haliclona genus have been extensively examined, and more than 200
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various bioactive metabolites including steroids, alkaloids, macrolides, polyketides, cyclic peptides,
long-chain sphingoid bases, merohexaprenoids, and cyclic bis-1,3-dialkylpyridinium salts have been
isolated, and different activities, including cytotoxic and antitumor effects, have been reported [1].

Sponges of Haliclona genus have provided very few sulfated steroids [1]. Thus, only two
trisulfated steroids have been isolated in one Indo-Pacific Haliclona sponge [17], while monosulfated
polyoxygenated steroids have never been isolated from this genus. Moreover, thus far, the sponge
H. gracilis has not been chemically investigated.

The 1H NMR analysis of the fractions obtained after diverse chromatographic separations
suggested the presence of polar metabolites, inspiring our extensive investigation. Here, we report
the details of the isolation and structure determination of compounds 1–7, belonging to a new group
of naturally occurring monosulfated polyoxygenated steroids with a 3β-O-sulfonato, 5β,6β-epoxy (or
5(6)-dehydro), or 4β,23-dihydroxy substitution pattern as a common structural motif. Additionally,
anticancer activities of 1, 2, 4, 6, and 7 were evaluated.

2. Results and Discussion

The concentrated EtOH extract of the sponge was partitioned between n-BuOH and H2O.
The organic extract was concentrated and the obtained residue was fractionated by flash chromatography
on a YMC gel column. Further separation using reversed-phase HPLC resulted in the isolation of
seven new steroids, gracilosulfates A–G (1–7, Figure 1).

 

Figure 1. The structures of 1–7.

Compound 1 was isolated as a white, amorphous solid. The molecular formula of 1 was
determined to be C28H47NaO7S from the [M − Na]− ion peak at m/z 527.3045 in the (−)HRESIMS
spectrum. The fragment ion peak at m/z 97.9606 in the (−)HRESIMS/MS spectrum and absorption band
at 1213 cm−1 in the IR spectrum revealed the presence of a sulfate group in 1.

The 1H NMR spectrum of 1 (Table 1) showed signals attributable to six methyl groups at δH 1.16
(s), 0.94 (d), 0.91 (d), 0.82 (d), 0.74 (d), and 0.70 (s); four oxygen-bearing methine protons at δH 4.27 (d),
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3.55 (br.d), 3.53 (br.d), and 3.17 (br.d); and a series of other methine and methylene multipletes. The 13C
NMR (Table 2) and DEPT spectra of 1 revealed the presence of 28 signals, corresponding to 6 methyls,
8 methylenes, 11 methines, and 3 nonprotonated carbons (one bearing oxygen atom). These data
evidenced a C-28 steroidal skeleton. Structure determination of 1 began with HMBC correlations from
CH3-19 to C-1, C-5, C-9, and C-10. The COSY correlations (Figure 2) delineated the spin system H2-1
to H-4, which included protons of oxygenated methines at C-3 and C-4 based on their characteristic
chemical shifts. The sequences of protons from H-6 to H-8, H-8 to H2-12, H-8 to H3-27, and H-24 to
H3-28 were also established from COSY correlations and indicated the third oxymethine group at
C-23. The cross peaks H-4/OH and H-23/OH in the COSY spectrum recorded in DMSO−d6 (Figure S11)
and the 13C chemical shifts for C-4 (δC 77.7) and C-23 (δC 71.7) implied OH substitution, while the
chemical shift for C-3 at δC 80.1 was more consistent with a sulfate half-ester O(SO3)Na [14]. The 13C
NMR signals at δC 64.2 (CH) and 66.4 (C) and 1H NMR signal at δH 3.17 indicated the presence of
trisubstituted epoxy ring [24]. The epoxy group was placed at C-5 and C-6 on the basis of HMBC
correlations from H2-1, H-4, and H-19 to C-5 and from H-6 to C-4, C-8, and COSY correlations H-6/H2-7.

 

Figure 2. Key COSY and HMBC correlations for 1, and NOESY correlations for 1 and 4.

The large coupling constant of H-3 with H-2ax (J = 11.5 Hz) and small coupling constant of H-4 with
H-3 (J = 3.0 Hz) pointed to β orientations for the 3-O(SO3)Na and 4-OH groups. The configuration of the
5β,6β-epoxy group was established by the NOESY correlations H-6/H-4. The same evidence was earlier
used for β-orientation of epoxide group in a steroid from the soft coral Dendronephthya gigantea [25].
The key NOESY correlations H3-19/H-1β, H-2β, H-8, H-11β; H3-18/H-20, H-8, H-11β; H-9/H-1α,
H-14; H-1αH-3α; H-4α/H-6; and H-17/H-14α, H3-21 confirmed the 3β,4β,5β,6β configurations of the
oxygenated carbons and H-8β, H-9α, H-14α, and H-17α configurations of the ring portion in 1. The 20R
configuration was demonstrated by the NOESY cross-peak H3-18/H-20 and chemical shift value of
CH3-21 at δH 0.94 [26].

The absolute configuration at C-23 was assigned by application of the Mosher’s method.
Esterification of 1 with (R)- and (S)-α-methoxy-α-(trifluoromethyl)-phenylacetyl chlorides (MTPACl)
yielded the 23-MTPA adducts 1S and 1R, respectively, while C-4 hydroxy group was not modified.
Interpretation of 1H NMR chemical shift differences Δδ between 1S and 1R (Figure 3) revealed that
the absolute configuration of C-23 is R. The JH23/H24 coupling constant was 7.3 Hz, which indicated
anti relationship of the H-23 and H-24 protons [27] (Figure 4). The NOESY cross peak for H2-22/H3-28
suggested the gauche relationship between the C-22 methylene and C-28 methyl groups, as shown in
Figure 3. These data allowed us to determine the 24S absolute configuration.

R S R

Figure 3. Δδ values (δS – δR) for 23(S)- and 23(R)-MTPA esters of compounds 1, 3, and 4.
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Figure 4. J-based configuration analysis and NOESY data of compound 1.

Thus, the structure of 1 was defined as (20R,23R,24S)-4β,23-dihydroxy-5β,6β-epoxy-24-
methylcholest-3β yl sulfate and was named gracilosulfate A.

The molecular formula of the second isolated compound, gracilosulfate B (2), was determined
as C28H47NaO8S (m/z 543.3002 [M − Na]−) on the basis of the negative ion HRESIMS analysis.
The 1H NMR data of 2 resembled those of 1, except for the presence of an oxymethine group
in 2 (δH 4.14) instead of a methylene group for 1. Analysis of 1D and 2D NMR (COSY, HSQC,
and HMBC) spectra allowed us to assign all the observed 1H and 13C signals for 2 (Tables 1 and 2).
The localization of the additional hydroxy group at C-11 followed from the HMBC correlations between
H-11, C-8, and C-13 (Figure S16) and COSY data. The equatorial disposition of H-11 was evident
from the small 3JHH vicinal coupling to H-9 and H2-12 (Table 1) and confirmed by the relatively
low field shift of H-8 (Table 1) caused by the 1,3-diaxial relationship of this proton to the hydroxy
group at C-11. The configurations of other stereogenic centers of the ring portion were assigned
using similar principles used for 1. The similarity of the NMR data of the side chains of steroids
2 and 1 suggested the same (20R,23R,24S) configuration. Thus, gracilosulfate B was defined as
(20R,23R,24S)-4β,11β,23-trihydroxy-5β,6β-epoxy-24-methylcholest-3β yl sulfate.

The molecular formula of gracilosulfate C (3), determined as C27H45NaO7S from HRESIMS data
(m/z 513.2891[M–Na]−), was one methylene unit less than that of 1. The spectroscopic properties of
3 were similar to those of 1 and differed only by the signals of steroid side chain (Tables 1 and 2).
A combination of 2D NMR data showed the lack of a C-28 methyl group, while the remaining portion
of the molecule was intact in 1. The configuration of the ring moiety of 3 was assumed to be the
same as that of 1 on the basis of the complete overlapping of proton and carbon resonances in NMR
spectra. The configuration of the stereogenic center at C-23 was determined by the MTPA method as
23S (Figure 3). Thus, the gracilosulfate C was defined to be 24-demethyl derivative of gracilosulfate A
(1), namely, (20R,23S)-4β,23-dihydroxy-5β,6β-epoxycholest-3β yl sulfate.

Gracilosulfate D (4) with a molecular formula C28H45NaO7S, confirmed by HRESIMS,
was isolated as an optically active white amorphous solid. In addition to the signals relative to
3β-O-sulfonato-4β,23-dihydroxy structure, the 1H and 13C NMR spectra of 4 (Tables 1 and 2) revealed
signals of trisubstituted double bond (δH 5.70 and δC 144, 130.0), oxygenated methine group (δH 4.15 and
δC 70.9), and terminal methylene group (δH 4.84, 5.03, and δC 106.8). The HMBC correlations between
H3-19 and C-5 (δC 130.0), and between olefinic proton at δH 5.70 and C-4 (δC 77.6), were consistent
with a double bond at C-5/C-6 position. The HMBC correlations from the oxymethine proton at δH

4.15 to C-13 and C-17 (Figure S32), in addition to COSY data (Figure S30), allowed placement of
a hydroxy group at C-15 position, whereas the HMBC correlations between H2-28 and C-23, C-24,
and C-25 confirmed the position of terminal methylene group at C-24. The coupling pattern associated
with H-15 (ddd, J = 7.9, 5.8, 2.2 Hz) indicated that the hydroxy group at C-15 is β-positioned [28].
The configurations of other stereocenters of the steroid nucleus were assigned by NOESY (Figure 2)
and coupling constants data (Table 1).
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The absolute configuration at C-23 was deduced by theMTPA method. Treatment of
4 with (R)- and (S)- MTPACl yielded the corresponding 4,23-bis-MTPA adducts 4S and 4R,
respectively. The Δδ values around the C-23 stereocenter between the adducts 4S and 4R

(Figure 3) indicated the 23S configuration and, therefore, the structure of 4 was assigned as (20R,
23S)-4β,15β,23-trihydroxy-24-methylenecholest-5(6)-en-3βyl sulfate.

The molecular formula of C28H45NaO8S was assigned by HRESIMS to gracilosulfate E (5).
The 1D (Tables 1 and 2) and 2D NMR analysis showed that gracilosulfate E (5) differs from 4 in
the 5,6-epoxy group, replacing trisubstituted double bond. The configurations of the ring moiety
were assigned on the basis of the analyses of proton–proton coupling constants (Table 1) and NOESY
data. The absolute configuration of the side chain of 5 was determined to be the same as in 4

by comparison of 1H and 13C chemical shifts. Thus, gracilosulfate E (5) was determined to be
(20R,23R)-4β,15β,23-trihydroxy-5β,6β-epoxy-24-methylenecholest-3β yl sulfate.

Gracilosulfate F (6) of molecular formula C28H45NaO8S was a close analogue of gracilosulfate
D (4) showing only an additional oxygen atom. Inspection of 1D (Tables 1 and 2) and 2D NMR data
allowed placement of an additional hydroxy group at C-11. The configuration at C-11 was deduced
from NOESY correlation of H-11 to axial proton H-1 and small vicinal coupling constant of H-11
(Table 1), which is consistent with an equatorial disposition for this proton, thereby placing the hydroxy
group in an axial position. The configurations of remaining stereogenic centers of the ring portion
were the same as those of 4, as established on the basis of analyses of proton–proton coupling constants
(Tables 1 and 2) and NOESY data. The absolute configuration of the side chain was determined to be
the same as that of 4 by comparison of 1H and 13C chemical shifts, and finally the structure of 6 was
established as (20R, 23R)-4β,11β,15β,23-tetrahydroxy-24-methylenecholest-5(6)-en-3βyl sulfate.

Gracilosulfate G (7) showed the molecular formula C28H47NaO7S as determined by HRESIMS.
On the basis of the results of the 1D NMR spectra, we were able to assign a trisubstituted
double bond and four oxygen-bearing methine groups. The same steroid core constitution and
configurations as in gracilosulfate D (4) were inferred from 1D (Tables 1 and 2) and 2D NMR
analysis. The proton and carbon resonances attributable to the side chain of 7 were coincident
with those of 1 and 2 (Tables 1 and 2). Thus, gracilosulfate G was defined as (20R, 23R,
24S)-4β,15β,23-trihydroxy-24-methylcholest-5(6)-en-3βyl sulfate.

Next, antitumor activity of compounds 1, 2, 4, 6, and 7 were determined in human prostate cancer
cells 22Rv1. Of note, this cell line reveals resistance to androgen receptor (AR)-targeted therapy due
to the expression of AR-V7 (AR transcript variant V7), which lacks the androgen-binding site [29,30].
The compounds exhibited moderate cytotoxic activity in the cancer cells after 48 h of treatment. Thus,
compound 7 exhibited IC50 = 64.4 ± 14.9 μM, while the other tested compounds had IC50 > 100 μM
(docetaxel was used as a positive control and exhibited IC50 = 17.3 ± 6.3 nM). However, all compounds
were able to effectively inhibit the expression of PSA (prostate-specific antigen) in 22Rv1 cells (Figure 5).
Earlier, only two monosulfated polyoxygenated steroids have been shown to exert cytotoxic activity on
human cancer cell lines [10]. On the other hand, non-sulfated polyoxygenated steroid aragusterol with
potent antitumor activities was isolated from a sponge of the genus Xestospongia [31]. Interestingly,
for compounds 6 and 7, this effect was already detected at a concentration of 10μM. PSA is a well-known
downstream target of AR signaling. Thus, suppression of PSA expression may indicate an inhibition
of this pathway. AR signaling is essential for the growth and survival of prostate cancer cells, with its
targeting playing a central role in the modern therapy of advanced prostate cancer. The ability of the
isolated compounds to suppress AR signaling can be explained by the similarity of their structures
to androgen ligands, which may result in a binding to androgen receptors and therefore blocking of
AR-mediated signaling in prostate cancer cells.
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Table 2. 13C NMR dataa for compounds 1–7 in CD3OD.

Position
1 2 3 4 5 6 7

δC, Type δC, Type δC, Type δC, Type δC, Type δC, Type δC, Type

1 39.2, CH2 40.2, CH2 39.2, CH2 39.2, CH2 39.2, CH2 38.2, CH2 39.4, CH2
2 23.7, CH2 24.1, CH2 23.7, CH2 24.6, CH2 23.7, CH2 24.0, CH2 24.4, CH2
3 80.1, CH 79.9, CH 80.1, CH 82.5, CH 80.1, CH 82.0, CH 82.1, CH
4 77.7, CH 78.0, CH 77.7, CH 77.6, CH 77.7, CH 76.9, CH 77.6, CH
5 66.4, C 66.2, C 66.4, C 144.1, C 66.3, C 145.4, C 144.1, C
6 64.2, CH 63.3, CH 64.2, CH 130.0, CH 64.2, CH 129.5, CH 130.0, CH
7 34.2, CH2 33.6, CH2 34.2, CH2 33.0, CH2 33.6, CH2 33.2, CH2 33.0, CH2
8 31.7, CH 28.8, CH 31.7, CH 29.4, CH 27.4, CH 26.4, CH 29.5, CH
9 53.9, CH 57.8, CH 53.9, CH 52.9, CH 54.3, CH 56.2, CH 59.2, CH
10 36.9, C 37.9, C 36.9, C 38.0, C 36.9, C 38.6, C 38.1, C
11 23.1, CH2 69.5, CH 23.1, CH2 22.1, CH 23.1, CH2 69.5, CH 22.2, CH
12 41.8, CH2 51.1, CH2 41.8, CH2 43.0, CH2 43.1, CH2 52.3, CH2 43.0, CH2
13 44.1, C 43.7, C 44.1, C 44.0, C 43.9, C 43.4, C 44.0, C
14 58.1, CH 61.2, CH 58.1, CH 63.5, CH 62.8, CH 65.6, CH 63.6, CH
15 25.9, CH2 25.7, CH2 25.9, CH2 71.3, CH 70.9, CH 71.3, CH 71.2, CH
16 29.8, CH2 29.7, CH2 29.8, CH2 42.7, CH2 42.6, CH2 42.3, CH2 42.6, CH2
17 59.0, CH 59.8, CH 58.9, CH 59.1, CH 59.0, CH 59.9, CH 59.4, CH
18 12.8, CH3 16.1, CH3 12.8, CH3 15.7, CH3 15.4, CH3 18.1, CH3 15.6, CH3
19 19.1, CH3 21.8, CH3 19.1, CH3 22.0, CH3 19.0, CH3 25.3, CH3 21.9, CH3
20 34.1, CH 34.2, CH 34.1, CH 34.2, CH 34.2, CH 34.3, CH 33.9, CH
21 19.5, CH3 19.5, CH3 19.7, CH3 19.6, CH3 19.5, CH3 19.5, CH3 19.7, CH3
22 41.7, CH2 41.8, CH2 46.2, CH2 45.0, CH2 45.1, CH2 45.1, CH2 41.9, CH2
23 71.7, CH 71.8, CH 68.1, CH 72.5, CH 72.5, CH 72.6, CH 71.8, CH
24 47.4, CH 47.4, CH 49.5, CH 162.4, C 162.3, C 162.4, C 47.4, CH
25 29.6, CH 29.6, CH 26.4, CH 32.2, CH 32.1, CH 32.2, CH 29.6, CH
26 22.5, CH3 22.5, CH3 24.4, CH3 24.4, CH3 24.4, CH3 24.4, CH3 22.5, CH3
27 18.3, CH3 18.4, CH3 23.3, CH3 23.6, CH3 23.7, CH3 23.7, CH3 18.4, CH3
28 11.3, CH3 11.3, CH3 106.8, CH2 106.8, CH2 106.8, CH2 11.4, CH3

a Assignments were confirmed by HSQC and HMBC (8Hz) data.

 

Figure 5. Effects of the compounds on PSA expression in 22Rv1 cells. The cells were treated with the
compounds for 24 h, then the proteins were extracted and examined using Western blotting. β-actin
was used as a loading control.
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3. Materials and Methods

3.1. General Procedures

Optical rotations were measured using a PerkinElmer 343 polarimeter (Waltham, MA, USA). IR
spectra were recorded using spectrophotometer Equinox 55 (Bruker, Ettlingen, Germany). The 1H
and 13C NMR spectra were obtained using Bruker Avance III-700 and Bruker Avance III HD-500
spectrometers (Bruker, Ettlingen, Germany). Chemical shifts were referenced with Me4Si as an internal
standard. ESI mass spectra (including HRESIMS) were measured using Bruker maXis Impact II mass
spectrometer (Bruker Daltonics, Bremen, Germany). Low-pressure column liquid chromatography
was performed using YMC Gel ODS-A (YMC Co., Ltd., Kyoto, Japan). HPLC was performed using
Shimadzu Instrument equipped with RID-10A refractive index detector (Shimadzu Corporation, Kyoto,
Japan) and YMC-Pack ODS-A (250 × 10 mm) column (YMC Co., Ltd., Kyoto, Japan).

3.2. Animal Material

Specimens of Haliclona gracilis were collected off the coast of Shikotan Island (43◦28′0 N; 146◦48′9 E)
by dredging at 145 m depth on June 2017, and identified by Grebnev B. B. using the morphology
of skeleton and spicules. Comparison the data of #050-078 with the corresponding characteristics
of Haliclona gracilis and their complete coincidence supported the sponge identification as Haliclona
gracilis [32]. A voucher specimen is deposited under registration number 050-078 in the collection of
marine invertebrates of the Pacific Institute of Bioorganic Chemistry (Vladivostok, Russia).

3.3. Extraction and Isolation

The freshly collected specimens were immediately frozen and stored at −18 ◦C until use. Animal
material (dry weight 20 g) were crushed and extracted with EtOH (2 × 1 L). The EtOH extract after
evaporation in vacuo was partitioned between H2O and n-BuOH. The n-BuOH-soluble materials
were partitioned with aqueous EtOH and n-hexane. The EtOH-soluble layer was fractioned by
flash column chromatography on YMC gel ODS-A (75 μm), eluting with a step gradient of H2O
– EtOH (100:0 − 20:80) with monitoring by HPLC. The fractions that eluted with 40% EtOH were
further purified by repeated reversed-phase HPLC (YMC ODS-A column (250 × 10 mm), 1.5 mL/min,
H2O-EtOH, 40:60 +1% AcONH4) to afford, in order of elution, compounds 6 (2 mg), 2 (3 mg), 4 (6 mg),
5 (1 mg), 3 (1 mg), 7 (4 mg), and 1 (8 mg) with retention times (tR) of 14.0, 17.5, 18.4, 22.5, 26.2, 32.5,
and 36.1 min, respectively.

3.4. Compound Characterization Data

Gracilosulfate A (1): white, amorphous solid; [α]20
D +6 (c 0.2, EtOH); IR (KBr) νmax 3467, 2957, 1457,

1242, 1002, 939 cm−1; 1H, 13C NMR, Tables 1 and 2; HRESIMS m/z 527.3045 [M−Na]− (calcd for
C28H47O7S, 527.3048).

Gracilosulfate B (2): white, amorphous solid; [α]20
D +22 (c 0.2, EtOH); IR (KBr) νmax 3446, 2947, 1457, 1242,

937 cm−1; 1H, 13C NMR, Tables 1 and 2; HRESIMS m/z 543.3002 [M−Na]− (calcd for C28H47O8S, 543.2997).

Gracilosulfate C (3): white, amorphous solid; [α]20
D ≈0 (c 0.1, EtOH); IR (KBr) νmax 3465, 2960, 1450, 1240

cm−1; 1H, 13C NMR, Tables 1 and 2; HRESIMS m/z 513.2891 [M−Na]− (calcd for C27H45O7S, 513.2891).

Gracilosulfate D (4): white, amorphous solid; [α]20
D −40 (c 0.2, EtOH); IR (KBr) νmax 3436, 2956, 1457,

1242, 1065, 998 cm−1; 1H, 13C NMR, Tables 1 and 2; HRESIMS m/z 525.2890 [M−Na]− (calcd for
C28H45O7S, 525.2891).
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Gracilosulfate E (5): white, amorphous solid; [α]20
D ~0 (c 0.1, EtOH); IR (KBr) νmax 3440, 2938, 1457, 1241,

936 cm−1; 1H, 13C NMR, Tables 1 and 2; HRESIMS m/z 541.2845 [M−Na]− (calcd for C28H45O8S, 541.2841).

Gracilosulfate F (6): white, amorphous solid; [α]20
D −17 (c 0.2, EtOH); IR (KBr) νmax 3456, 2942, 1457, 1242,

998 cm−1; 1H, 13C NMR, Tables 1 and 2; HRESIMS m/z 541.2840 [M−Na]− (calcd for C28H45O8S, 541.2841).

Gracilosulfate G (7): white, amorphous solid; [α]20
D −32 (c 0.1, EtOH); IR (KBr) νmax 3440, 2932,

1653, 1457, 1240 cm−1; 1H, 13C NMR, Tables 1 and 2; HRESIMS m/z 527.3057 [M − Na]− (calcd for
C28H47O7S, 527.3048).

Preparation of MTPA esters of compounds 1, 3, and 4

To duplicate solutions of compound 1 (2 mg each) in 100 μL of anhydrous pyridine, we added (R)-
or (S)-MTPACl (10 μL). After stirring for 30 min at rt, the reaction mixtures were concentrated under
reduced pressure and separated by HPLC (YMC ODS-A column (250 × 10 mm), H2O-EtOH, 24:76 +
1% AcONH4) to afford the (S)- or (R)-MTPA esters of 1. The (S)- or (R)-MTPA derivatives of 3 and 4

were also prepared in a similar manner.

(S)-MTPA ester of 1 (1S): white, amorphous solid; 1H NMR (CD3OD, 500 MHz) δH 5.35 (1H, dd, J = 11.2,
4.7 Hz, H-23), 1.76 (1H, m, H-22), 1.52 (1H, m, H-24), 1.47 (1H, m, H-25), 1.39 (1H, m, H-20), 1.13
(1H, m, H-22), 0.99 (3H, d, J = 6.7 Hz, H-21), 0.94 (3H, d, J = 6.6 Hz, H-27), 0.86 (3H, d, J = 6.6 Hz,
H-26), 0.76 (3H, d, J = 6.7 Hz, H-28), 0.62 (3H, s, H-18). HRESIMS m/z 779.3210 [M + Cl]− (calcd for
C38H55ClF3O9S, 779.3213).

(R)-MTPA ester of 1 (1R): white, amorphous solid; 1H NMR (CD3OD, 500 MHz) δH 5.36 (1H, dd, J = 11.2,
4.7 Hz, H-23), 1.69 (1H, m, H-22), 1.57 (1H, m, H-24), 1.50 (1H, m, H-25), 1.13 (1H, m, H-20), 1.04
(1H, m, H-22), 0.97 (3H, d, J = 6.6 Hz, H-27), 0.92 (3H, d, J = 6.7 Hz, H-21), 0.89 (3H, d, J = 6.6 Hz,
H-26), 0.87 (3H, d, J = 6.7 Hz, H-28), 0.45 (3H, s, H-18). HRESIMS m/z 779.3210 [M + Cl]− (calcd for
C38H55ClF3O9S, 779.3213).

(S)-MTPA ester of 3 (3S): white, amorphous solid; 1H NMR (CD3OD, 500 MHz) δH 5.33 (1H, m,
H-23), 1.78 (1H, m, H-22), 1.49 (1H, septet, J = 6.6 Hz„ H-25), 1.41 (1H, m, H-20), 1.30 (1H, m,
H-24), 1.19 (1H, m, H-22), 0.99 (3H, d, J = 6.5 Hz, H-21), 0.98 (1H, m, H-24), 0.90 (3H, d, J = 6.6 Hz,
H-27), 0.87 (3H, d, J = 6.6 Hz, H-26), 0.63 (3H, s, H-18). HRESIMS m/z 765.3060 [M + Cl]− (calcd for
C37H53ClF3O9S, 765.3056).

(R)-MTPA ester of 3 (3R): white, amorphous solid; 1H NMR (CD3OD, 500 MHz) δH 5.30 (1H, m,
H-23), 1.62 (1H, m, H-24), 1.68 (1H, m, H-22), 1.38 (1H, m, H-24), 1.59 (1H, septet, J = 6.6 Hz„
H-25), 1.16 (1H, m, H-20), 1.14 (1H, m, H-22), 0.89 (3H, d, J = 6.5 Hz, H-21), 0.95 (3H, d, J = 6.6 Hz,
H-27), 0.92 (3H, d, J = 6.6 Hz, H-26), 0.42 (3H, s, H-18). HRESIMS m/z 765.3060 [M + Cl]− (calcd for
C37H53ClF3O9S, 765.3056).

Bis(S)-MTPA ester of 4 (4S): white, amorphous solid; 1H NMR (CD3OD, 500 MHz) δH 6.02 (1H, dd,
J = 3.3, 1.1 Hz, H-4), 5.47 (1H, brd, J = 11.1 Hz, H-23), 4.87 (1H, t, J = 1.2 Hz, H-28), 4.84 (1H, brs, H-28),
1.91 (1H, m, H-22), 2.25 (1H, septet, J = 6.6 Hz, H-25), 1.67 (1H, m, H-20), 1.28 (1H, m, H-22), 1.10 (3H,
d, J = 6.6 Hz, H-27), 1.03 (6H, d, J = 6.6 Hz, H-21, 26), 0.93 (3H, s, H-18). HRESIMS m/z 957.3675 [M −
Na]− (calcd for C48H59F6O11S, 957.3688).

Bis(R)-MTPA ester of 4 (4R): white, amorphous solid; 1H NMR (CD3OD, 500 MHz) δH 5.91 (1H, dd,
J = 3.3, 1.1 Hz, H-4), 5.52 (1H, brd, J = 11.1 Hz, H-23), 5.07 (1H, t, J = 1.2 Hz, H-28), 5.01 (1H, brs, H-28),
2.32 (1H, septet, J = 6.6 Hz, H-25), 1.89 (1H, m, H-22), 1.43 (1H, m, H-20), 1.21 (1H, m, H-22), 0.94 (3H,
d, J = 6.5 Hz, H-21), 1.12 (3H, d, J = 6.6 Hz, H-27), 1.08 (3H, d, J = 6.6 Hz, H-26), 0.55 (3H, s, H-18).
HRESIMS m/z 957.3675 [M − Na]− (calcd for C48H59F6O11S, 957.3688).
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3.5. Bioactivity Assay

3.5.1. Reagents

The MTT reagent (thiazolyl blue tetrazolium bromide) was purchased from Sigma
(Taufkirchen, Germany).

3.5.2. Cell Lines and Culture Conditions

The human prostate cancer cell line 22Rv1 was purchased from ATCC (Manassas, VA, USA).
Cells were cultured according to the manufacturer’s instructions in RPMI media containing 10% FBS
(Invitrogen, Carlsbad, USA). Cells were continuously kept in culture for a maximum of 3 months,
and were routinely examined for stable phenotype and mycoplasma contamination.

3.5.3. In Vitro MTT-Based Drug Sensitivity Assay

The in vitro cytotoxicity of individual substances was evaluated using a MTT-based assay, which
was performed as previously described [33]. Treatment time was 48 h.

3.5.4. Western Blotting

Preparation of protein extracts and Western blotting were performed as described previously [34].
For the detection of PSA, expression the anti-PSA/KLK3 antibodies was used (Cell Signaling, #5365,
1:1000). Treatment time was of 24 h.

4. Conclusions

In summary, we isolated gracilosulfates A-G, new steroids from the marine sponge H. gracilis,
possessing a rare 3β-O-sulfonato, 4β-hydroxy moiety [1]. To date, only one pregnane steroid [35]
and two polyhydroxy steroids [36] with such a fragment have been isolated from the sponge Stylopus
australis and the starfish Coscinasterias tenuispina, respectively. In addition, the 5β,6β epoxy fragment
is unprecedented in sulfated steroids [1]. Finally, the combination of 3β-O-sulfonato, 5β,6β-epoxy
(or 5(6)-dehydro), and 4β,23-dihydroxy moieties is unprecedented, taking into account structures of
all previously known natural sulfated steroids. Interestingly, these compounds are able to inhibit
PSA expression in human hormone-independent prostate cancer cells, suggesting inhibition of AR
signaling, a central target for the treatment of advanced prostate cancer.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/9/454/s1,
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Abstract: Mycalin A, a polybrominated C15 acetogenin isolated from the encrusting sponge
Mycale rotalis, displays an antiproliferative activity on human melanoma (A375) and cervical
adenocarcinoma (HeLa) cells and induces cell death by an apoptotic mechanism. Various analogues
and degraded derivatives of the natural substance have been prepared. A modification of the
left-hand part of the molecule generates the most active substances. A structurally simplified lactone
derivative of mycalin A, lacking the C1–C3 side chain, is the most active among the synthesized
compounds exhibiting a strong cytotoxicity on both A375 and HeLa cells but not but not on
human dermal fibroblast (HDF) used as healthy cells. Further evidence on a recently discovered
chlorochromateperiodate-catalyzed process, used to oxidise mycalin A, have been collected.

Keywords: Mycalin A; C15 acetogenins; synthetic analogues; antiproliferative activity; A375 and
HeLa cell lines

1. Introduction

C15 acetogenins are typical metabolites from red algae belonging to the genus Laurencia. They are
usually halogenated substances including one or more cyclic ethers with different ring sizes and an
enyne or a bromoallene terminal unit [1]. Linear C15 acetogenins are less common [1,2], and some
of them, such as laurencenyne and trans-laurencenyne, have been hypothesized to be precursors of
their cyclic congeners [3]. The investigation of specimens of algae Laurencia genus collected in different
geographical areas continues to provide new C15 acetogenins displaying a large variety of substitution
patterns and structural complexity, and even rearranged skeletons [4].

In 1990 three new members of this class of substance (mycalin A–C, 1–3, Figure 1) (†) were
isolated by our group from the encrusting sponge Mycale rotalis [5,6] collected in Italy along the Sicily
coast. This finding was rather unusual and was explained by hypothesizing that the sponge could
preferentially grow on an alga of the Laurencia species engulfing it entirely. This agrees well with the
findings by Rinehart et al. [7] who had previously shown that metabolites peculiar to Laurencia species
could be detected from other marine organisms.

Mar. Drugs 2020, 18, 402; doi:10.3390/md18080402 www.mdpi.com/journal/marinedrugs53
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Figure 1. C15 acetogenins isolated from the sponge Mycale rotalis.

Mycalin A (1) is the most abundant metabolite isolated from the natural source. It possesses
an unusual terminal bromopropargylic side chain, cis-THF (tetrahydrofuran) and cis-THP
(tetrahydropyran) rings and four bromine atoms, a unique structural feature among this kind of
metabolite [1]. Mycalin A has subsequently been isolated from two algae of Laurencia genus namely
Laurencia paniculata [8] (‡), collected at Çeşmealt near Izmir (Turkey) and Laurencia obtusa [9] (§),
collected in the Greek Ionic sea. The former organism also contained mycalin B [8] (‡) (2, Figure 1),
a substance closely related to mycalin A. These findings support the hypothesis about the algal
origin of the mycalins. The structural determination of compounds 1–3 was accomplished through
spectral evidence and chemical correlation and derivatization work, and their relative and absolute
stereochemistry was firmly established by X-ray analyses.

C15 acetogenins have exhibited a broad range of biological properties including
anti-inflammatory [10] and anti-tumor activities, among others [1]. In this paper we report that
mycalin A (1) and some of its synthetic analogues (4–11) possess a strong antiproliferative activity on
human melanoma (A375) and human cervical adenocarcinoma (HeLa) cells. A degraded C4 lactone
derivative of mycalin A (11) has displayed a remarkable selective cytotoxicity towards tumor cells in
comparison with healthy control cells.

2. Results and Discussion

2.1. Biological Assays on Mycalin A

The search for new biologically active compounds is an important objective in medicinal chemistry
and historically the marine environment has furnished a great number of natural products some of
which have served as lead compounds for drug development [11]. As a part of our ongoing interest on
the search for new anti-tumor substances, either of synthetic or natural origin [12–14], the effect of
mycalin A (1) has been evaluated on the proliferation of human tumor cell lines of different histological
origin. In particular, human malignant melanoma (A375), human cervical adenocarcinoma (HeLa)
and human breast cancer (MCF-7) cells have been investigated. Human dermal fibroblasts (HDF)
were used as healthy cells to evaluate the selectivity of action of the examined compound. All the
cells were incubated with mycalin A at a 10 μM concentration for 48 h. As shown in Figure 2A,
mycalin A (1) induced a strong inhibition on the proliferation of A375 and HeLa cells of about 80% and
70%, respectively. Interestingly, a low inhibition was observed on MCF-7 cells, which indicates the
selectivity of 1 towards specific tumor cell lines, an attractive characteristic in terms of cancer therapy.
Nonetheless, a very strong toxicity was observed against the healthy HDF cells.

As a next step, the ability of mycalin A to induce cell death through an apoptotic mechanism
was tested on the A375 cell line that had shown the best response in terms of cytotoxicity among
all the studied cells. The cell sample was treated with compound 1 at a 10 μM concentration
for 48 h and then the apoptosis analysis was performed with the annexin V-FITC (V-fluorescein
isothiocyanate)/propidium iodine (PI) double staining method using flow cytometry analysis. In this
experiment, FITC-labelled annexin V, that specifically identifies apoptotic cells, was used in combination
with PI, that is able to stain positively late stage apoptotic and necrotic cells. Therefore, the necrotic
cells stain with only PI, advanced apoptotic cells with PI and FITC, and early apoptotic cells with only
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FITC. The results indicated that the entire population of the cells treated with mycalin A was in the late
apoptotic stage (Figure 2B). This result is in agreement with the high anti-proliferative activity shown
by 1 on the A375 cells under the same conditions (Figure 2A).

Figure 2. (A) Effect of mycalin A on tumor and healthy cell proliferation. The cells were incubated in
the presence of 10 μM mycalin A, at 37 ◦C. Blue bars: control (vehicle treated cells); red bars: treated
cells. Error bars represent ± SE (standard error), ** p < 0.01, * p < 0.05. (B) Apoptosis analysis with the
annexin V-FITC (V-fluorescein isothiocyanate)/PI (propidium iodine) double staining method on A375
cells. The cells were treated with mycalin A (1), at 37 ◦C, at 10 μM concentration, for 48 h. The control
is the vehicle treated sample. Lower left quadrant: viable cells; upper left: necrotic cells; upper right:
advanced apoptotic cells; lower right: early apoptotic cells. This picture is representative of two
independent experiments.

Furthermore, the dose–response curves (Figure 3) and the corresponding IC50 values, calculated
on responsive cells (A375, HeLa and HDF, Table 1), confirm the high activity of mycalin A and its lack
of selectivity towards tumor cells.
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Figure 3. Dose-response curves obtained using the indicated concentrations of mycalin A (1) on
responsive cells. The proliferation was determined by MTT assays. The results are presented as the
percentage of proliferating cells compared to the control and are expressed as means ± SE of at least
three independent experiments performed in triplicate. Statistical analyses: on HeLa p < 0.05 at 2.5 μM
and p < 0.01 from 5 to 100 μM, on A375 p < 0.01 from 1 to 100 μM and on HDF p < 0.01 from 1 to 100 μM.

Table 1. IC50 values of mycalin A (1) obtained on the responsive treated cells, after 48h incubation.

Cell Line IC50 (μM)

A375 1.1 ± 0.29
HeLa 3.9 ± 1.88
HDF 0.32 ± 0.22

2.2. Synthesis of Analogues of Mycalin A

The above interesting results on the activity of mycalin A prompted us to design simplified
analogues of mycalin A which could retain the antitumor activity of the parent compound while
exhibiting a limited toxicity towards healthy cells. To achieve this objective, mycalin A was subjected
to a modification of its functional groups and a structural simplification, including degradation.
An overview of the prepared derivatives 2 and 4–11 is shown in Figure 4. A detailed explanation of
the chemistry follows.

Acetylation is a simple way to decrease the polarity of a substance and, potentially, to facilitate
its penetration into the cell membrane. Thus, mycalin A was acetylated under standard conditions
with Ac2O/pyridine at 50 ◦C for 3 h, to give acetylated mycalin A 4 (Figure 4). Indeed, this simple
structural modification further increased the antitumor potency of this substance (see later Figure 5A,B).
Other potential sites of reactivity were then taken into consideration, such as the triple bond as well as
the C-Br and ethereal C-O bonds. In this respect, the left-hand moiety of mycalin A proved to be the
most easily modifiable. It is well known that ethereal C-O and C-Br bonds can be reductively cleaved
by catalytic hydrogenation under standard conditions. Based on this consideration and literature
precedents [15], we were confident that compound 1 could be structurally simplified when subjected to
hydrogenation, possibly even giving open chain mycalin A analogues. Indeed, when 1 was subjected to
catalytic hydrogenation with Pd(OH)2/C (10%) in EtOH, a mixture of compounds 5 and 7 was obtained
in the approximate ratio of 1:2, in favor of 7 (Scheme 1). Prolonged reaction times only resulted in
higher amounts of 7, suggesting that 5 at least partly converts into 7. Accordingly, compound 5 could
be transformed into 7 in high yields under the same reaction conditions (Scheme 1). The 4-propyl

56



Mar. Drugs 2020, 18, 402

analogue 5 derived from the alkyne saturation and the C3-Br reductive cleavage. Further cleavage of
the C4-O bond of the THF ring of 1 gave the open-chain diol 7. This favorable selectivity concerning the
C-Br and ethereal C-O bond cleavage allowed us to obtain compound 7 with the intact THP ring and a
functionalization that paved the way for the preparation of other THP derivatives, thus permitting us to
access mycalin A right-hand model compounds. In particular, the presence of a 7,8-halohydrin subunit
in 7 allowed us the preparation of the corresponding 7,8-epoxide analogue (Scheme 2), thus increasing
the functional group diversity and, taking into account the biological activity exhibited by a variety of
natural epoxides, the probability of accessing a cytotoxic substance.

Figure 4. Overview of mycalin A derivatives.

Scheme 1. Hydrogenation of mycalin A (1). The H-4/H-7 nOe (nuclear Overhauser effect) correlation
in 6 is highlighted.
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Scheme 2. Preparation of epoxide 9. The H-6/H-9 nOe correlation is highlighted.

Figure 5. Cont.
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Figure 5. Effect of mycalin A and its derivatives on tumor and normal cell proliferation. The A375,
HeLa and HDF cells were incubated in the presence of compounds 1, 2 and 4–11, solubilized in
dimethyl sulfoxide DMSO (dimethyl sulfoxide), at 1 μM (A) or 10 μM (B) concentrations, at 37 ◦C
for 48 h. Error bars represent ± SE; *** p < 0.001 ** p < 0.01 * p < 0.05 (C) Apoptosis analysis with the
annexin V-FITC/PI double staining method on A375 cells. The cells were treated with the indicated
compounds, at 37 ◦C, at 10 μM concentration, for 48 h. The control is the vehicle treated sample. Lower
left quadrant: viable cells; upper left: necrotic cells; upper right: advanced apoptotic cells; lower right:
early apoptotic cells. This picture is representative of two independent experiments.

The structures of 5 and 7 were confirmed by extensive 2D NMR (two-dimensional nuclear magnetic
resonance) experiments on the corresponding acetate derivatives 6 and 8, respectively, which were
obtained under usual acetylation conditions (Scheme 1). The complete proton and carbon assignments
of 6 and 8 are reported in Table S1 and S2, respectively. In particular, the presence of a strong nOe
correlation between the H-4 and H-7 protons in 6 (Scheme 1 and Figure S12) confirmed that the cis
configuration of the THF ring had been preserved under the hydrogenation conditions. On the other
hand, the replacement of the methine proton signal resonating at δ 3.96 (H-4) in 6 (Scheme 1) with the
methylene signal resonating at δ 1.26 (H2-4) in 8 (Scheme 1), confirmed the cleavage of the THF ring at
the C4-O bond in 1. Based on the retention of the S configuration at C7 on reductive opening of the
THF ring, the 7S,8R configuration could be formulated for the 7,8-halohydrin system in 7.
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Epoxide 9 was obtained on treatment of diacetate 8 with catalytic amounts of K2CO3 in MeOH,
followed by acetylation (Scheme 2). The presence of an nOe correlation between H-6 and H-9 protons
in 9 (Scheme 2; see Table S3 for the complete NMR assignment), pointed to the cis configuration of
the epoxide ring and, consequently, to the all syn arrangement of the C6–C8 segment in 8. Therefore,
we could assign the 6R,7S,8S configuration at the C6–C8 stereocentres in 9.

The presence of the C6-C7 diol system in 7 allowed us to achieve the synthesis of the structurally
simplified THP derivative 10 (Scheme 3), lacking the THF-containing left-hand (C1–C6) portion of 1.
To this end, first the oxidative cleavage of 7 was attempted by treatment with NaIO4 in CH2Cl2/H2O
(1:1). However, a slow process and low yields of the expected aldehyde 12 (Scheme 3) resulted. Similar
results were obtained by using acetone/water as solvent. Likewise, silica supported NaIO4 also gave
unsatisfactory results. Eventually, the treatment of 7 with lead tetraacetate (LTA) in acetic acid quickly
gave aldehyde 12 as the sole product whose immediate reduction with NaBH4 in EtOH, followed by
acetylation, afforded the degraded product 10 in 45% yield, over three steps (Scheme 3; Table S4).

Mycalin B was then prepared (Scheme 4). This substance, possessing a further THF ring including
part of the C4 side chain and the C6 OH group, introduces a structural perturbation in the left-hand
moiety of the mycalin A. Therefore, it was seen as a compound able to provide information on the
possible involvement of the left-hand part of mycalin A functional groups in its pharmacophoric portion.
Thus, compound 1 was treated with KOH in MeOH at r.t. The internal nucleophilic substitution
was very fast, and compound 2 was obtained in a 70% yield. This substance showed spectroscopic
(Figures S3 and S4) and chromatographic properties identical to those exhibited by an authentic sample
of mycalin B [5].

Scheme 3. Synthesis of the degraded derivative 10.

Scheme 4. Synthesis of mycalin B 2.

Lastly, lactone 11 was prepared by using a PCC (pyridinium chlorochromate)-catalyzed process
(PCC/H5IO6 system) recently discovered in our laboratory [16], starting from mycalin A acetate
(Scheme 5). Okamura et al. [17] have postulated that the actual oxidizing agent, under the above
conditions, is chlorochromateperiodate (CCP), an oxidizing species more powerful than PCC, derived
from the condensation of PCC and H5IO6 with the elimination of water. As we observed for the
preparation of the corresponding benzoate [12], this process failed to go to completion under previously
used conditions. However, in this instance we were able to force the process up to the complete
consumption of the starting material by means of three further additions of freshly prepared CCP.
In this way, lactone 11 was obtained in a 55% isolated yield. The loss of the C1-C3 carbon chain and the
formation of the lactone ring was confirmed by 13C-NMR (Figure S34) and HMBC (Figure S38) spectra.
An nOe correlation between Ha-5 and H-7 protons in 11 further confirmed the configuration at C-7
(Scheme 5 right and Figure S36). Due to the limited amount of mycalin A, no further optimization of the
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process could be carried out at this stage. However, the observed behavior suggests a quick destruction
of the active species and this process is certainly worth further investigation. Considering the synthetic
importance of γ-lactones and the biological activity displayed by a variety of natural substances
belonging to this class of compound, further studies are currently in progress in our laboratories.

Scheme 5. Synthesis of lactone 11. The 3D lactone ring part structure and the Ha-5/H-7 nOe correlation
are highlighted on the right.

A summary of the synthesized mycalin A derivatives is shown in Table 2.

Table 2. Summary of the synthesized derivatives of mycalin A.

Mycalin A (1) Mycalin B (2)

Mycalin A acetate (4) 5

6 7

8 9

10 11
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2.3. Biological Assays

To evaluate the cytotoxic activity of compounds 2 and 4–11 on the A375, HeLa and HDF cells,
an initial screening was carried out at 1 μM and 10 μM concentrations for 48 h (Figure 5A,B). The cell
viability was measured by means of the MTT assay. Among all the tested compounds, a remarkable
cytotoxic activity was exhibited by acetate 4 and lactone 11 on the A375 and HeLa cells. Therefore,
the acetylation of 4 increased the cytotoxicity of mycalin A towards the A375 and HeLa cells even
at 1 μM, reaching a prominent effect at 10 μM. It is to be said that compound 4 also showed a toxic
effect towards healthy cells at both the used concentrations. On the other hand, lactone 11 caused a
drastic decrease in the cell viability up to 10%, compared to the control, at a dose of 10 μM on both
cell lines. In addition, differently from acetate 4, lactone 11 showed a considerable selectivity towards
tumor cells, with a cytotoxicity of only about 35% on the HDF cells. Among the remaining compounds,
4-propyl-derivative 5 showed a good cytotoxicity on both the tumor cells and only a slight toxicity on
the healthy cells, at a 10 μM concentration.

Then, FITC-AnnexinV assays were performed on the A375 cell line to evaluate the ability of 4, 5,
and 11 to induce cell death through apoptosis. The cell sample was treated with such compounds at a
10 μM concentration for 48 h. The results indicated that all the tested compounds induced apoptotic
effects (Figure 5C). In particular, 4 showed the entire population in late apoptosis, as observed for
mycalin A. Differently, 5 and 11 displayed a lower level of apoptosis, at the same concentration.

These data indicate that the THF-containing substances are the most active and that the absence
of the THF portion strongly reduces the activity, as shown by the THP derivatives 7–10 which display
the lowest cytotoxic activity. This suggests that the THF-containing portion of mycalin A is essential
for the activity. However, this does not mean that it alone is sufficient for the activity. The synthesis of
further simplified analogues, only containing the left-hand part of the molecule, may help to clarify
this point. The fact that mycalin B (2), where the C4 side-chain and the C6-OH group are engaged in
a further THF ring, exhibits a reduced cytotoxicity compared with mycalin A, further supports the
importance of the THF-containing, or THF-mimicking, portion of the substance and also suggests that
the side-chain and/or the hydroxyl group could play a role in the cytotoxic effect of mycalin A.

Prompted by the results obtained by the anti-proliferative assays, the bioactivity profile of the
most interesting compounds 4, 5, and 11 was evaluated using a concentration ranging from 0.25 μM to
25 μM for 4 and from 1 μM to 100 μM for 5 and 11. The results are depicted in Figure 6A–C. From these
dose–response analyses, the IC50 for each substance could be evaluated (Table 3) and some observations
could be made. Acetate 4 showed a high cytotoxicity upon all the tested cells, including the healthy
cells and its IC50 values confirm the increased activity compared to mycalin A. Compound 5 showed
comparable IC50 values on the tumor cells as well as on the healthy cells and consequently lacking
selectivity. Finally, compound 11 proves to be a very interesting substance, showing an IC50 of about
1 μM towards the melanoma (A375) cell line and an IC50 on HDF cells that is an order of magnitude
higher. Remarkably, 11 retained the same activity of 1 on tumor cells, further increasing its selectivity.

Table 3. IC50 values obtained from the dose–response curves of acetate 4, 4-propyl-derivative 5 and
lactone 11 on all the tested cell lines, after 48h incubation.

Cell Line 4 5 11

A375 0.62 ± 0.20 14.11 ± 3. 5 1.1 ± 0.22
HeLa 0.92 ± 0.23 18.5 ± 5.0 6.7 ± 2.3
HDF 0.11 ± 0.004 23.2 ± 7.8 11.2 ± 6.3
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Figure 6. Dose-response curves of 4 (A), 5 (B), and 11 (C). The compounds were tested at different
concentrations on the indicated cell lines. The proliferation was evaluated using the MTT assay.
The results are presented as the percentage of proliferating cells with respect to the control (vehicle treated
cells) and are expressed as means ± SE of at least three independent experiments performed in triplicate.
Statistical analysis 4: on HeLa p < 0.001 from 0.5 to 25 μM, on A375 p < 0.01 from 0.5 to 25 μM, on HDF
p < 0.001 from 0.25 to 25 μM. 5: on HeLa p < 0.01 from 10 to 100 μM, on A375 p < 0.01 at 10 and 25 μM,
p < 0.05 at 50 and 100 μM, on HDF p < 0.05 at 10 μM and p < 0.001 from 25 to 100 μM. 11: on HeLa
p < 0.01 from 2.5 to 100 μM, on A375 p < 0.05 at 2.5 μM, p < 0.01 from 5 to 100 μM, on HDF p < 0.01 at
10 μM and p < 0.05 from 25 to 100 μM.
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3. Materials and Methods

3.1. General Experimental Procedures

All reagents were purchased (Aldrich and Fluka) at the highest commercial quality and used
without further purification. The reactions were monitored using thin layer chromatography
(TLC) carried out on precoated silica gel plates (Merck 60, F254, 0.25 mm thick). Merck silica
gel (Kieselgel 40, particle size 0.063–0.200 mm) was used for the column chromatography. All the
HPLC (high performance liquid chromatography) separations and purifications were performed
on a Phenomenex Luna column (25 cm × 4.6 mm, 5 μm) using n-hexane/EtOAc mixtures as eluent,
at a flow rate of 1 mL/min. Na2SO4 was used as a drying agent for aqueous work-up. Nuclear
magnetic resonance (NMR) experiments were performed using either a Bruker 700 MHz AvanceNeo
spectrometer (Billerica, MA, US) equipped with a triple resonance cryoprobe or a Bruker 400 MHz
Avance spectrometer (Billerica, MA, US) in CDCl3. Proton chemical shifts were referenced to the
residual CHCl3 signal (7.26 ppm). 13C-NMR chemical shifts were referenced to the solvent (77.0 ppm).
Coupling constants (J) are given in Hertz. Abbreviations for signal coupling are as follows: s = singlet,
d = doublet, t = triplet, q = quartet, m =multiplet, b = broad. The optical rotations were measured using
a JASCO P-2000 polarimeter (JASCO, Oklahoma City, OK, US) at the sodium D line. The high-resolution
mass spectra were recorded by infusion on a Thermo Linear Trap Quadrupole (LTQ) Orbitrap XL mass
spectrometer (Thermo Fisher Scientific, Waltham, MA, US) equipped with an electrospray source in
the positive mode using MeOH as the solvent.

3.2. Mycalin A 1

Mycalin A (1) was isolated from the sponge Mycale rotalis collected in the Stagnone di Marsala
lagoon (Sicily) in the spring of 1989 [5,6]. For details of the isolation of mycalin A see ref. 6. A pure
sample of mycalin A for the biological assays was obtained by filtration on a silica gel pad (eluent
n-hexane-EtOAc, 4:6) followed by HPLC purification using n-hexane-EtOAc (75:25) as the eluent.
Copy of the NMR spectra are reported in the Supplementary Materials.

3.3. Mycalin A Acetate 4

Excess acetic anhydride (0.5 mL) was added to a solution of alcohol 1 (18.2 mg, 0.032 mmol) in
pyridine (0.5 mL) and the mixture stirred at 50 ◦C. After 3 h the reaction mixture was evaporated
under reduced pressure to give acetyl derivative 4 (19.5 mg) as a single spot by TLC (n-hexane-EtOAc,
7:3, Rf = 0.56) The crude was subjected to HPLC purification using n-hexane-EtOAc, 8:2 as the eluent
to give 4 (18.0 mg, 93%) as a colourless oil. 4: [α]20

D = + 41.1 (c = 0.20, CHCl3). IR (infrared) (neat)
λmax 2121, 1737, 1374, 1241, cm−1. 1H-NMR (400 MHz, CDCl3): δ 5.27 (1H, bdd, J = 5.4, 3.1), 4.65 (1H,
dd, J = 9.5, 1.5), 4.59 (1H, dd, J = 6.7, 2.3), 4.34 (1H, ddd, 8.8, 6.6, 4.8), 4.24 (1H, dd, J = 9.6, 3.2), 4.17
(1H, ddd, J = 12.3, 9.5, 4.5), 3.72 (1H, ddd, J = 11.9, 10.2, 4.4), 3.39 (1H, dt, J = 9.5, 2.3), 3.21 (1H, dd,
J = 9.6, 1.5), 2.98 (1H, ddd, J = 12.9, 4.4, 4.4), 2.68–2.59 (2H, overlapped m’s), 2.39 (1H, ddd, J = 12.6,
12.6, 12.6), 2.29 (1H, dd, J = 15.6, 5.0), 2.12 (3H, s, acetate), 2.02 (1H, m), 1.54 (1H, m), 0.93 (3H, t,
J = 7.3). 13C-NMR: (100 MHz, CDCl3): δ 170.1, 83.7, 83.6, 80.2, 79.7, 79.3, 76.5, 72.1, 51.5, 47.1, 46.6, 45.1,
37.4, 37.0, 25.7, 21.2, 9.5. HRESIMS (high resolution electrospray ionization mass spectrometry) m/z:
calcd for C17H22

79Br4NaO4 628.8149 [M + Na]+, found: 628.8140.

3.4. Propyl Derivative 5

Pd(OH)2/C (20% w/w, 8.5 mg) was added to mycalin A (1, 42.3 mg, 0.074 mmol) in EtOH (2 mL)
and the mixture stirred under hydrogen atmosphere. A vacuum-fill technique was used using a
hydrogen balloon and a three-way vacuum adapter. After 2 h the reaction mixture was filtered over
celite, and the filtrate was dried under reduced pressure to give a mixture of the propyl-derivative 5

and the diol 7 (40.5 mg) as a colorless oil. Further filtration of the crude on a silica gel pad, eluting with
n-hexane-EtOAc (7:3), afforded an oily material (29.8 mg), essentially constituted by a mixture of 5 and
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7 (TLC: n-hexane-EtOAc, 7:3. 5: Rf = 0.60; 7: Rf = 0.67). HPLC separation with n-hexane-EtOAc (7:3) as
the eluent gave pure compounds 5 (8.2 mg, 23%) and 7 (15.9 mg, 43%) as colourless oils. 5: [α]20

D = +4.2
(c = 0.17, CHCl3). IR (neat) λmax 3446 (broad) cm−1. 1H-NMR: (400 MHz, CDCl3): δ 4.64 (1H, dd,
J = 9.2, 1.8), 4.24–4.14 (2H, overlapped m’s), 3.96–3.87 (2H, overlapped m’s), 3.81 (1H, dd, J = 9.8, 1.9),
3.76 (1H, ddd, J = 12.1, 10.0, 4.3), 3.44 (1H, dt, J = 9.1, 2.3), 3.00 (1H, ddd, J = 12.9, 4.3, 4.3), 2.48 (2H,
overlapped m’s), 2.04 (1H, m), 1.77 (1H, m), 1.68–1.33 (5H, overlapped m’s), 0.96 (3H, t, J = 7.2), 0.94
(3H, t, J = 7.2). 13C-NMR: (100 MHz, CDCl3): δ 84.8, 83.8, 80.0, 71.9, 53.3, 47.7, 46.8, 45.3, 42.2, 38.9, 25.8,
19.2, 14.0, 9.7. HRESIMS m/z: calcd for C15H25

79Br3NaO3 512.9252 [M + Na]+, found: 512.9240.

3.5. Propyl Acetate 6

Acetic anhydride (0.4 mL) was added to a stirred solution of 5 (8.2 mg, 0.017 mmol) in pyridine
(0.4 mL), at room temperature. After 16 h the reaction mixture was evaporated under reduced pressure
to give acetyl derivative 6 (9.0 mg) as a colourless oil. HPLC purification (eluent: n-hexane-EtOAc, 7:3)
gave the pure compound 6 (8.8 mg, 98%) suitable for the biological assays. 6: [α]20

D = +15.3 (c = 0.71,
CHCl3). IR (neat) λmax 1737, 1375, 1239 cm−1. 1H-NMR: (700 MHz, CDCl3): δ 5.19 (ddd, J = 6.3, 3.1, 1.1,
1H), 4.69 (dd, J = 9.7, 1.6, 1H), 4.17 (ddd, J = 12.1, 9.6, 4.6, 1H), 4.06 (dd, J = 9.7, 3.1, 1H), 3.96 (dq, J = 8.4,
6.4, 1H), 3.73 (ddd, J = 12.0, 10.0, 4.3, 1H), 3.38 (ddd, J = 10.0, 8.8, 2.4, 1H), 3.22 (dd, J = 9.6, 1.6, 1H),
2.98 (ddd, J = 13.0, 4.3, 4.3, 1H), 2.55 (ddd, J = 14.6, 8.4, 6.3, 1H), 2.40 (1H, ddd, J = 13.0, 12.1, 12.0), 2.12
(s, 3H, acetate), 2.06–1.98 (m, 1H), 1.79–1.71 (m, 1H), 1.66 (ddd, J = 14.5, 6.4, 1.1, 1H), 1.56–1.46 (m, 2H),
1.41 (dddd, J = 12.9, 10.3, 7.4, 5.5, 1H), 1.35 (dddd, J = 13.0, 10.6, 7.4, 5.4, 1H), 0.93 (t, J = 7.4, 6H, 2×Me).
13C-NMR: (176 MHz, CDCl3): δ 170.6, 83.6, 82.3, 80.2, 77.5, 73.2, 52.1, 47.4, 46.7, 45.0, 39.7, 38.2, 25.7,
21.4, 19.2, 14.1, 9.7. HRESIMS m/z: calcd for C17H27

79Br3NaO4 554.9357 [M + Na]+, found: 554.9368.

3.6. THP Diol 7

Compound 7 was synthesized as described above (see propyl derivative 5). 7: Amorphous solid.
[α]20

D = +9.9 (c = 0.57, CHCl3). IR (neat) λmax 3414 (broad) cm−1. 1H-NMR: (400 MHz, CDCl3): δ 4.67
(1H, dd, J = 6.3, 1.7), 4.14 (1H, ddd, J = 12.2, 12.2, 4.5), 3.81–3.67 (4H, overlapped m’s), 3.48 (1H, ddd,
J = 8.6, 8.6, 2.3), 3.01 (1H, ddd, J = 12.9, 4.5, 4.5), 2.81 (2H, bs, 2xOH), 2.47 (1H, ddd, J = 12.3, 12.3,
12.3), 2.04 (1H, m), 1.66–1.26 (9H, overlapped m’s), 0.95 (3H, t, J = 7.3), 0.90 (3H, t, J = 6.9). 13C-NMR:
(100 MHz, CDCl3): δ 83.8, 81.4, 75.7, 71.3, 59.2, 47.1, 46.9, 45.1, 33.8, 31.7, 25.8, 25.3, 14.0, 9.5. HRESIMS
m/z: calcd for C15H27

79Br3NaO3 514.9408 [M + Na]+, found: 514.9426.

3.7. THP Diol Acetate 8

Acetic anhydride (0.3 mL) was added to a stirred solution of diol 7 (7.0 mg, 0.014 mmol) in
pyridine (0.3 mL), and the mixture stirred at 50 ◦C. After 3 h the reaction mixture was evaporated
under reduced pressure to give diacetate 8 (8.3 mg) as a colorless oil (TLC: n-hexane-EtOAc, 85:15,
Rf = 0.54). Pure 8 (7.9 mg, 96%), suitable for the biological assays, was obtained by HPLC purification
(eluent: n-hexane-EtOAc, 85:15). 8: [α]20

D = +35.8 (c = 0.12, CHCl3). IR (neat) λmax 1742, 1371, 1217,
cm−1. 1H-NMR (700 MHz, CDCl3) δ 5.49 (dd, J = 9.5, 2.0, 1H), 5.09 (ddd, J = 7.7, 6.0, 2.0, 1H), 4.55 (dd,
J = 9.4, 1.9, 1H), 4.13 (ddd, J = 12.1, 9.5, 4.5, 1H), 3.72 (ddd, J = 12.1, 10.0, 4.3, 1H), 3.47 (ddd, J = 10.0,
8.6, 2.4, 1H), 3.43 (dd, J = 9.5, 1.9, 1H), 2.96 (ddd, J = 12.9, 4.5, 4.3, 1H), 2.44 (ddd, J = 12.9, 12.1, 12.0,
1H), 2.17 (s, 3H, acetate), 2.13 (s, 3H, acetate), 2.04 (m, 1H), 1.55 (m, 1H), 1.50 (m, 1H), 1.34–1.21 (m,
8H), 0.99 (t, J = 7.4, 3H), 0.86 (t, J = 7.0, 3H). 13C-NMR: (176 MHz, CDCl3): δ 170.7, 170.0, 83.7, 79.4,
74.3, 71.6, 54.8, 47.5, 47.3, 45.0, 31.5 (2C), 25.8, 24.7, 22.4, 21.1, 20.8, 13.9, 9.7. HRESIMS m/z: calcd for
C19H31

79Br3NaO5 598.9619 [M + Na]+, found: 598.9627.

3.8. THP Epoxyde 9

K2CO3 (3 eq, 2.2 mg, 0.016 mmol), was added to a stirred solution of diacetate 8 (3.0 mg,
0.005 mmol) in MeOH (1 mL), at room temperature. After 48 h AcOH was added up to pH = 6 and the
reaction mixture was taken to dryness. The solid residue was partitioned between water and EtOAc
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and the organic phase was dried and evaporated to give an oil (2.9 mg). TLC analysis revealed still
the presence of a trace amount of the starting diol. HPLC separation (eluent: n-hexane-EtOAc, 85:15)
gave the pure 7-hydroxy epoxide (1.7 mg, 80%). Acetylation under usual conditions afforded acetate 9

(1.9 mg, 100%) as a colourless oil. 9: [α]20
D = −7.7 (c = 0.21, CHCl3). IR (neat) λmax 1742, 1463, 1371,

1239 cm−1. 1H-NMR (700 MHz, CDCl3) δ 4.89 (ddd, J = 8.7, 8.7, 3.9, 1H), 3.84 (ddd, J = 12.4, 10.0, 4.4,
1H), 3.73 (ddd, J = 12.4, 10.1, 4.4, 1H), 3.51 (dd, J = 10.0, 7.1, 1H), 3.45 (ddd, J = 10.1, 7.3, 2.7, 1H),
3.05 (dd, J = 8.7, 4.1, 1H), 3.02 (dd, J = 7.1, 4.1, 1H), 2.98 (dt, J = 12.4, 4.4, 1H), 2.43 (ddd, J = 12.2, 12.2,
12.0, 1H), 2.11 (s, 3H, acetate), 1.98 (ddq, J = 14.9, 7.4, 2.7, 1H), 1.75–1.52 (m, 3H overlapped), 1.36
(m, 1H), 1.34–1.20 (m, 5H overlapped), 0.95 (t, J = 7.4, 3H), 0.88 (t, J = 7.0, 3H). 13C-NMR: (176 MHz,
CDCl3): δ 170.4, 83.0, 80.5, 71.9, 57.7, 56.6, 47.1, 46.1, 45.6, 32.1, 31.8, 25.8, 24.6, 22.5, 21.1, 14.0, 9.0.
HRESIMS m/z: calcd for C17H28

79Br2NaO4 477.0252 [M + Na]+, found: 477.0238.

3.9. Degraded THP Derivative 10

Crystalline lead tetraacetate (2 eq., 12.5 mg, 0.028 mmol) was added to a solution of diol 7 (7.0 mg,
0.014 mmol) in AcOH (1.0 mL). After 20 min., TLC analysis (n-hexane-EtOAc, 75:25) revealed the
disappearance of the starting material and the formation of a slightly less polar substance. After a
further 10 min., two drops of ethylene glycol were added and the mixture stirred for 10 min., diluted
with water and extracted with CHCl3. The organic layer was washed with a sat. aqueous NaHCO3

solution, dried and evaporated to give 5.3 mg of aldehyde 12 as a smelling oil. NaBH4 (a tip of spatula,
excess) was added to a solution of the crude aldehyde 12 (4.0 mg, 0.010 mmol) in EtOH (1 mL), and the
suspension stirred at room temperature for 40 min. Then, the excess reagent was destroyed by the
addition of a few drops of AcOH, water was added, and the mixture extracted with CHCl3. The organic
phase was washed with a sat. aqueous NaHCO3 solution, dried and evaporated to give 4.8 mg of the
crude alcohol. HPLC purification of the latter gave 3.8 mg of the pure C7 alcohol.

Acetylation of the above alcohol with Ac2O/pyridine (0.5 mL/0.5 mL) overnight afforded 4.0 mg of
the acetyl derivative 10. Filtration of this material on a short pad of silica gel (eluent: n-hexane-EtOAc,
9:1), gave pure acetate 10 (2.8 mg, 45% over three steps) as a colorless oil. 10: [α]20

D = +18.2 (c = 0.19,
CHCl3). IR (neat) λmax 1746, 1227 cm−1. 1H-NMR: (700 MHz, CDCl3): δ 4.60 (ddd, J = 8.3, 6.7, 1.8, 1H),
4.43 (dd, J = 11.3, 6.7, 1H), 4.40 (dd, J = 11.3, 8.3, 1H), 4.10 (ddd, J = 12.1, 9.7, 4.5, 1H), 3.75 (ddd, J = 12.0,
10.0, 4.3, 1H), 3.51 (dd, J = 9.7, 1.8, 1H), 3.43 (ddd, J = 10.0, 8.5, 2.5, 1H), 3.01 (ddd, J = 12.1, 4.5, 4.3, 1H),
2.46 (ddd, J = 12.9, 12.1, 12.0, 1H), 2.11 (s, 3H, acetate), 2.03 (ddq, 14.5, 7.4, 2.5 1H), 1.55 (ddq, J = 14.5,
8.5, 7.4, 1H), 0.96 (t, J = 7.4, 3H). 13C-NMR: (176 MHz, CDCl3): δ 170.2, 83.7, 79.3, 64.7, 49.9, 47.5, 46.6,
45.3, 25.8, 20.7, 9.4. HRESIMS m/z: calcd for C11H17

79Br3NaO3 456.8626 [M + Na]+, found: 456.8629.

3.10. Lactone 11

PCC (10 mol%, 150 μL of a 0.01 M stock solution in acetonitrile) was added to a vigorously
stirred suspension of H5IO6 (15 eq., 0.022 mmol, 49.8 mg) in acetonitrile (100 μL) at room temperature.
After 5 min., compound 4 (9.0 mg, 0.015 mmol) dissolved in acetonitrile (100 μL + 2 × 100 μL rinse)
was added to give a yellow cloudy mixture. After 16 h TLC analysis (n-hexane-EtOAc, 8:2) revealed
the presence of a product at Rf = 0.3. No further progress of the process was observed after 2 h.
Therefore, freshly prepared CCP (12 mol%, 180 μL of a 0.01 M stock solution in acetonitrile) was
added to the reaction mixture. After 15 min., TLC analysis revealed the further progress of the process,
but successive TLC analyses indicated no further consumption of the starting material. Two successive
additions of the same amounts of CCP were required to drive the process to completion (overall further
2 h). Then, EtOH (1 mL) was added and the mixture was taken to dryness. Filtration of this material on
a short pad of silica gel (eluent: CHCl3-MeOH, 95:5) followed by HPLC purification (n-hexane-EtOAc,
7:3) gave pure acetate 11 (4.1 mg, 55%) as a colourless oil. [α]20

D = +27.7 (c = 0.13, CHCl3). IR (neat)
λmax 1794, 1745, 1225 cm−1. 1H-NMR: (700 MHz, CDCl3): δ 5.46 (1H, dd, J = 5.1, 3.3), 4.85 (1H, dd,
J = 9.8, 3.3,), 4.75 (1H, dd, J = 9.8, 1.7), 4.19 (1H, ddd, J = 12.1, 9.5, 4.6), 3.75 (1H, ddd, J = 12.0, 10.5, 4.3),
3.42 (1H, ddd, J = 10.5, 8.4, 2.5), 3.26 (1H, dd, J = 9.5, 1.7), 3.01 (1H, ddd, J = 12.9, 4.6, 4.3), 2.95 (1H, dd,
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J = 18.1, 5.1), 2.69 (1H, d, J = 18.1), 2.41 (1H, ddd, J = 12.9, 12.1, 12.0), 2.17 (3H, s, acetate), 2.04 (1H, m),
1.59 (1H, m), 0.96 (3H, t, J = 7.4). 13C-NMR: (176 MHz, CDCl3): δ 171.9, 169.8, 83.7, 83.0, 79.3, 69.5, 49.8,
46.7, 46.1, 44.9, 37.9, 25.7, 21.0, 9.5. HRESIMS m/z: calcd for C14H19

79Br3NaO5 526.8680 [M + Na]+,
found: 525.8671.

3.11. Mycalin B 2

KOH (excess) was added to a stirred solution of 1 (2.5 mg, 0.044 mmol) in MeOH (0.5 mL).
After 10 min AcOH was added up to neutrality. The mixture was taken to dryness, the residue was
partitioned between water and EtOAc and the organic phase was dried and evaporated. HPLC
separation of the crude (eluent: n-hexane-EtOAc, 8:2) gave pure 2 (1.5 mg, 70%) as a colourless oil.
2: For the [α]20

D , IR and MS (mass spectrometry) data see refs. 5 and 8. 1H-NMR: (400 MHz, CDCl3):
δ 4.60 (1H, bd, J = 2.4), 4.55 (1H, bd, J = 2.1), 4.51 (1H, bd, J = 2.2), 4.39 (1H, dd, J = 8.9, 2.0), 4.24 (1H, bd,
J = 8.9), 4.13 (1H, ddd, J = 12.7, 9.6, 4.4), 3.73 (1H, ddd, J = 12.2, 9.9, 4.5), 3.58 (1H, dd, J = 9.5, 2.0), 3.38
(1H, ddd, J = 9.5, 9.5, 2.3), 3.00 (1H, ddd, J = 12.8, 4.3, 4.3), 2.59 (1H, d, J = 2.1), 2.44 (1H, ddd, J = 12.3,
12.3, 12.3), 2.38 (1H, dd, J = 10.6, 2.9), 2.10 (1H, dd, J = 10.6, 2.3), 2.04 (1H, m), 1.52 (1H, m), 0.92 (3H, t,
J = 7.3). 13C-NMR: (100 MHz, CDCl3): δ 86.0, 83.9, 81.0, 80.7, 79.5, 76.5, 76.1, 73.6, 56.1, 47.5, 46.5, 45.1,
36.6, 25.8, 9.8.

3.12. Cell Lines and Culture Conditions

The human cervical adenocarcinoma (HeLa), human breast adenocarcinoma (MCF-7) and human
malignant melanoma (A375) cell lines were from ATCC (U.S.). The normal human dermal fibroblasts
(HDF) were kindly provided by Dr. Annalisa Tito (Arterra, Biosciences). The cells were grown in DMEM
(Dulbecco’s Modified Eagle Medium) supplemented with 10% fetal bovine serum (FBS), 1% glutamine,
100 U/mL penicillin and 100μg/mL streptomycin (Euroclone, Milan, Italy) and maintained in humidified
air containing 5% CO2, at 37 ◦C.

3.13. Cell Proliferation Assay

The cells were plated at a density of 1200 cells/well for A375, 1000 cells/well for HeLa and
2000 cells/well for HDF and MCF-7, in 96-well microplates (Corning). After 24 h incubation, the
cells were treated with different concentrations of each of the compounds 1, 2 and 4–11, previously
solubilized in DMSO (vehicle). The cell proliferation was determined after 48 h of treatment by using
MTT (Sigma Aldrich, Milan, Italy) as previously reported. The plates were then analyzed by using a
microplate reader (Enspire, Perkin Elmer, Cambridge, MA, USA) at 570 nm. The mean value ± SE
of the adherent cells for each treatment was expressed as the relative percentage of the cell number
with respect to the cells treated with the vehicle (control). Statistical differences were determined by
the Student’s test, paired, two-sided. All the experiments were performed at least in triplicate and
repeated at least 3 times; a p value less than 0.05 was considered to be significative. The IC50 values
were obtained by the Prism 6.01 software (GraphPad San Diego, CA, U.S.) by extrapolating them from
the dose–response curves data [18].

3.14. Apoptosis Experiments

The apoptosis assays were performed on the A375 cells seeded at a density of 1x105 cells/well in
6 well plates and incubated with compounds 1, 4, 5, and 11 at 37 ◦C and at 10 μM concentration for
48 h. The apoptosis was then analysed by staining with annexin V/FITC and propidium iodine (PI)
(eBioscience). Briefly, after incubation, the cells were detached with accutase solution (eBioscience),
harvested and washed with cold PBS [19]. Subsequently, the cells were treated following the
manufacturer’s instructions. The percentage of cell undergoing apoptosis or necrosis was quantified
using a flow cytometer (Becton Dickinson, San Diego, CA, U.S.) equipped with the Cell Quest software
version 3.5.1
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4. Conclusions

In conclusion, in this study we have shown that mycalin A, a polybrominated C15 acetogenin of
marine origin, is a strongly cytotoxic and pro-apoptotic substance on A375 tumor cells. The synthesis
of some simplified analogues of this substance has been accomplished. It has been observed that
the left-hand portion of mycalin A is essential for the biological activity since its perturbation, or its
absence, strongly affects the antiproliferative activity, as the reduced cytotoxicity of mycalin B and
the THP derivatives show. A simplified C4-lactone analogue of the mycalin A acetate has displayed
a high cytotoxicity towards A375 malignant cells mediated by an apoptotic process, a result which
appears very important considering that the tested A375 cells derive from a tumor with a negative
prognosis. In addition, this substance has shown a reasonable selectivity with respect to healthy cells.
A less pronounced activity on tumor cells is displayed by the 4-propyl-analogue of mycalin A acetate
that did not show any selectivity. Studies are in progress to synthesize further simplified analogues
of mycalin A and of its lactone derivative and to identify their biological target(s). Due to its high
anti-proliferative and apoptotic activity, the acetate derivative of mycalin A (4), will also be the subject
of further structural modifications with the aim of increasing its selectivity of action.
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700 MHz), Figure S13: 2D HSQC spectrum of compound 6 (CDCl3, 700 MHz), Figure S14: 2D HMBC spectrum of
compound 6 (CDCl3, 700 MHz), Figure S15: 1H NMR spectrum of compound 7 (CDCl3, 400 MHz), Figure S16:
13C NMR spectrum of compound 7 (CDCl3, 100 MHz), Figure S17: 1H NMR spectrum of compound 8 (CDCl3,
400 MHz), Figure S18: 13C NMR spectrum of compound 8 (CDCl3, 100 MHz), Figure S19: 2D COSY spectrum of
compound 8 (CDCl3, 700 MHz), Figure S20: 2D NOESY spectrum of compound 8 (CDCl3, 700 MHz), Figure S21:
1H NMR spectrum of compound 9 (CDCl3, 400 MHz), Figure S22: 13C NMR spectrum of compound 9 (CDCl3,
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400 MHz), Figure S28: 13C NMR spectrum of compound 10 (CDCl3, 100 MHz), Figure S29: 2D COSY spectrum of
compound 10 (CDCl3, 400 MHz), Figure S30: 2D NOESY spectrum of compound 10 (CDCl3, 400 MHz), Figure S31:
2D HSQC spectrum of compound 10 (CDCl3, 700 MHz), Figure S32: 2D HMBC spectrum of compound 10 (CDCl3,
700 MHz), Figure S33: 1H NMR spectrum of compound 11 (CDCl3, 400 MHz), Figure S34: 13C NMR spectrum of
compound 11 (CDCl3, 100 MHz), Figure S35: 2D COSY spectrum of compound 11 (CDCl3, 700 MHz), Figure
S36: 2D NOESY spectrum of compound 11 (CDCl3, 700 MHz), Figure S37: 2D HSQC spectrum of compound 11
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Appendix A

† Since in the original manuscripts (see refs. 5 and 6) no common names were given to these
compounds we propose here the common names mycalin A, B and C for compounds 1, 2 and
3, respectively.

‡ Comparison of the X-ray molecular structure and crystallographic data reported by Imre et al.
for their compound 2 with those exhibited by mycalin A unambiguously shows that they are identical
compounds. In particular, the molecular formula and the spatial group are the same, and the
elemental cell parameters differ within 0.2%. However, their drawing incorrectly shows the relative
stereochemistry of this compound and does not match the X-ray image they report. Similarly,
the configuration of mycalin B (their compound 1) is incorrectly reported.

§ The configuration of mycalin A isolated from this alga is incorrectly reported. In particular,
the configuration of the stereogenic centres C-3, C-9, C-10, C-12 and C-13 is inverted.
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Abstract: 12-Deacetyl-12-epi-scalaradial, a scalarane sesterterpenoid from a marine sponge
Hippospongia sp, has been reported to possess cytotoxic activity on HepG2, MCF-7, and HCT-116
cells. However, there is no research to indicate that 12-deacetyl-12-epi-scalaradial exhibited
anticancer effect on cervical cancer HeLa cells. The aim of this study was to investigate
the anticancer activity of 12-deacetyl-12-epi-scalaradial against HeLa cells and to explore the
mechanism. The results from a methylthiazolyldiphenyl-tetrazolium (MTT) assay suggested
that 12-deacetyl-12-epi-scalaradial suppressed the proliferation of HeLa cells and flow cytometry
analysis showed 12-deacetyl-12-epi-scalaradial could induce the apoptosis of HeLa cells in dose- and
time-dependent manner. Western blotting analysis demonstrated that 12-deacetyl-12-epi-scalaradial
triggered apoptosis via mediating the extrinsic pathway and was found to suppress MAPK/ERK
pathway which was associate with cancer cell death. Nur77, a critical number of orphan
nuclear receptors, plays diverse roles in tumor development as a transcription factor and has
been considered as a promising anticancer drug target. The dual-luciferase reporter assays
suggested that 12-deacetyl-12-epi-scalaradial could selectively enhance the trans-activation activity
of Nur77. Furthermore, Western blotting analysis and fluorescence quenching showed that
12-deacetyl-12-epi-scalaradial could induce the phosphorylation of Nur77 and interact with the
ligand-binding domain (LBD) of Nur77. Our research confirmed 12-deacetyl-12-epi-scalaradial as a
potential agent for cervical cancer therapy and provided a view that 12-deacetyl-12-epi-scalaradial
may be a modulator of Nur77.

Keywords: 12-deacetyl-12-epi-scalaradial; HeLa cells; apoptosis; Nur77; MAPK/ERK pathway
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1. Introduction

Cancer, a hyper-proliferative disorder, ranks as the primary cause of mortality worldwide.
Cervical cancer, with an increasing annual incidence and mortality rate, is one of the most frequently
diagnosed cancers among women globally [1]. Even though the combination of chemotherapy and
radiotherapy has had a certain effect on treating cervical cancer, it was accompanied with many side
effects [2]. Therefore, it is worth persistently identifying small candidate molecules for the treatment of
cervical cancer.

Nur77 (also named TR3, NR4A1, or NGFI-B), an orphan member of the nuclear receptor
superfamily, participates in numerous cellular process such as growth, survival, and apoptosis.
The biological effects of Nur77 are regulated by many factors, including its modulators [3,4].
Many reports showed that the natural modulators of Nur77 could lead to apoptosis in certain
cancer cells. Cytosporone B, a polyketone from the marine fungi Dothiorella sp., was the first natural
agonist of Nur77and induced apoptosis via modulating the transactivation of Nur77 [5]. In addition,
several other compounds targeting Nur77 derived from nature or synthesis were also found to interact
with Nur77 and mediate the apoptosis of cancer cells [6–10]. Thus, Nur77 can be considered as a
promising anticancer drug target. It is also of great significance to continually discover modulators of
Nur77 from natural products which contribute to the development of Nur77-targeting anticancer drugs.

Marine natural products represent an extraordinarily rich source of chemical and biological
diversity with unique chemical skeletons and outstanding functionalities [11,12]. A large number
of terpenoids possessing novel carbon skeletons and a wide variety of biological activities were
found in marine organisms, which was different from those present in terrestrial species. Scalarane
sesterterpenoids, one of the unique types of terpenoid, are exclusively derived from sponges and shell
less molluscs. Many of these compounds have been reported to show significant antitumor activity
in vitro or in vivo [13–18], while most of their mechanisms of action remain unclear. Moreover,
12-deacetyl-12-epi-scalaradial, a scalarane sesterterpenoid, has been reported to show growth
inhibitory activity against hepatocellular carcinoma, breast adenocarcinoma cells, and colorectal
carcinoma [19]. However, whether 12-deacetyl-12-epi-scalaradial exhibited cytotoxicity against cervical
cancer cells were still unreported so far. Therefore, in this work, we evaluated the antitumor
effect and mechanism of 12-deacetyl-12-epi-scalaradial in HeLa cells, and further examined whether
12-deacetyl-12-epi-scalaradial modulated the transactivation activity and phosphorylation of Nur77.
Further, we investigated the interaction between 12-deacetyl-12-epi-scalaradial and the ligand-binding
domain (LBD) of Nur77.

2. Results

2.1. 12-Deacetyl-12-epi-scalaradial Inhibits HeLa Cell Proliferation

Briefly, 12-deacetyl-12-epi-scalaradial was isolated from marine sponge Hippospongia sp and its
chemical structure was identified by a comparison with the literature [19] (Figure 1A). An MTT assay
was used to investigate whether 12-deacetyl-12-epi-scalaradial showed cytotoxic effects against human
cervical cancer cells. As shown Figure 1B, the HeLa cell viability was dose-dependently inhibited with
an increasing concentration of 12-deacetyl-12-epi-scalaradial. Meanwhile, 12-deacetyl-12-epi-scalaradial
exhibited significant inhibitory effects on HeLa cells under the concentration of 30 μM. Moreover,
the IC50 value of 12-deacetyl-12-epi-scalaradial against HeLa cells was 13.74 μM, which is lower than
the IC50 values of other cell lines in the reports with 36 μM for MCF-7, 23.4 μM for HepG2, and 27.1 μM
for HCT-1116 [19]. The above data suggested that 12-deacetyl-12-epi-scalaradial possessed cytotoxic
activities against HeLa cells, while HeLa cells seem to be more sensitive to 12-deacetyl-12-epi-scalaradial.
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Figure 1. 12-Deacetyl-12-epi-scalaradial inhibits HeLa cell proliferation. (A) The structure
of 12-deacetyl-12-epi-scalaradial. (B) HeLa cells were treated with various concentration of
12-deacetyl-12-epi-scalaradial (0, 5, 10, 20, 25, 30 μM) for 48 h. After incubation, cell viability of
HeLa cells was measured by MTT assay. The values are the mean ± SD for four independent replicates.
(** p < 0.01, compared with untreated cells).

2.2. 12-Deacetyl-12-epi-scalaradial Induces HeLa Cells Apoptosis

Programmed cell death, also named apoptosis, is a critical process for erasing unneeded or
unhealthy cells [20]. In many cancers, apoptosis was blocked by the abnormal activation of pro-apoptotic
proteins or inhibition of anti-apoptotic pathways. Therefore, apoptosis induction is associated with
the antiproliferation of tumour cells [21]. To investigate the ability of 12-deacetyl-12-epi-scalaradial to
induce HeLa cells apoptosis, the cells were pretreated with compound (30 μM), and apoptosis was
measured by flow cytometry. Indeed, 12-deacetyl-12-epi-scalaradial displayed a robust inducement of
apoptotic activity in HeLa cells. Figure 2A shows the percentage of Annexin V-stained HeLa cells was
5.71% for the control, but the apoptosis percentages increased to 40.3% and 51.6% after treatment of
compound (30 μM) for 12 and 24 h, respectively. Furthermore, the percentage of apoptotic cells was
increased from 4.80% to 61.4% with a concentration of 12-deacetyl-12-epi-scalaradial in the range of 0
to 30 μM (Figure 2B). Thus, 12-deacetyl-12-epi-scalaradial significantly induced HeLa cells apoptosis in
a time- and dose-dependent manner.

Figure 2. 12-Deacetyl-12-epi-scalaradial induces HeLa cells apoptosis. (A) Flow Cytometry analysis
via Annexin V/PI staining was used to investigate apoptosis induced by 12-deacetyl-12-epi-scalaradial.
HeLa cells were treated with 30 μM compound for 12 or 24 h; (B) HeLa cells were treated with different
concentrations of 12-deacetyl-12-epi-scalaradial (0, 7.5, 15, 30 μM) for 24 h.
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2.3. 12-Deacetyl-12-epi-scalaradial Induces PARP Cleavage and Activates Caspase Pathway in HeLa Cells

The presence of cleaved PARP is considered as one of the biomarkers for the detection of
apoptosis in many cell lines [22–24]. In this study, Western blotting was used to identify PARP
cleavage. As shown in Figure 3A, PARP cleavage was observed after HeLa cells were exposed
to 30 μM compound for 6 h, which was more obvious when treated with compound for longer
time. Dose response study showed that the PARP cleavage was stronger when treated with higher
concentration of 12-deacetyl-12-epi-scalaradial for the same time (Figure 3B). These results were
consistent with the flow cytometry analysis.

Figure 3. 12-Deacetyl-12-epi-scalaradial induces PARP cleavage and activates caspase pathway in
HeLa cells. (A) HeLa cells treated with 12-deacetyl-12-epi-scalaradial (30 μM) for 3, 6, 12, 24 h
were analyzed by western blotting. (B) HeLa cells were incubated with different concentrations of
12-deacetyl-12-epi-scalaradial (0, 7.5, 15, 30 μM) for 24 h. The expression level of PARP and cleaved
PARP were detected through western blotting (C) After treated with 12-deacetyl-12-epi-scalaradial
(30 μM) for 12 h, caspases activities were measured by Caspase-Glo assay kit (Promega). The values are
the mean + SD for three independent replicates. (D) Expression levels of caspase 3, caspase 8, cleaved
caspase 3, cleaved caspase 8 and β-tublin were measured using western blotting after treated with
12-deacetyl-12-epi-scalaradial. (E) Quantification of western blotting in (D).

Caspases are crucial mediators of cell apoptosis. In mammals, while apoptosis occurs, caspases
are activated in a protease cascade that leads to the activation or disablement of key structural proteins,
signal pathways, and homeostatic and repair enzymes [25]. In order to investigate whether the caspases
pathway contributed to the apoptotic effects of 12-deacetyl-12-epi-scalaradial, the Caspase-Glo assay
kit was used to measure the caspases activity in HeLa cells with compound treatment. Figure 3C
showed that the activities of caspase 3 and caspase 8 were increased after HeLa cells was exposed
to 12-deacetyl-12-epi-scalaradial, while caspase 9 was not activated. As is known to all, activated
caspase 8 is not only cleaved but also induce the cleavage of downstream effector caspase 3 [26].
Western blotting and relative intensity analysis further confirmed that the protein level of cleaved
caspase 8 was increased dose dependently after treatment with 12-deacetyl-12-epi-scalaradial in HeLa
cells, and cleaved caspase 3 was observed when HeLa cells were exposed to the compound in 30 μM
(Figure 3D,E). These results were consistent with the analysis for cleaved PARP. The above data indicated
that 12-deacetyl-12-epi-scalaradial induced PARP cleavage in a time- and concentration-dependent
manner and it may induce apoptosis via the activation of caspase in human cervical cancer HeLa cells.

2.4. 12-Deacetyl-12-epi-scalaradial Suppresses MAPK/ERK Pathway

The mitogen-activated protein kinase (MAPK) pathway plays crucial roles in various cellular
functions, including growth, differentiation, and metastasis. MAPKs consists of three subfamilies
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including the extracellular signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK), and p38 kinase.
The MAPK signaling pathway was closely involved in tumor cell apoptosis [27,28]. PI3K/Akt pathway
is also associated with physiological process including survival and apoptosis in cancer cells [29]. In this
work, the effects of 12-deacetyl-12-epi-scalaradial on proteins involved in the MAPK and PI3K/Akt
pathway were investigated through western blotting assay. As shown in Figure 4A,B, the expression
level of phosphorylation of ERK was reduced after treatment with 12-deacetyl-12-epi-scalaradial in a
dose-dependent manner, while the expression level of p-JNK, p-p38, and p-Akt showed no difference.
The above data demonstrated that 12-deacetyl-12-epi-scalaradial may suppress the MAPK/ERK pathway
in HeLa cells.

Figure 4. 12-Deacetyl-12-epi-scalaradial suppresses MAPK/ERK pathway. (A) The expression levels of
ERK, p-ERK, JNK, p-JNK, p38, p-p38, AKT, p-AKT and GAPDH were analyzed by western blotting.
(B) Quantification of p-ERK, p-JNK, p-p38 and p-AKT in (A) (* p < 0.05, ** p < 0.01, compared with
untreated cells).

2.5. 12-Deacetyl-12-epi-scalaradial Modulates Trans-Activation Activity and Phosphorylation of Nur77,
and Interacts with Nur77-LBD

Nur77, an important orphan member of the nuclear receptor superfamily, mediates survival or
apoptosis in cancer cells. Some reports had shown that several signaling pathways, including
the MAPK/ERK pathway, contributed to cell apoptosis through regulating the trans-activation
function of Nur77 [30,31]. Meanwhile, a study showed that natural terpenoids exhibited antitumor
activities via modulating the function of Nur77 [32]. Therefore, a dual-luciferase reporter gene
assay, a method to identify small modulators of Nur77 [5,33–35], was used to evaluate the effect of
12-deacetyl-12-epi-scalaradial on trans-activation of Nur77. As shown in Figure 5A, the ascension
of relative Nur77 luciferase reporter-gene activity was observed with increasing concentration of
12-deacetyl-12-epi-scalaradial. Our previous studies as well used dual-luciferase reporter gene
assay to identify small modulators of Retinoid X Receptor-alpha (RXRα) [36–39], which is also an
important nuclear receptor. Thus, to explore whether 12-deacetyl-12-epi-scalaradial selectively affected
trans-activation activity of Nur77, the effect of compound on trans-activation activity of RXRα was
measured. As a result, 12-deacetyl-12-epi-scalaradial has no influence on the trans-activation activity of
RXRα with the same concentration (Figure 5B). Furthermore, the deactivation of MAPK/ERK pathway
was reported to contribute to the phosphorylation of Nur77-mediated apoptosis [30,31]. Therefore,
Western blotting was used to analyze the level of phosphorylation of Nur77 after treatment with
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12-deacetyl-12-epi-scalaradial. Figure 5C exhibited that the expression level of phosphorylation of
Nur77 increased clearly when exposed to high concentration of compound.

 
Figure 5. 12-Deacetyl-12-epi-scalaradial stimulates trans-activation activity of Nur77 and interacts
with Nur77-LBD. (A) After treated with different concentrations of 12-deacetyl-12-epi-scalaradial
(0, 2.5, 5, 10 μM) for 12 h, the relative luciferase reporter-gene activity for Nur77 and RXRα were
measured by dual-luciferase reporter gene assay. (B) After treated with different concentrations of
12-deacetyl-12-epi-scalaradial (0, 7.5, 15, 30 μM) for 12 h, the expression levels of Nur77, p-Nur77 and
GAPDH were analysed by western blotting. (C) The expression levels of Nur77, p-Nur77 and β-tublin
were analyzed by western blotting. (D) After treated with 12-deacetyl-12-epi-scalaradial (0–30 μM),
the interacting affinity of compound toward Nur77-LBD was measured via fluorescence quenching
technology at 298K.

The phenyl alanine, tyrosine, and tryptophan in proteins are the donors of the fluorescence
and the interaction between ligands and proteins will lead to the quenching of fluorescence. Thus,
fluorescence quenching technology has been an effective way to study the binding of ligand to the
target protein [40–42] and has been successfully used to investigate the interactions between natural
modulators and the Nur77 [5,43]. In this study, the Nur77-LBD (ligand-binding domain) protein
was purified and its interaction with 12-deacetyl-12-epi-scalaradial was measured by fluorescence
quenching technology. As shown in Figure 5D, the fluorescence of Nur77-LBD protein was quenched in
a dose-dependent manner after 12-deacetyl-12-epi-scalaradial treatment. The above results suggested
that 12-deacetyl-12-epi-scalaradial could modulate trans-activation activity and phosphorylation of
Nur77, and interact with Nur77-LBD.

3. Discussion

Cervical cancer is a growing worldwide health problem for women. There are several therapies
for its treatment, such as surgery, radiotherapy and chemotherapy, but side effects remain a rigorous
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problem [1,2]. Therefore, it is urgent to develop effective drug for the treatment of cervical cancer.
The marine natural products have shown extensive antitumor activity, and continuous attention has
been drawn to discover drug candidates from marine organisms [44]. Scalarane sesterterpenoids,
a unique type of terpenoids deriving from marine organisms, exhibit significant potential in the
inhibition of cancer cells proliferation. Hyatelactam, a scalarane sesterterpenoid isolated from
Hyatella intestinalis, showed inhibitory activity against human colon cancer HT-29 cells [16]. Another
scalarane sesterterpenoid, hippospongide B, exhibited cytotoxicities against HCT-116, T-47D, K562,
and DLD-1 tumor cells [17]. Heteronemin, also a scalarane sesterterpenoid from Hyrtios sp., could
induce the apoptosis of cancer cells via modulating the NF-κB and MAPKs signal pathways [4,45].
Even though scalarane sesterterpenoids are considered as a rich source of cancer therapeutic agents,
their anticancer mechanism still needs to be investigated.

Briefly, 12-deacetyl-12-epi-scalaradial is a scalarane sesterterpenoid isolated from a marine sponge
Hippspongia sp, which has been reported to inhibit the proliferation of several cancer cell lines
containing HepG2, MCF-7 and HCT-116 [19]. However, the effects of 12-deacetyl-12-epi-scalaradial
towards cervical cancer HeLa cells and its possible mechanism of antitumor activity remain largely
unknown. Our results confirmed 12-deacetyl-12-epi-scalaradial inhibited the proliferation of HeLa
cells (Figure 1B) with the IC50 value of 13.74 μM, which is lower than that of the other cell lines.
Furthermore, we demonstrated that 12-deacetyl-12-epi-scalaradial could induce the apoptosis of HeLa
cells (Figures 2 and 3A,B). This further certificated that scalarane sesterterpenoids possessed broad
antitumor activity, and showed promise as a leading cervical cancer therapeutic compound.

As is well known, the caspase pathway plays an essential role in cell apoptosis. Caspase
enzymes family contains two major types of members, one type of apoptotic caspases is initiator
caspases, which is activated through recruiting to signaling complexes as well as providing a link
between cell signal pathway and apoptotic execution, such as caspase 8 and caspase 9. Caspase-8 is
mediator of extrinsic apoptosis pathway, and the intrinsic apoptosis pathway leads to activation of
caspase-9 [46]. Another type of caspases, named effector caspases, are activated by initiator caspases
and most of the cellular substrates are cleaved by them. Among effector caspases, caspase-3 is the
most frequently activated death protease in mammals, and poly (ADP-ribose) polymerase (PARP) is
one of the downstream effectors of caspase 3 [47]. A CaspACE Assay System and Western blotting
suggested that 12-deacetyl-12-epi-scalaradial simultaneously activated caspase 8 and caspase 3 enzymes
(Figure 3C–E) to induce apoptosis of HeLa cells through extrinsic pathway. The MAPK and PI3K/Akt
pathways are also important pathways associated with cancer cells apoptosis. The extracellular
signal-regulated kinase (ERK), p38, and Jun N-terminal kinase (JNK) are three major subfamilies of
the MAPK pathway. Among them, ERK and Akt signaling mediate the pro-survival effects of cancer
cells, whereas the activation of JNK kinase and p38 kinase are involved in pro-apoptosis progress in
cancer cells [48–50]. The data from this work showed that 12-deacetyl-12-epi-scalaradial induced the
suppression of phosphorylation of ERK, contributed to the inhibitory effect on proliferation of HeLa
cells (Figure 4A,B), and further confirmed that MAPK/ERK and caspase pathways played crucial roles
in tumour cell apoptosis. Our result enriched the mechanism information concerning how scalarane
sesterterpenoids exert antitumor effects.

The extrinsic pathway causes apoptosis through transmembrane receptor-mediated interactions
including FasL and TRAIL. The interaction between FasL and TRAIL recruits cytoplasmic adapter
proteins and caspase 8, resulting in the oligomerization and activation of caspase 8 that leads to
apoptosis [51]. Several studies showed that FasL and TRAIL were promoted to enhance cancer cells
apoptosis via Nur77 activated by DIM-C-pPhOCH3 compound [34,52], that indicated Nur77 could
modulate extrinsic pathway to induce tumor cells apoptosis. Moreover, as a critical member of nuclear
receptor superfamily, Nur77 is linked to various biological signaling pathways including MAPK and
PI3K/Akt pathways in cancer cells. ERK pathway has been reported to depress Nur77-mediated
apoptosis, and ERK inhibitor enhanced Nur77 to increase caspase 3 activity and induce apoptosis
in HepG2 cells [31]. Our research indicated that 12-deacetyl-12-epi-scalaradial could selectively

77



Mar. Drugs 2020, 18, 375

stimulate the trans-activation of Nur77 (Figure 5A,B). Furthermore, the phosphorylation of Nur77 is
associated with MAPK/ERK pathway [30,31]. Our results showed that 12-deacetyl-12-epi-scalaradial
suppressed the activation of MAPK/ERK pathway (Figure 4A,B) and induced the phosphorylation
of Nur77 (Figure 5C). Interestingly, p38 and JNK pathways are also important signaling pathways
for Nur77-modulated apoptosis. The phosphorylation of p38 and JNK enhance expression and
translocation of Nur77, that lead to occurrence of cancer cells apoptosis [8,9,53]. The activation of
PI3K/Akt pathway inhibits Nur77-induced apoptosis in cancer cells, respectively [54,55]. However,
in this study, 12-deacetyl-12-epi-scalaradial was found to have no effects on JNK, p38, and Akt pathways.
Previous reports and this work made us speculate that 12-deacetyl-12-epi-scalaradial may induce HeLa
cell apoptosis by modulating Nur77 to mediate caspase and MAPK/ERK pathways. We also used
fluorescence quenching technology to investigate interaction between 12-deacetyl-12-epi-scalaradial
and Nur77-LBD (Figure 5D). However, regrettably, due to the insufficient amounts of compounds,
we couldn’t further investigate the specificity of 12-deacetyl-12-epi-scalaradial binding to Nur77.
These data showed the possibility of scalarane sesterterpenoids being a small modulator of Nur77 and
provided a new direction for discovering natural modulators of Nur77.

In conclusion, our results demonstrated that 12-deacetyl-12-epi-scalaradial, which is a scalarane
sesterterpenoid, possessed anticancer activity against human cervical cancer HeLa cells via inducing
apoptosis. Additionally, our data suggested that 12-deacetyl-12-epi-scalaradial may induce apoptosis
through extrinsic pathway and MAPK/ERK pathway. Furthermore, 12-deacetyl-12-epi-scalaradial
modulated the trans-activation activity and phosphorylation of Nur77 and interacted with Nur77-LBD.
Our finding provides evidence about 12-deacetyl-12-epi-scalaradial as a potential agent of cervical
cancer therapy and a small modulator of Nur77 for the first time.

4. Materials and Methods

4.1. Chemicals and Reagents

HeLa cell line was purchased from the China Cell Bank of the Institute of Biochemistry and Cell
Biology in Shanghai, China. Methylthiazolyldiphenyl-tetrazolium bromide (MTT) was purchased
from Aladdin, China. Annexin V-FITC Apoptosis Detection Kits was purchased from Vazyme, China.
Caspase-Glo assay kit was purchased from Promega, USA.

4.2. Isolation of Natural Products

Briefly, 12-deacetyl-12-epi-scalaradial was isolated from Hippospongia sp. The fresh sponge (1.2 kg
wet weight) was extracted with EtOAc. The crude extract fraction (15.3 g) was separated on silica
gel and eluted with using the mixtures of n-hexane/ EtOAc to obtain fractions 1-13. Purification
from fraction 9 (5.4551 g) through repeated preparative TLC with n-Hexane–Acetone (10:1) afforded
12-deacetyl-12-epi-scalaradial.

4.3. Cell Cultures

HeLa cells were cultured in Eagle’s Minimum Essential Medium (MEM) supplemented with 10%
FBS in a humidified atmosphere containing 5% CO2 at 37 ◦C.

4.4. Cytotoxic Activity

Anti-proliferative activity of compound was tested by MTT assay. HeLa cells were seeded into
96-well-plate at a density of 5 × 103 cells per well and allowed to settle 12 h. Then, the cells were
treated with varied concentrations of 12-deacetyl-12-epi-scalaradial. After 48 h, 15 μL of MTT reagent
and 60 μL MEM were added and incubated for 4 h. After removing the supernatant, the transformed
crystals were dissolved in DMSO (100 μL) and measured at 490 nm using microplate reader (Thermo
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Multiskan MK3, Thermo Scientific, Helsinki, Finland). The cell proliferation-inhibition rate (%) was
calculated as follows:

Growth Rate (%) = [(ODsample-ODblank)/(ODcontrol-ODblank)] × 100%

4.5. Flow Cytometry Analysis

The apoptotic rate of HeLa cells was assessed by flow cytometry using the Annexin-V/FITC
Apoptosis Detection Kit according to manufacturer’s protocol. Cells were seeded into 6-well plates at
a density of 1 × 105 cells per well for 24 h. Cells were digested by trypsin with no EDTA and collected
by centrifugation and resuspended in 100 μL of Binding buffer (1×) after 12-deacetyl-12-epi-scalaradial
treatment. Finally, HeLa cells were stained with Annexin-V/FITC and PI for 10 min at room temperature
in the dark. The stained cells were diluted with 1× binding buffer and analyzed by flow cytometry.
Data were analyzed with FlowJo 10.

4.6. Western Blot Analysis

After treated with 12-deacetyl-12-epi-scalaradial, HeLa cells were lysed in RIPA buffer. Equal
amounts of protein lysates were separated by SDS-PAGE and transferred onto polyvinylidene
difluoride membranes. The membranes were blocked with 5% no-fat milk in TBST for 1 h,
then incubated with primary antibodies at 4 ◦C overnight. After washing three times with TBST,
the membranes were detected with secondary antibodies for 1 h under room temperature. The final
immunoreactive products were detected by using an enhanced chemiluminescence system and
examined by densitometric analysis.

4.7. Caspase Activation Activity

Caspase-3, -8, and -9 activities were measured using a Caspase-Glo assay kit (Promega) according
to manufacturer’s protocol. HeLa cells were seeded in 96 well-culture dish and treated with
12-deacetyl-12-epi-scalaradial (30 μM). After 12 h, 100 μl Caspase-Glo Reagent were added to each
well 12 h later. After 1 h incubation, the cells were measure the luminescence of each sample in a
plate-reading luminometer as directed by the luminometer manufacturer.

4.8. Dual-Luciferase Reporter Assay

The 293T cells (293T) were cultured at 37 ◦C in DMEM with 10% FBS for 24 h and then seeded
at a density of 1 × 104 cells per well in 96-well plates. Three plasmids, namely pGL5-NURE
luciferase reporter vector (15 ng/mL), myc-Nur77 vector (15 ng/mL), and pC DNA-Renila (15 ng/mL),
were co-transfected by Liposome 2000. As to RXRα transcriptional activities, there are two plasmids,
pGL5 luciferase reporter vector (30 ng/mL) and pGAL4-RXRα-LBD vector (15 ng/mL). After 12 h,
cells were incubated with the compounds at different concentrations for 12 h. The activities of firefly
luciferase and renilla luciferase were measured using the Dual-Luciferase Assay System Kit (Promega).

4.9. Nur77-LBD Protein Purified

The ligand-binding domain (LBD) of human Nur77 (genes 367–598) was cloned as N-terminal
histidine-tagged fusion protein in pET15b vector and transformed to E. coli BL21(DE3). Cells were
grown at 37 ◦C in LB medium until OD600 = 0.6–0.8 and then protein expression was induced by 1 mM
IPTG. After sustained at 25 ◦C for 16 h, cells were harvested and sonicated. The target protein was
purified using Ni2+-NTA agarose column at low temperatures.
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4.10. Fluorescence Quench Analysis

The fluorescence experiment was performed using a Cary Eclipse Fluorescence Spectrophotometer
(Varian). Fluorescence spectra (300–500 nm) were conducted via excitation wavelength of 289 nm and
slit widths to 10/10 nm at 289T.

4.11. Statistical Analysis

The values are presented as mean ± SD and were analyzed statistically with student’s t-tests
for simple comparisons between groups, one-way analyses of variance (ANOVA) for more than
two groups, and Tukey’s multiple comparisons test using GraphPad Prism 6.0. Differences were
considered statistically significant at p < 0.05.

Author Contributions: Conceptualization, M.Z.; Data curation, M.Z.; Funding acquisition, J.-H.S. (Jyh-Horng
Sheu) and H.C.; Investigation, M.Z. and B.-R.P.; Project administration, H.C.; Resources, J.-H.S. (Jui-Hsin Su),
T.L., D.Z., and G.W.; Supervision, H.C.; Validtion, M.Z.; Visualization, M.Z.; Writing—original draft, M.Z.;
Writing—review & editing, W.T. and H.C. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by Fundamental Research Funds for the Central University (20720160117 and
20720190079), National Natural Science Foundation of China (No. U1605221).

Acknowledgments: The authors would like to thank the Core Facility of Biomedical of Xiamen University for
letting us use the instruments and equipment.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Small, W.; Bacon, M.A.; Bajaj, A.; Chuang, L.T.; Fisher, B.J.; Harkenrider, M.M.; Jhingran, A.; Kitchener, H.C.;
Mileshkin, L.R.; Viswanathan, A.N.; et al. Cervical cancer: A global health crisis. Cancer 2017, 123, 2404–2412.
[CrossRef] [PubMed]

2. Bahrami, A.; Hasanzadeh, M.; Hassanian, S.M.; ShahidSales, S.; Ghayour-Mobarhan, M.; Ferns, G.A.; Avan, A.
The potential value of the PI3K/Akt/mTOR signaling pathway for assessing prognosis in cervical cancer and
as a target for therapy. J. Cell. Biochem. 2017, 118, 4163–4169. [CrossRef] [PubMed]

3. Mohan, H.M.; Aherne, C.M.; Rogers, A.C.; Baird, A.W.; Winter, D.C.; Murphy, E.P. Molecular pathways:
The role of NR4A orphan nuclear receptors in cancer. Clin. Cancer Res. 2012, 18, 3223–3228. [CrossRef]
[PubMed]

4. Moll, U.M.; Marchenko, N.; Zhang, X. p53 and Nur77/TR3—transcription factors that directly target
mitochondria for cell death induction. Oncogene 2006, 25, 4725–4743. [CrossRef]

5. Zhan, Y.; Du, X.; Chen, H.; Liu, J.; Zhao, B.; Huang, D.; Li, G.; Xu, Q.; Zhang, M.; Weimer, B.C.; et al.
Cytosporone B is an agonist for nuclear orphan receptor Nur77. Nat. Chem. Biol. 2008, 4, 548–556. [CrossRef]

6. Kolluri, S.K.; Bruey-Sedano, N.; Cao, X.; Lin, B.; Lin, F.; Han, Y.-H.; Dawson, M.I.; Zhang, X.-K. Mitogenic
effect of orphan receptor TR3 and its Regulation by MEKK1 in lung cancer cells. Mol. Cell. Biol. 2003, 23,
8651–8667. [CrossRef]

7. Li, H. Cytochrome c release and apoptosis induced by mitochondrial targeting of nuclear orphan receptor
TR3. Science 2000, 289, 1159–1164. [CrossRef]

8. Thigpen, T. The role of chemotherapy in the management of carcinoma of the cervix. Cancer J. 2003, 9,
425–432. [CrossRef]

9. Zhou, Y.; Zhao, W.; Xie, G.; Huang, M.; Hu, M.; Jiang, X.; Zeng, D.; Liu, J.; Zhou, H.; Chen, H.; et al. Induction
of Nur77-dependent apoptotic pathway by a coumarin derivative through activation of JNK and p38 MAPK.
Carcinogenesis 2014, 35, 2660–2669. [CrossRef]

10. Jeong, J.H.; Park, J.-S.; Moon, B.; Kim, M.C.; Kim, J.-K.; Lee, S.; Suh, H.; Kim, N.D.; Kim, J.-M.; Park, Y.C.; et al.
Orphan nuclear receptor Nur77 translocates to mitochondria in the early phase of apoptosis induced by
synthetic chenodeoxycholic acid derivatives in human stomach cancer cell line SNU-1. Ann. N. Y. Acad. Sci.
2003, 1010, 171–177. [CrossRef]

80



Mar. Drugs 2020, 18, 375

11. Tarhouni-Jabberi, S.; Zakraoui, O.; Ioannou, E.; Riahi-Chebbi, I.; Haoues, M.; Roussis, V.; Kharrat, R.;
Essafi-Benkhadir, K. Mertensene, a halogenated monoterpene, induces G2/M cell cycle arrest and caspase
dependent apoptosis of human colon adenocarcinoma HT29 cell line through the modulation of ERK-1/-2,
AKT and NF-κB signaling. Mar. Drugs 2017, 15, 221. [CrossRef]

12. Molinski, T.F.; Dalisay, D.S.; Lievens, S.L.; Saludes, J.P. Drug development from marine natural products.
Nat. Rev. Drug Discov. 2009, 8, 69–85. [CrossRef]

13. Roy, M.C.; Tanaka, J.; de Voogd, N.; Higa, T. New scalarane class sesterterpenes from an indonesian sponge,
phyllospongia sp. J. Nat. Prod. 2002, 65, 1838–1842. [CrossRef]

14. Chang, Y.-C.; Tseng, S.-W.; Liu, L.-L.; Chou, Y.; Ho, Y.-S.; Lu, M.-C.; Su, J.-H. Cytotoxic sesterterpenoids from
a sponge hippospongia sp. Mar. Drugs 2012, 10, 987. [CrossRef] [PubMed]

15. Hahn, D.; Won, D.H.; Mun, B.; Kim, H.; Han, C.; Wang, W.; Chun, T.; Park, S.; Yoon, D.; Choi, H.; et al.
Cytotoxic scalarane sesterterpenes from a Korean marine sponge psammocinia sp. Bioorg. Med. Chem. Lett.
2013, 23, 2336–2339. [CrossRef] [PubMed]

16. Renner, M.K.; Jensen, P.R.; Fenical, W. ChemInform abstract: Mangicols: Structures and biosynthesis of a new
class of sesterterpene polyols from a marine fungus of the genus fusarium. ChemInform 2000, 31. [CrossRef]

17. Cassiano, C.; Esposito, R.; Tosco, A.; Zampella, A.; D’Auria, M.V.; Riccio, R.; Casapullo, A.; Monti, M.C.
Heteronemin, a marine sponge terpenoid, targets TDP-43, a key factor in several neurodegenerative disorders.
Chem. Commun. 2014, 50, 406–408. [CrossRef]

18. Aoki, S.; Higuchi, K.; Isozumi, N.; Matsui, K.; Miyamoto, Y.; Itoh, N.; Tanaka, K.; Kobayashi, M. Differentiation
in chronic myelogenous leukemia cell K562 by spongean sesterterpene. Biochem. Biophys. Res. Commun.
2001, 282, 426–431. [CrossRef]

19. Elhady, S.; El-Halawany, A.; Alahdal, A.; Hassanean, H.; Ahmed, S. A new bioactive metabolite isolated
from the red sea marine sponge hyrtios erectus. Molecules 2016, 21, 82. [CrossRef]

20. Danial, N.N.; Korsmeyer, S.J. Cell death: Critical control points. Cell 2004, 16, 205–219. [CrossRef]
21. Fesik, S.W. Promoting apoptosis as a strategy for cancer drug discovery. Nat. Rev. Cancer. 2005, 5, 876–885.

[CrossRef] [PubMed]
22. Duriez, P.J.; Shah, G.M. Cleavage of poly (ADP-ribose) polymerase: A sensitive parameter to study cell

death. Biochem. Cell Biol. 1997, 75, 337–349. [CrossRef] [PubMed]
23. Oliver, F.J.; de la Rubia, G.; Rolli, V.; Ruiz-Ruiz, M.C.; de Murcia, G.; Murcia, J.M. Importance of Poly

(ADP-ribose) polymerase and its cleavage in apoptosis. J. Biol. Chem. 1998, 273, 33533–33539. [CrossRef]
[PubMed]

24. Scovassi, C.S.A.I. Poly (adp-ribose) polymerase-1 cleavage during apoptosis. Apoptosis Int. J. Program.
Cell Death. 2002, 7, 321. [CrossRef]

25. Porter, A.G.; Jänicke, R.U. Emerging roles of caspase-3 in apoptosis. Cell Death Differ. 1999, 6, 99–104.
[CrossRef] [PubMed]

26. Weinlich, R.; Oberst, A.; Beere, H.M.; Green, D.R. Necroptosis in development, inflammation and disease.
Nat. Rev. Mol. Cell Biol. 2017, 18, 127–136. [CrossRef]

27. Seger, R.; Wexler, S. The MAPK signaling cascades. Faseb J. 1995, 9, 726–735. [CrossRef]
28. Fang, J.Y.; Richardson, B.C. The MAPK signalling pathways and colorectal cancer. Lancet Oncol. 2005, 6,

322–327. [CrossRef]
29. Fresno, V.; Casado, E.; de Castro, J.; Cejas, P.; Belda, C.; Gonzalez, M. PI3K/Akt signalling pathway and

cancer. Cancer Treat. Rev. 2004, 30, 193–204. [CrossRef]
30. Wang, A.; Rud, J.; Olson, C.M.; Anguita, J.; Osborne, B.A. Phosphorylation of Nur77 by the MEK-ERK-RSK

cascade induces mitochondrial translocation and apoptosis in T Cells. J. Immunol. 2009, 183, 3268–3277.
[CrossRef]

31. Yang, H.; Nie, Y.; Li, Y.; Wan, Y.-J.Y. ERK1/2 deactivation enhances cytoplasmic Nur77 expression level and
improves the apoptotic effect of fenretinide in human liver cancer cells. Biochem. Pharmacol. 2011, 81, 910–916.
[CrossRef] [PubMed]

32. Hu, M.; Luo, Q.; Alitongbieke, G.; Chong, S.; Xu, C.; Xie, L.; Chen, X.; Zhang, D.; Zhou, Y.; Wang, Z.;
et al. Celastrol-Induced Nur77 interaction with TRAF2 alleviates inflammation by promoting mitochondrial
ubiquitination and autophagy. Mol. Cell. 2017, 66, 141–153. [CrossRef]

81



Mar. Drugs 2020, 18, 375

33. Liu, J.; Zeng, H.; Zhang, L.; Zhan, Y.; Chen, Y.; Wang, Y.; Wang, J.; Xiang, S.; Liu, W.; Wang, W.; et al. A unique
pharmacophore for activation of the nuclear orphan receptor Nur77 in vivo and in vitro. Cancer Res. 2010,
70, 3628–3637. [CrossRef] [PubMed]

34. Qiu, D.; Zhou, M.; Lin, T.; Chen, J.; Wang, G.; Huang, Y.; Jiang, X.; Tian, W.; Chen, H. Cytotoxic components
from hypericum elodeoides targeting RXRα and inducing HeLa cell apoptosis through Caspase-8 activation
and PARP cleavage. J. Nat. Prod. 2019, 82, 1072–1080. [CrossRef] [PubMed]

35. Lakshmi, S.P.; Reddy, A.T.; Banno, A.; Reddy, R.C. Molecular, chemical, and structural characterization of
prostaglandin A2 as a novel agonist for Nur77. Biochem. J. 2019, 496, 2757–2767. [CrossRef] [PubMed]

36. Tian, W.-J.; Qiu, Y.-Q.; Yao, X.-J.; Chen, H.-F.; Dai, Y.; Zhang, X.-K.; Yao, X.-S. Dioxasampsones A and B, two
polycyclic polyprenylated acylphloroglucinols with unusual epoxy-ring-fused skeleton from Hypericum
sampsonii. Org. Lett. 2014, 16, 6346–6349. [CrossRef]

37. Tian, W.-J.; Yu, Y.; Yao, X.-J.; Chen, H.-F.; Dai, Y.; Zhang, X.-K.; Yao, X.-S. Norsampsones A–D, four new
decarbonyl polycyclic polyprenylated acylphloroglucinols from Hypericum sampsonii. Org. Lett. 2014, 16,
3448–3451. [CrossRef]

38. Qiu, D.; Zhou, M.; Chen, J.; Wang, G.; Lin, T.; Huang, Y.; Yu, F.; Ding, R.; Sun, C.; Tian, W.; et al. Hyperelodiones
A-C, monoterpenoid polyprenylated acylphoroglucinols from Hypericum elodeoides, induce cancer cells
apoptosis by targeting RXRα. Phytochemistry 2020, 170, 112216. [CrossRef]

39. Wu, H.; Zeng, W.; Chen, L.; Yu, B.; Guo, Y.; Chen, G.; Liang, Z. Integrated multi-spectroscopic and molecular
docking techniques to probe the interaction mechanism between maltase and 1-deoxynojirimycin, an
α-glucosidase inhibitor. Int. J. Biol. Macromol. 2018, 114, 1194–1202. [CrossRef]
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Abstract: Leptogorgins A–C (1–3), new humulane sesquiterpenoids, and leptogorgoid A (4), a new
dihydroxyketosteroid, were isolated from the gorgonian Leptogorgia sp. collected from the South
China Sea. The structures were established using MS and NMR data. The absolute configuration of 1

was confirmed by a modification of Mosher’s method. Configurations of double bonds followed from
NMR data, including NOE correlations. This is the first report of humulane-type sesquiterpenoids
from marine invertebrates. Sesquiterpenoids leptogorgins A (1) and B (2) exhibited a moderate
cytotoxicity and some selectivity against human drug-resistant prostate cancer cells 22Rv1.

Keywords: gorgonian; Leptogorgia; humulane sesquiterpenoids; anticancer activity

1. Introduction

Marine gorgonian corals have been reported to be a rich source of isoprenoids with unprecedented
chemical structures and biological activities [1]. Species of the genus Leptogorgia (Gorgoniidae) have been
shown to produce cembranoids [2–7], polyoxygenated steroids [8–12], alkaloids [13], fatty acids [14],
homarine [15], thyroxine, and vitamin D [16]. To date, different humulane-type sesquiterpenoids have
been found in plants [17–19], liverworts [20], and fungi [21–23]. However, until recently they were
not found in marine invertebrates, including gorgonians. Interestingly, two new norhumulene were
isolated from the soft coral Sinularia hirta [24]. In addition, one more norhumulene was found in
a formazan soft coral Sinularia gibberosa [25]. Humulanes from the peeled stems of Syringa pinnatifida
inhibit NO production in LPS-induced RAW264.7 macrophage cells and decrease the TNF-α and
IL-6 levels in RAW264.7 cells [26]. Additionally, plant cytochrome P450 was reported to catalyse the
conversion of α-humulene into 8-hydroxy-α-humulene [27].

For some humulenes, an antitumor activity was reported. Thus, zurumbone
(2,6,9-humulatriene-8-one), as an active component of the Zingiber aromaticum extract, was shown
to be active in human cancer HT-29, CaCO-2, and NCF-7 cell lines. Remarkably, it was more active
than curcumin, which was used as a reference compound [28]. Herein, we report the structures and
biological activities of three new humulane sesquiterpenoids, leptogorgins A–C (1–3), and a new
steroid, leptogorgoid A (4), from the gorgonian Leptogorgia sp. (Figure 1).
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Figure 1. The structures of 1−4.

2. Results and Discussion

The EtOH extract of the gorgonian Leptogorgia sp. (registration number O38-011) was concentrated
and partitioned between aqueous EtOH and n-hexane. The EtOH-soluble materials were separated by
silica gel flash chromatography, followed by Sephadex LH-20 column chromatography and normal
and reversed-phase HPLC to give leptogorgins A–C (1–3, 2.5, 0.8, and 1.0 mg, respectively) and
leptogorgoid A (4, 0.6 mg).

Compound 1 was isolated as a colourless oil. The HRESIMS of 1 showed an [M + Na]+ ion peak
at m/z 273.1459 and an [M − H]− ion peak at m/z 249.1498, which indicated a molecular formula of
C15H22O3. The 13C NMR spectrum displayed 15 signals, which could be assigned to a sesquiterpene
substructure. Analysis of the 1H, 13C, and HSQC NMR spectra (Table 1) revealed signals indicative of
one ketocarbonyl (δC 200.8, C-4), one oxymethine (δH 4.21/δC 71.7, C-7), one oxymethylene (δH 4.25;
4.38/δC 64.7, C-12), four methines (δH 6.32/δC 164.8, C-2; δH 5.97/δC 128.1, C-3; δH 5.75/δC 133.8, C-6,
and δH 5.22/δC 125.9, C-10), two quaternary (δC 143.0, C-5; δC 132.4, C-9) olefinic carbons, and two
methylene groups (δH 1.96 and 2.68/δC 45.3, C-8; δH 1.95 and 2.40/δC 40.7, C-11), as well as one
quaternary carbon (δC 38.0, C-1), one corresponding vinylic methyl (δH 1.72/δC 20.1, CH3-13) and two
methyl singlets (δH 1.18/δC 24.0, CH3-14; δH 1.13/δC 29.1, CH3-15). The 1H-1H COSY spectrum enabled
three structural fragments to be established: CH=CH-, -CH-CH-CH2-, and -CH-CH2-, which could be
connected by observing the correlations in the HMBC experiment (Figure 2). Thus, HMBC correlations
from H-3 to C-1, C-4, and C-5, from H-6 to C-12 and C-8, from H-7 to C-5 and C-8, from H-8 to C-7, C-9,
C-10, and C-13, from H-11 to C-10, C-9, and C-1, and from CH3-14 and CH3-15 to C-1, C-2, and C-11
established the planar structure of 1 (Figure 2).

The geometry of the Δ2,3 double bond was further determined to be E by considering the coupling
constant (J = 16.3 Hz) displayed in its 1H NMR spectrum. The NOE correlations of CH3-13 to H-2, H-6,
and CH2-11, as well as H-10 with H-6 and H-6 with H-2 (Figure 3), suggested that the Δ5(6) and Δ9(10)

double bonds in 1 were E configured.
A modified Mosher ester analysis was obtained, and the negative ΔδSR (δS − δR) values of Ha-8,

(ΔδH −0.01), Hb-8, (ΔδH −0.05) and CH3-13 (ΔδH −0.01), and positive ΔδSR values of H-6 (ΔδH +0.04)
Ha-12 (ΔδH +0.01), and Hb-12 (ΔδH +0.04) (Figure 4) revealed the 7S configuration [25]. Thus,
the structure of 1 was determined as 4-oxohumula-2E,5E,9E-trien-7S,12-diol, as shown in Figure 1,
and named leptogorgin A (1).
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Table 1. 1H (700 MHz) and 13C (175 MHz) NMR spectroscopic data for 1, 2 and 3 in CDCl3.

Position
1 2 3

δC δH mult (J in Hz) δC δH mult (J in Hz) δC δH mult (J in Hz)

1 38.0 C - 38.1 C - 40.4 * C -

2 164.8 CH 6.32, d
(16.3) 162.8 CH 6.24, d

(16.3) 152.7 CH 6.29, d
(16.1)

3 128.1 CH 5.97, d
(16.3) 128.1 CH 6.07, d

(16.3) 128.4 CH 5.76, d
(16.1)

4 200.8 C - 199.4 C - 204.3 C -

5 143.0 C - 145.2 C 48.6 CH 3.38, m

6 133.8 CH 5.75, d
(10.6) 129.5 C 5.70, dt

(10.6; 1.3) 41.2 CH2
2.43, dd

(16.9; 2.9)
2.73, dd

(16.9; 9.7)

7 71.7 CH 4.21 td
(10.6; 5.4) 72.9 CH 5.28, td

(10.6; 5.1) 204.3 C

8 45.3 CH2 1.96, m 42.7 CH2 2.03, m 54.1 CH2
3.00, d
(12.4)

2.68, dd
(12.2; 5.4)

2.69, dd
(12.5; 5.1)

3.15, d
(12.4)

9 132.4 C - 128.1 C - 127.8 C -

10 125.9 CH 5.22, brd
(12.5) 127.1 C 5.32, m 129.0 CH 5.37, ddd

(10.5; 5.7, 1.2)

11 40.7 CH2 1.95, m 40.7 1.97, m 40.2 * CH2 2.00, m
2.40, t
(12.5)

2.39, t
(12.6) 2.07, m

12 64.7 CH2
4.25, d
(13.3) 64.8 CH2

4.26, dd
(13.2; 4.6) 63.0 CH2 3.78, m

4.38, d
(13.3)

4.40, dd
(13.2; 6.3) 3.89, m

13 20.1 CH3 1.72, s 20.0 CH3 1.73, s 19.0 CH3 1.64, s

14 24.0 CH3 1.18, s 23.9 CH3 1.21, s 28.8 CH3 1.21, s

15 29.1 CH3 1.13, s 29.2 CH3 1.13, s 24.3 CH3 1.09, s

COCH3 169.7 C -

COCH3 21.2 CH3 1.98, s

* Signals may be interchangeable.

 

Figure 2. Selected COSY and HMBC correlations for 1–4.
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Figure 3. Key NOE correlations for 1.

Figure 4. Δδ (δS − δR) values (in ppm, CDCl3) for the MTPA esters of 1.

Compound 2 was obtained as a colourless oil. The HRESIMS of 2 showed an [M + Na]+ ion
peak at m/z 315.1567 and an [M −H]− ion peak at m/z 291.1602, which indicated a molecular formula
of C17H24O4. The 1H and 13C NMR spectra of 2 (Table 1) were similar to those of 1, suggesting
that this compound possessed the same humulane skeleton. The key differences were in δH for H-7
and δC for carbon 7 in the spectrum of 2 (δH 5.28/δC 72.9). The corresponding signals were shifted
downfield, compared to those of 1 (δH 4.21/δC 71.7). This characteristic difference and HRESIMS data
were caused by the hydroxy group in 1 being displaced by an acetoxyl group in 2. The HMBC spectra
of 2 demonstrated the expected key correlations. The ECD spectrum of compound 2 was compared
with the ECD spectrum of leptogorgin A (1), in which the corresponding absolute configuration was
established by modification of Mosher’s method. Both ECD spectra displayed similar Cotton effects
(see Figure S27), allowing us to establish the same 7S configuration for compound 2. From these data,
compound 2 was determined to be 4-oxohumula-2E,5E,9E-trien-7S-acetate,12-ol, as shown in Figure 1,
and named leptogorgin B (2).

Compound 3 was isolated as a colourless oil. The HRESIMS of 1 showed an [M + Na]+ ion peak
at m/z 273.1459 and an [M − H]− ion peak at m/z 249.1496, which indicated a molecular formula of
C15H22O3. The 1H and 13C NMR spectra (Table 1) of 3 were similar to those of 1 and 2, suggesting that
this compound also possessed the same humulane skeleton. Key differences concerned δH for protons
6, 7, and 8 and δC for carbons 4, 5, 6, 7, and 8 in the spectrum of 3, which were different compared to
those of 1 and 2. This characteristic difference was caused by an absence of the hydroxy group, as in 1,
or acetyl, as in 2 at position 7, being displaced by a ketogroup in 3, as well as by the absence of the 5,6
double bound in 3. The location of the ketogroup was further determined to be at C-7 by COSY, HSQC,
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and HMBC experiments. Thus, compound 3 was determined to be 4,7-dioxohumula-2E,9E-dien-12-ol,
as shown in Figure 1, and named leptogorgin C (3).

Compound 4 was isolated as a colourless powder. The HRESIMS of 4 showed an [M + Na]+

ion peak at m/z 437.3026 and an [M − H]− ion peak at m/z 413.3061, which indicated a molecular
formula of C27H42O3. The data of 1D- and 2D-NMR spectra of 1 (Table 2) indicated that this compound
belonged to steroids. Its spectra contained five methyl groups, including two angular methyl groups
in the steroid nucleus (δH 0.74/δC 12.2, δH 1.19/δC 17.4) and three methyl groups of the side chain
(δH 1.04/δC 20.3, δH 1.15/δC 23.8, and δH 1.20/δC 26.4), eight methylene groups, six methine groups,
including one oxygenated methine (δH 3.85/δC 79.7), two quaternary sp3 carbons (δC 38.6, δC 42.5),
one quaternary sp3 oxygenated carbon (δC 72.8), one trisubstituted double bond (δH 5.72/δC 123.8 and
171.4), one disubstituted double bond (δH 5.61/δC 140.8 and δH 5.43/δC 126.0), and one conjugated
with double bond ketone carbonyl (δC 199.5). The geometry of the 22,23 double bond was further
determined to be E by considering the coupling constant (J = 15.3 Hz) displayed in its 1H NMR
spectrum. The HMBC spectra of 4 demonstrated the expected key correlations. From these data,
compound 4 was determined to be 3-oxocholesta-4E,22E-diene-24,25 dienol, as shown in Figure 1,
and named leptogorgoid A (4).

Table 2. 1H (700 MHz) and 13C (175 MHz) NMR spectroscopic data for 4 in CDCl3.

Position δC δH mult (J in Hz) Position δC δH mult (J in Hz)

1 35.7 CH2 1.70, m 16 28.5 CH2 1.29, m
2.03, m 1.70, m

2 34.0 CH2 2.34, m 17 55.6 CH 1.19, m
2.42, m

3 199.5 - 18 12.2 CH3 0.74, s

4 123.8 CH 5.72 s 19 17.4 CH3 1.19, s

5 171.4C - 20 39.8 CH 2.14, m

6 32.9 CH2 2.27, ddd (14.7; 4.1; 2.4) 21 20.3 CH3 1.04, d (6.6)
2.40, m

7 32.0 CH2 1.02, m 22 140.8 CH 5.61, dd (8.6; 15.3)
1.84, m

8 35.7 CH 1.53, m 23 126.0 CH 5.43, dd (7.3; 15.3)

9 53.8 CH 0.94, m 24 79.7 CH 3.84, d (7.3)

10 38.6 C - 25 72.8 C -

11 21.0 CH2 1.44, ddd (13.6; 17.1; 4.2) 26 23.8 CH3 1.15, s
1.54, m

12 39.5 CH2 1.20, m 27 26.4 CH3 1.20, s
2.01, m

13 42.5 C -

14 55.8 CH 1.04, m

15 24.2 CH2 1.11, m

1.60, m

Next, we investigated the effects of the leptogorgins A (1) and B (2) on the viability of 22Rv1 cells
(human drug-resistant prostate cancer cells) as well as on PNT2 cells (human prostate non-cancer cells).
MTT assay revealed 1 to exhibit a moderate cytotoxicity to both cell lines (IC50 = 31.0 μM and 35.8 μM,
respectively), whereas 2 had IC50 > 100 μM. Doxorubicine was used as a positive control and exhibited
in 22Rv1 and PNT2 cells IC50 of 0.084 μM and 1.12 μM, respectively. Interestingly, both compounds
were more active in human cancer 22Rv1 cells, in comparison with PNT2 cells (Figure 5). Additionally,
we examined the ability of these compounds to inhibit the colony formation of 22Rv1 prostate cancer
cells; however, no significant inhibitory activity was observed under the treatment with cytotoxic or
non-cytotoxic concentrations of the compounds up to a concentration of 100 μM (data not shown).
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The isolated compounds may be considered as prototypes for future anticancer agents capable of
selective inhibition of human drug-resistant prostate cancer cells. Note that we could not isolate enough
leptogorgins C (3) and leptogorgoid A (4) to investigate the biological activity of these compounds.

Figure 5. The viability of 22Rv1 and PNT2 cells after 72 h of treatment with the indicated concentrations
of the investigated compounds. The viability was evaluated using MTT assay.

3. Materials and Methods

3.1. General Procedures

Optical rotation was measured using a PerkinElmer 343 polarimeter. UV spectra were recorded on
a Shimadzu UV-1601 PC spectrophotometer. ECD spectra were recorded with an Applied Photophysics
Chirascan plus spectropolarimeter. IR spectroscopic data were measured using an IR spectrometer
Equinox 55 (Bruker, Ettlingen, Germany) in CHCl3. The 1H and 13C NMR spectra were recorded on
a Bruker Avance III-700 spectrometer (Bruker, Ettlingen, Germany) at 700 and 175 MHz, respectively,
with Me4Si as an internal standard. ESI mass spectra (including HRESIMS) were obtained on
a Bruker maXis Impact II Q-TOF mass spectrometer (Bruker Daltonics, Bremen, Germany) by direct
infusion in MeOH. Low-pressure column liquid chromatography was performed using silica gel
(Sigma-Aldrich Co., St. Louis, MO, USA) and Sephadex LH-20 (Sigma, Chemical Co., St. Louis, MO,
USA) columns. HPLC was performed using a Shimadzu Instrument equipped with the differential
refractometer RID-10A, a YMC-Pack ODS-A (250 × 10 mm) column (YM Co., Ltd., Kyoto, Japan),
and a silica gel column (SUPELCOSILTM, 250 × 10 mm, 5 μm) (Sigma-Aldrich Co., USA). TLC was
performed on silica gel plates (5–17 μm, Sorbfil, Russia).

3.2. Animal Material

The gorgonian Leptogorgia sp. (registration number PIBOC O38-011) was collected by dredging
during the 38th scientific cruise of R/V “Academic Oparin”, May 2010, South China sea (09◦08′2” N;
109◦01′7” E, depth 134 m), in Vietnamese waters. A voucher specimen of 038-011 sample is stored in
the Marine invertebrate collection of the G.B. Elyakov Pacific Institute of Bioorganic Chemistry FEB
RAS (Vladivostok, Russia).

3.3. Extraction and Isolation

The EtOH extract of the gorgonian (dry weight 170 g) was concentrated and partitioned between
n-hexane and aqueous EtOH. The EtOH-soluble material was subjected to column chromatography on
a silica gel column using CHCl3-EtOH (stepwise gradient, 1:0 1:1). Fractions eluted with CHCl3:EtOH
(20:1) were concentrated and residue (171.3 mg) was subjected to column chromatography on a LH-20
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column using CHCl3:EtOH, 2:1 to yield two fractions: F1 (46.6 mg) and F2 (61.4 mg). Preparative HPLC
of the fraction F1 (SUPELCOSIL, n-hexane:EtOAc, 1:1) gave pure leptogorgin A (1, 2.5 mg, 0.002% based
on dry weight of gorgonian). Preparative HPLC of the fraction F2 (YMC-Parck ODS-A, EtOH:H2O,
3:2) gave three sub-fractions: F2-1 (2.5 mg), F2-2 (6.4 mg), and F2-3 (8.0 mg). Preparative HPLC of the
fraction F2-1 (SUPELCOSIL, n-hexane:EtOAc, 2:3) gave pure leptogorgin C (3, 1.0 mg, 0.001% based on
dry weight of gorgonian). Preparative HPLC of the fraction F2-2 (SUPELCOSIL, n-hexane:EtOAc, 1:1)
gave pure leptogorgin B (2, 0.8 mg, 0.001% based on dry weight of gorgonian). Preparative HPLC of the
fraction F2-3 (SUPELCOSIL, n-hexane:EtOAc, 1:1) gave pure leptogorgoid A (4, 0.6 mg, 0.0006% based
on dry weight of gorgonian).

3.4. Compound Characterization Data

Leptogorgin A (1): colourless oil; [α]22
D +38.7 (c 0.2, CHCl3); UV (EtOH) λmax (log ε) 195 (4.05),

229 (3.75) nm; ECD (c 1 × 10−3 M, EtOH) λmax (Δε) 194 (7.56), 228 (9.41), 274 (−3.52), 333 (1.30) nm;
IR (CHCl3): νmax 3604, 2964, 2928, 2860, 1723, 1641, 1458, 1387, 1365, 1261, 1243, 1104, 1012 cm−1;
1H and 13C NMR data (CDCl3), Table 1; HRESIMS m/z 273.1459 [M + Na]+ (calcd for C15H22O3Na,
273.1461); HRESIMS m/z 249.1498 [M − H]− (calcd for C15H21O3 249.1496).

Leptogorgin B (2): colourless oil; [α]22
D +16 (c 0.1, CHCl3); UV (EtOH) λmax (log ε) 196 (3.23),

229 (3.07) nm; ECD (c 3 × 10−3 M, EtOH) λmax (Δε) 197 (2.90), 226 (1.41), 254 (−1.06), 336 (0.43) nm;
1H and 13C NMR data (CDCl3) Table 1; HRESIMS m/z 315.1571 [M + Na]+ (calcd for C17H24O4Na,
315.1567); HRESIMS m/z 291.1602 [M − H]− (calcd for C17H23O4 291.1602).

Leptogorgin C (3): colourless oil; 1H and 13C NMR data (CDCl3) Table 1; HRESIMS m/z
273.1463 [M + Na]+ (calcd for C15H22O3Na, 273.1461); HRESIMS m/z 249.1496 [M − H]− (calcd
for C15H21O3 249.1496).

Leptogorgoid A (4): colourless powder; [α]22
D +33 (c 0.05, CHCl3); 1H and 13C NMR data (CDCl3)

Table 1. HRESIMS m/z 437.3021 [M + Na]+ (calcd for C27H42O3Na, 437.3026); HRESIMS m/z
413.3060 [M − H]− (calcd for C27H4103 413.3061).

MTPA esterification of 1. To a part of 1 (0.6 mg) in dry C5H5N (1 μL),
R-(−)-α-metoxy-α-trifluoromethylphenylacetyl chloride (10 μL) was added. The mixture was stirred
on one hour at room temperature.and evaporated in vacuo to give (S)-MTPA diester 1a. By the same
procedure, (R)-MTPA diester 1b was prepared.

(S)-MTPA diester (1a): Select 1H NMR data (CDCl3) see Table S1. HRESIMS m/z 707.25 [M + Na]+

(calcd for C35H38F6O7Na, 707.25).
(R)-MTPA diester (1b): Select 1H NMR data (CDCl3) see Table S1. HRESIMS m/z 707.25 [M + Na]+

(calcd for C35H38F6O7Na, 707.25).

3.5. Bioactivity Assay

3.5.1. Reagents

The MTT reagent (Thiazolyl blue tetrazolium bromide) was purchased from Sigma
(Taufkirchen, Germany).

3.5.2. Cell Lines and Culture Conditions

The human prostate cancer cells 22Rv1 and human prostate non-cancer cells PNT2 were purchased
from ATCC. Cell lines were cultured according to the manufacturer’s instructions in 10% FBS/RPMI
media (Invitrogen, Carlsbad, CA, USA) and handled as described in [29].

3.5.3. In Vitro MTT-Based Drug Sensitivity Assay

The in vitro cytotoxic activities of the isolated substances were evaluated by MTT assays.
The assays were performed as described previously [30]. In brief, cells were seeded in 96-well
plates (6 × 103 cells/well), incubated overnight, and treated with the tested compounds for 72 h. Next,
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10 μL/well of MTT reagent was added and the plates were incubated for 2 h. The media were aspirated
and the plates were dried. The formed formazan crystals were dissolved in DMSO and the cell viability
was measured using an Infinite F200PRO reader (TECAN, Männedorf, Switzerland). Results were
calculated by the GraphPad Prism software v. 7.05 (GraphPad Prism software Inc., La Jolla, CA,
USA) and are represented as the IC50 of the compounds against the control cells treated with the
solvent alone.

3.5.4. Colony Formation Assay

Colony formation assay was performed as described before, with slight modifications [30].
Cells were treated with the drug for 48 h; then, cells were trypsinized and the number of alive cells was
counted with the trypan blue exclusion assay as described before [31]. One hundred viable cells were
plated into each well of 6-well plates in complete drug-free media (3 mL/well) and were incubated for
14 days. Then, the media were aspirated, surviving colonies were fixed with 100% MeOH, followed by
washing with PBS and air-drying at RT. Next, cells were incubated with Giemsa staining solution for
25 min at RT, the staining solution was aspirated, and the wells were rinsed with dH2O and air-dried.
The number of cell colonies was counted with the naked eye.

4. Conclusions

In summary, 1H NMR-guided chemical investigation led to the isolation of three new
humulane-type sesquiterpenoids and one new steroid. The structures of the new compounds were
elucidated via analyses of their MS, NMR, and ECD spectroscopic data, as well as using the Mosher’s
esters analysis. These molecules represent the new humulenes possessing an oxygenation pattern
which was significantly different from those found in plants, liverworts, and fungi. Leptogorgin A (1)
exhibits a moderate cytotoxicity to human prostate cancer 22Rv1 cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/6/310/s1.
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Abstract: The α9-containing nicotinic acetylcholine receptor (nAChR) is increasingly emerging as a
new tumor target owing to its high expression specificity in breast cancer. αO-Conotoxin GeXIVA is a
potent antagonist of α9α10 nAChR. Nevertheless, the anti-tumor effect of GeXIVA on breast cancer
cells remains unclear. Cell Counting Kit-8 assay was used to study the cell viability of breast cancer
MDA-MD-157 cells and human normal breast epithelial cells, which were exposed to different doses of
GeXIVA. Flow cytometry was adopted to detect the cell cycle arrest and apoptosis of GeXIVA in breast
cancer cells. Migration ability was analyzed by wound healing assay. Western blot (WB), quantitative
real-time PCR (QRT-PCR) and flow cytometry were used to determine expression of α9-nAChR. Stable
MDA-MB-157 breast cancer cell line, with the α9-nAChR subunit knocked out (KO), was established
using the CRISPR/Cas9 technique. GeXIVA was able to significantly inhibit the proliferation and
promote apoptosis of breast cancer MDA-MB-157 cells. Furthermore, the proliferation of breast cancer
MDA-MB-157 cells was inhibited by GeXIVA, which caused cell cycle arrest through downregulating
α9-nAChR. GeXIVA could suppress MDA-MB-157 cell migration as well. This demonstrates that
GeXIVA induced a downregulation of α9-nAChR expression, and the growth of MDA-MB-157
α9-nAChR KO cell line was inhibited as well, due to α9-nAChR deletion. GeXIVA inhibits the growth
of breast cancer cell MDA-MB-157 cells in vitro and may occur in a mechanism abolishing α9-nAChR.

Keywords: α9-nicotinic acetylcholine receptors (nAChRs); breast cancer cells; αO-conotoxin GeXIVA;
apoptosis; anti-proliferation; targeted therapy

1. Introduction

Cancer is the second leading cause of death worldwide, and it was estimated to account for
9.6 million deaths in 2018 [1]. According to the statistics, breast cancer is the second most common
carcinoma in the world after lung cancer, and is also the highest-incidence cancer among women. In a
global context, breast cancer remains the leading cause of cancer incidence and mortality, with 2.1 million
newly diagnosed cases and 630 thousand deaths in 2018 [1,2]. Recurrence and metastasis are the
major cause of these deaths [2]. Additionally, genetic and reproductive risk factors play important
roles in susceptibility to breast cancer [3]. Conventional therapeutic strategies usually provide limited
specificity, resulting in severe side effects and toxicity to normal organisms. In contrast, targeted
cancer therapy could improve the therapeutic potential of anti-tumor agents and reduce adverse side
effects [4].
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Nicotinic acetylcholine receptors (nAChRs) belong to ligand-gated ion channels, which are
composed of transmembrane subunits that share a common evolutionary origin [5]. The different
nAChRs subunits can form homo- or hetero-pentamers and enclose a central ion channel. nAChRs are
expressed in the cell membrane of all mammalian cells, including cancer cells [6–8]. nAChRs not only
mediate normal physiological responses, such as inflammation and pain, but also participate in the
regulation of Alzheimer disease, Parkinson’s disease, schizophrenia and cancers etc [8–10].

α7-nAChR and α9-nAChR are the major nAChRs in breast cancer cells [11–13]. Increasing
evidence suggests that activation of α7-nAChR leads to activation of the ERK/MAPK and JAK2/PI3K
signaling cascades in breast cancer cells [7,14]. In addition, it was reported that α9-nAChR was highly
correlated with breast cancer [7,11,15], and stimulation of the α9-nAChR led to breast cancer growth [9].
Further research suggests that a low dose of garcinol (1 μM) from the edible fruit Garcinia indica could
inhibit nicotine-induced breast cancer cell proliferation through the downregulation of α9-nAChR
and cyclin D3 expression [7]. Luteolin and quercetin also could inhibit the ability of proliferation by
downregulating the expression of α9-nAChRs on the cell surface of human breast cancer cells [15].
Tea polyphenol(-)-epigallocatechin-3-gallate has been found to inhibit nicotine-and estrogen-induced
α9-nicotinic acetylcholine receptor upregulation in human breast cancer cells and delay the development
of breast cancer cells in vivo [13]. These results implied that α9-containing nAChRs detected in human
breast cancer cells could be used as a new therapeutic molecular target for cancer treatment.

As antagonists to nAChRs, α-conotoxins (α-Ctxs) are used to decipher the pharmacological
functions of these receptors, and some of them also have therapeutic potential [16,17]. αO-conotoxin
GeXIVA is a potent antagonist of α9α10 nAChRs, which was discovered in Conus generalis, native to
the South China Sea [16]. This peptide is composed of 28 amino acids including four Cys residues
that can form three different disulfide bond connection isomers, i.e., GeXIVA[1,2], GeXIVA[1,3],
and GeXIVA[1,4]. They were tested for their potency against both rat and human α9α10 nAChRs,
as described previously. Among them, GeXIVA[1,2] was the most potent antagonist of α 9 α 10 nAChR
(IC 50 = 4.61 nmol at rat α 9 α 10 nAChR) with a high specificity, as described previously [16,18,19].
It displayed potent alleviation of neuropathic pain in rat model in vivo [20]. Recent reports revealed that
both GeXIVA, targeting α9α10 nAChRs, and α-conotoxin TxID, targeting α3β4 nAChRs, contributed to
the inhibition of cancer cell proliferation [21,22]. Compared with currently widely used macromolecular
antibodies, small peptide toxins have a unique advantage to be developed as new drugs to treat various
diseases, since small peptides can overcome the limitations of poor tumor penetration and cellular
uptake of antibody when introduced in vivo [23,24]. Antagonists of nAChRs may be novel potential
drugs for tumor-targeting therapy and diagnosis because of their specific binding activities and other
natural properties.

Our previous research found that α9-nAChR was highly expressed in breast cancer MDA-MB-157
cells. In this study, we aimed to investigate the potential of GeXIVA for treatment of α9-nAChR
overexpressed breast cancer cell in vitro. Firstly, the stability of GeXIVA in cell culture medium was
investigated. Then, the influences of GeXIVA on growth and apoptosis of MDA-MB-157 cells were
examined. In addition, we explored the potential carcinogenic effects of the α9-nAChR subunit through
a stable α9 nAChR-knockout (KO) cell line of MDA-MB-157 cells.

2. Results

2.1. A Detection of the Stability of GeXIVA in Cell Culture Medium by RP-UPLC

The stability of GeXIVA was tested in cell culture medium (Figure 1). RP-UPLC (Reverse phase
high-performance liquid chromatography) was used to determine the extent of the degradation of the
peptides, then, a time-changing trend diagram of GeXIVA in culture media with different concentrations
of serum was drawn to judge the stability of the GeXIVA in cell cultures. After 24 h incubation in
different concentrations of serum (H20 Control, 0% FBS, 5% FBS, 10% FBS), the remaining amounts
of GeXIVA were ~93%, ~73%, ~66% and ~54% respectively. The results showed that the content of
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GeXIVA decreased while the serum concentration increased, and as time went on the trend continued.
To assure maximum efficacy of drugs, we selected DMEM medium without serum in the process of
GeXIVA-treated cells.

 
Figure 1. The stability of GeXIVA in cell culture medium. Time course of effects on GeXIVA in cell
culture media with different concentration of fetal bovine serum (0%, 5%, 10% FBS), under a 5% CO2

atmosphere and 37 °C incubation conditions. Each point represents the mean for each time point.

2.2. GeXIVA Affected the Growth of Breast Cancer Cells MDA-MB-157

We compared the effects of GeXIVA on human epithelial cancer cell line MDA-MB-157 and
human normal mammary gland epithelial cell line HS578BST (Figure 2). Microscopic examination
revealed that cell density and cell morphology were changed significantly after 24 h treatment of
GeXIVA at different concentrations, and cancer cells were more sensitive to GeXIVA than normal
cells. In the MDA-MB-157 breast cancer cell line, cell proliferation was remarkably decreased after
treatment of GeXIVA in a concentration- and time-dependent manner (Figure 2A). In MDA-MB-157
cells, the IC50 of 24 h for GeXIVA was approximately 78.31 μM. These results indicated that GeXIVA
could effectively inhibit the proliferation of breast cancer cells MDA-MB-157, but had no toxic effects
on normal cells HS578BST.

Figure 2. Effects of GeXIVA on the viability of breast cancer cells and normal cells. The cells were
treated with various concentrations of GeXIVA for 24 h. Then, the cell viability was determined by
CCK-8 assay. Values were expressed as mean ± SD of three independent assays. Statistical analysis was
performed with one-way ANOVA and Tukey’s test. ** p < 0.01, *** p < 0.001 indicating a significant
difference between the treatments compared to medium control. (A) MDA-MB-157; (B) Hs578BST.

2.3. GeXIVA Induced Apoptosis in MDA-MB-157 Cells

Apoptosis is a major cause of cancer cell growth inhibition, and previous studies have confirmed
that α9-nAChR affects cell proliferation in MDA-MB-157 breast cancer cells. Herein, two-color
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flow cytometry with Annexin V-FITC and Propidium iodide (PI) labeling showed necrosis to be
the predominant mode of cell death in MDA-MB-157 cells treated with various concentrations of
GeXIVA (11.25, 22.5, 45 and 90 μM) for 24 h. The significant difference is shown in the representative
scatter plots of cells treated by a series of concentrations of GeXIVA (Figure 3A–E). The percentage of
early/late apoptosis cells was summarized in Figure 3F. In control group, the proportion of early and
late apoptotic cells was 0.73%. After 24 h treatment with 11.25–90 μM GeXIVA, the ratio of early and
late apoptotic cells was significantly increased by up to 27.05%. These results showed that GeXIVA
inhibits the growth of MDA-MB-157, probably by inducing cell apoptosis.

Figure 3. Flow cytometry measurements of apoptosis in MDA-MB-157 cells treated with GeXIVA.
Data are presented as dot plots in which the vertical axis represents fluorescence due to PI staining
and the horizontal axis represents the fluorescence associated with Annexin V-FITC. The upper left
quadrant (Q1) contains necrotic (PI positive) cells, the upper right region (Q2) contains late apoptotic
(mixture of PI and Annexin V positive) cells. The lower left region (Q4) contains healthy living (PI and
Annexin V negative) cells, and the lower right region (Q3) contains early apoptotic (PI negative and
Annexin V positive) cells. Cells were pretreated with 11.25 μM (B), 22.5 μM (C), 45 μM (D), 90 μM
(E) GeXIVA for 24 h. Then, the cells were washed, harvested, and re-suspended in PBS. The amount
of apoptosis cells was measured by flow cytometer. Data were expressed as mean ± SEM of three
independent experiments. Significant different was performed by one-way ANOVA. * p < 0.05 and
** p < 0.01 compared to the control group. A: Control. F: The inhibition rate was examined by FCM
(Flow Cytometry).

2.4. GeXIVA Induced Cell Cycle Arrest in MDA-MB-157 Cells

To elucidate whether GeXIVA treatment induces mitotic inhibition during cell division,
we performed cell cycle analysis. Flow cytometry analysis demonstrated that the 24 h incubation of
MDA-MB-157 cells with GeXIVA significantly increased the number of cells in the S phase of cell cycle,
while the number of cells in the G0/G1 phase was significantly decreased (Figure 4A,B). Regarding
G2/M phase, the cells number was significantly decreased when the MDA-MB-157 cells were treated
with GeXIVA at the concentration of 90 μM. The results indicated that GeXIVA induced a cell cycle
arrest in S phase in MDA-MB-157 cells.
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Figure 4. Cell cycle arrest in MDA-MB-157 cells treated with GeXIVA. (A) Representative nuclei
population distributions of MDA-MB-157 cells before and after incubation with GeXIVA. (B) % of cells
in each cell cycle phase determined by flow cytometry. The data are presented as % of cells in each
cell cycle phase ± SEM, n = 3; ** (p < 0.01) indicates a significant difference between the control and
GeXIVA-treated groups by one-way ANOVA.

2.5. GeXIVA Decreased the Breast Cancer Cells Abilities of Migration

To test the potential changes in some carcinoma-associated characteristics of the MDA-MB-157
cells after GeXIVA treatment, cell migration ability was measured. The results indicated that cells
migrated more slowly to close the scratched wounds after treatment with GeXIVA for 24 h compared
with control group (Figure 5). Then, the effects of different concentration on the migration distance
of MDA-MB-157 cells were analyzed statistically. This indicated that GeXIVA had inhibition effects
on the migration of MDA-MB-157 cells; following the increasing concentrations, cells migration was
retarded (Table 1).
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Figure 5. Evaluation of the malignancy of the breast cancer cells after treatment with GeXIVA. Migration
assay. MDA-MB-157 cells were pretreated with different concentrations of GeXIVA for 24 h. After
treatment, the migration ability of the cells was tested at 24 h, 48 h and 72 h. The blue vertical lines in
the images define the open wound areas.

Table 1. The effects of different concentration of on the migration distance of MDA-MB-157 cells
in vitro.

Migration
Distance

Control 22.5 μM 45 μM 90 μM

Mean ± SD % Mean ± SD % Mean ± SD % Mean ± SD %

0 h 0.52 ± 0.00 – 0.59 ± 0.00 – 0.73 ± 0.00 – 0.74 ± 0.00 –

24 h 0.13 ±
0.01aAB 24.52 0.17 ± 0.02aA 28.41 0.16 ±

0.03aAB 21.56 0.13 ± 0.04aB 17.19

48 h 0.24 ± 0.01bA 45.81 0.17 ± 0.03aB 28.41 0.19 ± 0.02aA 25.69 0.21 ± 0.06aA 28.05
72 h 0.44 ± 0.02cA 84.52 0.27 ± 0.02bB 45.45 0.28 ± 0.06aB 38.07 0.26 ± 0.02bB 34.84

Note: The capital letters A, B and C represent the 95% confidence intervals. One-way ANOVA was performed on
the same row (same times) and different columns (different concentrations) in the table. The lowercase letters a,
b and c represent the 95% confidence intervals. One-way ANOVA was performed on the same columns (same
concentrations) and different columns (different times) in the table. Values with same superscript letters in the
same line showed no significant differences (p > 0.05), those with different letters showed significant or extreme
differences (p < 0.05).

2.6. GeXIVA Affected Breast Cancer Cell Line MDA-MB-157 Proliferation through the Inhibition of
α9-nAChR-mediated Signals

To test the effect of α9-nAChR while GeXIVA inhibiting breast cancer cells, a stable cell line with
α9-nAChR gene knock-out was established. The α9-nAChR CRISPR/Cas9 KO plasmid and HDR
plasmid were transfected into MDA-MB-157 cells and the transfected cells were selected under the
suppression of puromycin. The positive cells were confirmed by detection of the red fluorescent protein
(RFP) via fluorescent microscopy (Figure S1). Real-time PCR showed that transfection of MDA-MB-157
cells with α9-nAChR CRISPR/Cas9 KO and HDR plasmid led to more than a 10-fold decrease in
α9-nAChR mRNA expression, while the expression of α3 and β4 nAChR subunits mRNA(as control)
had no differences (Figure 6A). Flow cytometry showed that knockout of the α9-nAChR gene greatly
reduced the expression of functional α9-nAChRs on the cell surface (Figure S2 and Figure 6B). We also
applied Western blotting analysis to confirm the expression of α9-nAChR protein was significantly
silenced in knocked out cell lines (MDA-MB-157 α9-nAChR KO) (Figure 6C).

100



Mar. Drugs 2020, 18, 195

 
Figure 6. Establishment of a stable α9-nAChR silently expressed MDA-MB-157 breast cancer cell
line. A. Detection of the mRNA expression of α9-nAChR by qRT-PCR, with the mRNA expression of
α3-nAChR and β4-nAChR as control. Data are presented as mean ± SEM, n = 3. *** (p < 0.001) indicates
the significant difference between KO and wild by two-tailed one sample t-test. B. Median fluorescence
intensities for FITC-labeled antibody against the α9-nAChR for untreated cells (control) and cells with
the knocked out α9-nAChR expression by CRISPR/Cas9. Data are presented as mean ± SEM, n = 3.
*** (p < 0.001) indicates the significant difference from control by two-tailed t-test. C. Western blot
detection of the protein expression of cells after knocked out CHRNA9 gene treatment. Experiments
were repeated three times. *** (p < 0.001) indicates the significant difference between KO and wild by
one-way ANOVA.

The influence of the α9-nAChR knockout on viability was determined in the breast cancer cell
line by commercial Cell Counting Kit-8 (CCK-8) kit. As shown on Figure 7A, MDA-MB-157 WT
and MDA-MB-157 α9-nAChR KO cell lines illustrated similar dynamic curves of viability. CCK-8
assay was used to determine the anti-proliferative effect of GeXIVA in both MDA-MB-157 WT and
MDA-MB-157 α9-nAChR KO cell lines. GeXIVA displayed cytotoxicity in a concentration-dependent
manner in the MDA-MB-157 cell line. However, knocked out α9-nAChR gene completely reversed the
anti-proliferative effect of GeXIVA (Figure 7B). In addition, GeXIVA produced a survival rate of 1.2% to
18% in MDA-MB-157 wild type cells at high concentrations (90 and 180 μM), while high concentrations
of GeXIVA had little effect on the proliferation of MDA-MB-157 α9-nAChR KO cells. Taken together,
we can conclude that the anti-proliferative activity of GeXIVA on MDA-MB-157 cells is a result of the
peptide interaction with α9-nAChRs.

Figure 7. Evaluation of the malignancy of the MDA-MB-157 cells after transfection. (A) Cell viability
assays. Cells were assayed with Cell Counting Kit-8 kit at various time points after transfection.
Each test was repeated three times. Graphical data denote mean ± SD. (B) Effects of GeXIVA on
cytotoxicity in cells. Breast cancer cells were treated with various concentrations of GeXIVA for 24 h.
Then, the anti-proliferation ability of GeXIVA was determined by the CCK-8 assay. Values were
expressed as mean ± SD of three independent assays. * p < 0.001 for a significant difference in the
MDA-MB-157 α9-nAChR KO cell line in comparison to the MDA-MB-157 cell line.
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To further test the possible influence of GeXIVA on the expression of α9-nAChR, breast cancer
cell line MDA-MB-157 was treated with GeXIVA for 24 h. Cells were harvested and subjected to total
RNA extraction. qRT-PCR assays for the α9-nAChR showed significantly reduced transcriptions after
cells treated with GeXIVA; however, β4-nAChR was almost unchanged before and after the treatment
(Figure 8A). The expression of α9-nAChR was determined by indirect fluorescence staining and flow
cytometry analysis, the results revealed a significant decrease in the level of α9-nAChR, after 24 h
exposure of cells to GeXIVA at concentrations of 22.5 μM and higher (Figure 8B).

Figure 8. Effects of GeXIVA on the viability of breast cancer cells. A, Expression levels of α9 nAChR
subunit mRNA were evaluated by real-time PCR analysis. MDA-MB-157 cells were treated with
different concentrations of GeXIVA for 24 h. B, Flow cytometry analysis of α9-nAChR staining intensity
under GeXIVA treatment. Mean staining intensities for α9-nAChR in MDA-MB-157 cells treated with
GeXIVA at various concentrations for 24 h compared with the control processed in parallel. Data are
expressed as mean ± SD, n = 3. ** p < 0.01 and *** p < 0.001 for significant differences from the
control group.

3. Discussion

Theα9-nAChR subunit, initially discovered in hair cells of the inner ear, can form a homo-pentamer
or assemble into a hetero-pentamer with α10 or α5-nAChR subunits [25,26]. Including α9-nAChR,
almost all of nAChRs are expressed not only in neuronal systems, but also in numerous non-neuronal
tissues cells such as skin, pancreas and lung, suggesting that nAChRs may have roles in other
biological processes in addition to synaptic transmission [8]. It is reported that α9-nAChR is involved
in promoting cancer cell proliferation, angiogenesis, cancer metastasis and apoptosis suppression
during carcinogenesis in response to tumor microenvironments [7,11,13,27,28]. In a previous study,
we determined the expression profile of the α9-nAChR subunit in human breast cancer cell lines and
found that α9-nAChR was expressed differently in breast cancer cells. This suggests that α9-nAChR
may become an effective target for breast cancer treatment [29].

GeXIVA, a Conus peptide, contains 28 amino acids and four Cys residues which have three
disulfide bonds [16]. The original study of GeXIVA on α9α10 nAChR expressed in Xenopus oocytes
revealed that GeXIVA by itself is able to block the α9α10 nAChR current of ACh-evoked currents
completely at a 100 nM concentration, and this block was rapidly reversible [16]. GeXIVA is a potent
and selective antagonist of α9α10 nAChR subtype [16,30]. In vivo, it also displayed potent alleviation
of neuropathic pain in several rat models [18,20]. In vitro, GeXIVA showed an antitumor effect [22].
Therefore, it is worth further investigating GeXIVA as a potential therapeutic agent against breast
cancer, etc.

Previous research has indicated that GeXIVA is unstable in serum [30]. In this study, we decided
to evaluate the stability of GeXIVA in cell culture medium, and the ability of the GeXIVA to control
the growth of MDA-MB-157 cells. The remaining amount of GeXIVA reached ~80% in serum-free
DMEM medium after 48 h, so, in the next steps, the cells were co-incubated with GeXIVA in serum-free
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DMEM medium to assure maximum efficacy. Prolonged 24 h incubation of MDA-MB-157 cells with
GeXIVA resulted in the pronounced concentration-dependent inhibition of the cell growth with IC50 of
~78 μM. Moreover, GeXIVA had an obvious inhibitory effect on breast cancer cell line MDA-MB-157
compared with normal breast epithelia cell line HS578BST in vitro. This means that the same doses of
GeXIVA could kill more cancer cells than normal cells. In other words, GeXIVA is less toxic to normal
cells than cancer cells. Moreover, apoptosis analysis demonstrated that the apoptosis rates in the drug
treatment group were significantly higher than in the control group. This result indicated that GeXIVA
inhibit the growth of MDA-MB-157, probably by inducing cell apoptosis. We also demonstrated that
inhibition of α9-nAChR by GeXIVA could inhibit MDA-MB-157 cancer cell proliferation through the
induction of G0/G1 arrest. Metastasis is a major obstacle in clinical cancer therapy [31]. Previous studies
have indicated that nicotine can enhance the migratory abilities of cancer cells [31–33]. However,
some studies reported the antagonists of nAChRs could reduce the progression of cancer cells [34].
Here, we found that GeXIVA could abolish the abilities of cancer migration.

Previous studies have shown that natural polyphenol compounds can reduce nicotine-mediated
carcinogenic effects by inhibiting the expression of α9-nAChR [13,15,35,36]. It is reported that
α9-containing nAChRs may play an important role in breast cancer [11,13], but we knew little about the
antitumor effect of GeXIVA previously. To determine whether the anti-proliferative effect of GeXIVA
is associated with α9-nAChRs, we blocked expression of this receptor by CRISPR/Cas9 knockdown
technique. The anti-proliferative effects were profoundly abolished by GeXIVA treatment in α9-nAChR
knockdown MDA-MB-157 cells compared with wild-type cells. Thus, we can conclude that the GeXIVA
antiproliferative effect on MDA-MB-157 cells is a result of the protein interaction of α9-nAChR with
GeXIVA. Therefore, the GeXIVA inhibitory effects might be through downregulating of the protein
and gene expression of α9-nAChR. More experiments are needed to gain insight into the underlying
molecular mechanisms.

4. Materials and Methods

4.1. Cell Culture

Human breast cancer cell line MDA-MB-157 and human normal mammary gland epithelial cell
line HS578BST were purchased from the Kunming Institute of Zoology (Yunnan, China). To make
the complete growth medium, all the cells were maintained in Dulbecco’s modified eagle medium
(DMEM), supplemented with fetal bovine serum (FBS) to a final concentration of 10%, 100 U/mL
penicillin and 100 mg/mL streptomycin at 37 ◦C in an atmosphere of 5% CO2.

4.2. Cell Culture Medium Stability

Medium stability assay was performed in cell culture media with different concentrations of
serum for GeXIVA [1,2]. With setting experimental group (DMEM + GeXIVA, 5% FBS + DMEM +
GeXIVA, 10% FBS + DMEM + GeXIVA) and comparison group (GeXIVA was incorporated into the
aqueous phase), the sample of each group was placed in an incubator at 37 ◦C with 5% CO2 atmosphere
and 100% relative humidity for 0, 12, 24 and 48 h. 30 μL triplicate aliquots were taken out at different
time points. Each serum aliquot was quenched with 30 μL of 6 M urea and incubated for 10 min at
4 ◦C. Then, each serum aliquot was treated with 30 μL of 20% trichloroacetic acid (TCA) for another
10 min at 4 ◦C to precipitate serum proteins. Precipitated serum proteins were then spun down at
14,000 g [19]. Qualitative and quantitative analysis were performed by RP-UPLC, through drawing
time-changing trend diagrams of GeXIVA in culture media with different concentrations of serum to
judge the stability of the GeXIVA in cell cultures.

4.3. Cell Counting Kit-8 Assay (CCK-8)

To study effects of GeXIVA on cell growth, 5 × 103 cells were seeded in 96-well culture plates.
After 24 h, the cells were incubated in a complete medium at 37 ◦C for adhesion. Thereafter, GeXIVA
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(dissolved in water) was added to cells at different concentrations (11.25, 22.5, 45, 90 and 180 μM) and
grown during 24 h in medium without FBS at 37 ◦C, 5% CO2. The medium was removed and the
CCK-8 solution was added to cell wells for 1 h at 37 ◦C. The absorbance at 450 nm (OD 450) each well
was obtained using a microplate reader. Do not add any compounds to cells as control. The blank
group was supplemented with culture medium and contained no cells.

Cell viability was measured with a commercial Cell Counting Kit-8. Briefly, 2 × 103 cells were
seeded onto 96-well plates and the CCK-8 solution was directly added to the cell wells and incubated
at 37 ◦C for 1 h. The absorbance at 450 nm (OD450) for each well was obtained by using a microplate
reader with a background control as blank. The cell viability was expressed as the percentage of the
untreated control.

4.4. Migration Assay

Wound assay was used to evaluate the migration ability of cells. A total of 1 × 105 cells were
seeded in a 12-well plate and grew to confluence followed by scratching the monolayer cells with a
200 μL pipette tip to create a wound. After the medium and floating cells were removed, the cells were
rinsed with phosphate-buffered saline three times. The cells were treated with different concentrations
of GeXIVA and incubated for 24 h in medium without FBS at 37 ◦C, 5% CO2. Plates were washed to
remove floating cells and debris, then cell migration images were taken at 0, 24 and 48 hours after
drug treatment. Cells without addition of any compounds were used as a control. Each testing group
contained at least three independent wells.

4.5. Flow Cytometry

Apoptosis assay was detected with an Annexin V-FITC/PI Apoptosis Detection Kit
(KeyGENBioTECH, Nanjing, China) and flow cytometry analysis. A total of 2 × 105 cells were
seeded onto 6-well plates. After a 24 h incubation for adhesion, the cells were treated with GeXIVA for
24 h. Cells were collected by trypsinization and dual stained with Annexin V-FITC and PI for 15 min
at room temperature in dark. For each sample, data from approximately 1 × 104 cells were recorded
in list mode on logarithmic scales. Apoptosis and necrosis were analyzed by quadrant statistics on
PI-negative, Annexin V-positive cells and cells positive for both, respectively.

Cells were seeded in 6-well culture plates and incubated with different concentrations of GeXIVA
for 24 h. Then the cells were detached from the wells by Trypsin Solution (Without EDTA), washed
with PBS containing 3% bovine serum albumin (BSA), and fixed in pre-cooling 70% ethanol for 4 h.
After fixation, the cells were washed twice by 3% BAS-PBS, resuspended in 10% RNase-PI staining
solution, and analyzed by Guava easyCyteTM flow cytometer.

The expression of α9-nAChR in cells was determined by indirect fluorescence staining and flow
cytometry analysis. The treated cells were harvested and washed with PBS twice, fixed with 4% PFA
for 20 min and washed twice by centrifugation at 1000 rpm for 5 min each time. Cells were suspended
in 0.1% Triton X-100 in 1 × PBS buffer for 10 min and washed twice with PBS by centrifugation at
1300 rpm for 5 min each time. The cells were incubated with 3% BSA in 1 × PBS buffer for 30 min.
Primary antibody at an appropriate dilution was added and incubated for 2 hr at room temperature,
then washed and incubated with secondary antibody (FITC-conjugated Goat anti-rabbit Ig (G+L)) for
1 hr at room temperature. Finally, the cells were washed twice and re-suspended in 300 μL 1 × PBS
and analyzed the expression of α9-nAChRs by flow cytometry. The primary antibody used was as
follows: CHRNA9 Rabbit Polychonal Antibody (26025-1-AP, proteintech, Chicago, IL, USA).

4.6. Generation of Stable α9-nAChR-KO Cell Lines

MDA-MB-157 cells were plated in a 6-well culture plate at a density of 1.5–2.5 × 105 cells in 3 mL
antibiotic-free standard growth medium per well. After 24 h, the cells were co-transfected with α9-
nAChR CRISPR/Cas9 Knock out (KO) plasmid (Santa Cruz, sc-402753-KO-2, CA, USA) and α9- nAChR
homology-directed repair (HDR) plasmid (Santa Cruz, sc-402753-HDR-2, CA, USA). After incubation
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for 24 h at 37 ◦C in a CO2 incubator, the plasmid-containing medium was removed and fresh growth
medium containing 10% serum was added in the presence of 6 μg/mL of puromycin. Selected cells,
for a minimum of 3–5 days, approximately every 2–3 days, were aspirated and replaced with freshly
prepared selective medium. This resulted in the establishment of MDA-MB-157 KO cells in which
α9-nAChR gene expression was knocked out.

4.7. RNA Isolation and Quantitative Real-time PCR

Total RNA of cells was isolated using Trizol (Invitrogen, Carlsbad, CA, USA) according
to the manufacturer’s protocol. Equal amounts of RNA (1 μg) from each sample were
reverse-transcribed into first-strand cDNA with a High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, Carlsbad, CA, USA). The expression of the target gene was evaluated by qRT-PCR
on Analytikjena qTOWER3G using specific primers. Primers used were as follows: GAPDH forward:
(CAGCCTCAAGATCATCAGCA) and reverse: (TGTGGTCATGAGTCCTTCCA); α9-nAChR forward:
(TGGCACGATGCCTATCTCAC) and reverse: (TGATCAGCCCATCATACCGC), α3 nAChR forward:
(AACGTGTCTGACCCAGTCATCAT) and reverse: (AGGGGTTCCATTTCAGCTTGTAG); β4-nAChR
forward: (TCACAGCTCATCTCCATCAAGCT) and reverse: (CCTGTTTCAGCCAGACATTGGT).
The relative expression level of α9, α3 and β4- nAChR mRNAs were determined by the comparative
Ct (2−��Ct) method.

4.8. Protein Extraction and Western Blot Analysis

The cultured cells were washed with cold phosphate buffer saline (PBS) three times and harvested
using a cell lysis buffer containing protease inhibitors PMSF (Solarbio Life Sciences, Beijing, CHN).
Equal amounts of protein from control and treated cell lysates were separated using a 12.5% sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) gel under reducing conditions and
transferred onto polyvinylidene fluoride (PVDF) membranes (Solarbio Life Sciences, Beijing, China),
which were subsequently probed with primary antibodies (AChRα9, Santa Cruz, sc-293282, CA,
USA). In all Western blots, membranes were additionally probed with an antibody for GAPDH
(Santa Cruz, sc-47724, CA, USA) to ensure equal loading of protein between samples. Horseradish
peroxidase-conjugated secondary antibodies (m-IgGκ BP-HRP, Santa Cruz, sc-516102, CA, USA) were
used with enhanced chemoluminescence reagent (Biosharp, Guangzhou, China) to visualize the protein
bands. Images of the films were captured using the Alpha FluorChem E (ProteinSimple, CA, USA).

4.9. Statistical Analysis

Three to five independent repeats were conducted for all experiments. Error bars represent these
repeats. Statistical comparisons between groups were performed using ANOVA (Prism GraphPad
Software and SPSS 17.0). A Student’s t-test was used and a p-value < 0.05 was considered significant.
Analysis was performed with the SPSS software package (version Version 17.0).

5. Conclusions

In this study, the anti-proliferative activity of GeXIVA on breast cancer cells was confirmed in vitro,
which deserves further study as a potential agent for anti-cancer therapy. Our results demonstrated
that α9-nAChR played a key role in breast cancer cells, which was differentially over-expressed in
breast cancer cell lines than in normal cells. As an antagonist of α9-nAChR, αO-conotoxin GeXIVA
induced cell apoptosis and inhibited the proliferation of breast cancer MDA-MB-157 cells. On the other
hand, we found that the proliferation of breast cancer cells was blocked by GeXIVA through S-phase
cell cycle arrest. Moreover, GeXIVA induced a downregulation of α9-nAChR expression, and the
anti-tumor effect of GeXIVA was abolished by α9-nAChR silencing. These findings provide obvious
molecular evidence that GeXIVA is effective drug lead for targeting therapy of breast cancer, which can
inhibit the growth of breast cancer cells.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/4/195/s1,
Figure S1: The α9-nAChR CRISPR/Cas9 KO plasmid ad HDR plasmid co-transfected into MDA-MB-157 cell line
confirmed by detection of the red fluorescent protein (RFP) via fluorescent microscopy. Figure S2. Representative
histograms of cell distribution according to intensity of FITC-labeled antibody against the α9-nAChR for untreated
cells (left) and cells with the knocked out α9-nAChR expression by CRISPR/Cas9 (right).
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In 2019, the scientific and medical community celebrated the 50th anniversary of the introduction
of the very first marine-derived drug, Cytarabine, into clinics. Cytarabine (aka Ara-C, Cytosar-U®)
was first isolated from a marine sponge and is known to kill cancer cells by blocking DNA polymerase
function [1]. In 1969, the FDA approved the drug for the treatment of leukemia. This marine drug,
which still belongs to the mainstay of leukemia therapy, and by now has probably saved many
thousands of lives, made its way into clinics in less than 20 years after the original prototype molecules,
namely spongothymidine and spongouridine, were reported by Bergmann and Feeney in 1951 [2].
Some years later, in 1976, another marine drug, Vidarabine (Ara-A, Vira-A®), was approved for the
treatment of Herpes simplex virus. However, after that, the clinical development of marine-derived
drugs was less successful [1], and for another almost 40 years, no other compounds were approved
by drug authorities. Moreover, the rapid development of methods of high-throughput screening,
and especially computational approaches to rational drug design, made some scientists believe that the
search for new bioactive molecules from natural sources was an activity of the past. Thus, by the end of
the last century, a part of the scientific community was rather skeptic on whether new natural products
and, in particular, marine natural products, still harbored the potential to make new drugs. However,
having passed this transition period, the situation has definitely changed, and at the beginning of
the 21st century, marine drugs entered a time of renaissance [3,4]. Nowadays, while many terrestrial
animals and plants are already well investigated, marine inhabitants have become the main source of
new chemical compounds. Moreover, due to the specific (and often extreme) environmental conditions,
marine inhabitants often possess particular biochemistry which results in unique secondary metabolites.
These organisms are mainly produced by marine invertebrates like sponges and tunicates (Ascidia),
and marine fungi and bacteria, the latter often being the true producers of small bioactive molecules
of interest.

Currently, the potential for marine natural products as drug candidates has been recognized all
over the world, and the field is constantly growing and developing. Additionally, the development
of new chemical and physicochemical approaches and tools has led to the isolation and structure
elucidation of novel minor marine secondary metabolites, which could not be isolated/detected in the
past. The number of structures isolated each year has almost doubled over the past 20 years. This is
illustrated by the fact that according to the report of John Faulkner, 869 new structures were isolated
from marine organisms during the year 2000 [5]. A decade later, in 2010, the number had risen to 1003
substances per year, as reported by John Blunt et al. [6], and a very recent report by Anthony Carroll et
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al. described 1490 new molecules isolated in the year 2017 [7]. Moreover, the development of new and
improved organic synthesis methods made possible the synthesis of promising active compounds in
the amounts required for further preclinical and clinical studies.

Tremendous progress in the clinical development of marine-derived drugs has been achieved over
the past 20 years. For example, during this period, six out of nine currently used drugs of marine origin
have been approved by their corresponding authorities [8]. Focusing specifically on anti-cancer drugs,
two more antineoplastic agents, Plitidepsin [9] and Polatuzumab vedotin [10], have been approved
since we reviewed this topic in 2017 [11]. Hence, the full list of the marine-derived drugs used for
cancer treatment at the end of 2019 included:

(1) Spongian nucleoside Cytarabine (Ara-C, Cytosar-U® (Pfizer), see above);
(2) Spongian macrolide Eribulin mesylate (E7389, Halaven® (Eisai Inc.), first approved in 2010 for

the treatment of metastatic breast cancer; mechanism of action—irreversible mitotic blockade);
(3) Brentuximab vedotin—an antibody-drug conjugate (ADC) of the CD30-specific monoclonal

antibody brentuximab with the antimitotically active monomethyl auristatin E (MMAE), which is
a synthetic analog of dolastatin-10, produced by cyanobacteria symbiotic to sea hare Dolabella
auricularia (SGN-35, Adcetris® (Seattle Genetics), which was first approved in 2011 for the treatment
of anaplastic large T-cell systemic malignant lymphomas, and Hodgkin’s lymphomas; mechanism
of action—binding to CD30 (antibody) and inhibition of tubulin polymerization (MMAE));

(4) Ascidian alkaloid Trabectidine (ET-743, Yondelis® (PharmaMar), first approved in 2015 for the
treatment of soft tissue sarcoma and ovarian cancer, mechanism of action—binding to the minor
groove of DNA);

(5) The ascidian depsipeptide Plitidepsin (dehydrodidemnin B, Aplidin® (PharmaMar),
first approved in 2018 for the treatment of leukemia, lymphoma, and multiple myeloma,
mechanism of action—induction of oxidative stress, binding to eEF1A2). Note: Aplidin® is
currently approved by the Australian Regulatory Agency for use in Australia only;

(6) Polatuzumab vedotin—another antibody-drug conjugate which consists of a CD76b-targeting
antibody and MMAE (DCDS-4501A, PolivyTM (Genetech, Roche), and was first approved in 2019
for the treatment of chronic lymphocytic leukemia, B-cell lymphomas, non-Hodgkin lymphomas,
mechanism of action—binding to CD76b (antibody) and inhibition of tubulin polymerization
(MMAE)).

By the end of 2019, there were an additional 28 drug candidates in different stages of clinical
trials. The majority of them (24 substances, 85%) are undergoing clinical trials as anti-cancer
drugs. Interestingly, 20 out of 24 molecules (83%) are antibody-drug conjugates (ADC) and therefore
consist of a small cytotoxic “warhead” molecule and a specific antibody targeting different cellular
membrane proteins.

Currently, five compounds are undergoing testing in phase III clinical trials and are at the
final step before approval can be obtained. Apart from the well-known Tetrodotoxin (HalneuronTM,
Wex Pharmaceutical Inc.), which is being developed as a painkiller for chronic, severe to moderate
cancer-related pain, the other four candidates are all investigated as potential chemotherapeutic agents.
In more detail, these substances are the nectin-4 targeting ADC Enfortumab Vedotin (ASG-22ME,
Seattle Genetics) which is being tested in several urogenital tumors; the synthetic analog of the fungian
diketopiperazine Plinabulin (NPI-2358, BeyondSpring Pharmaceuticals Inc.), which is able to inhibit
tubulin polymerization and is tested in brain tumors and non-small cell lung cancer (NSCLC); the DNA
minor groove binder Lurbinectedin (PM01183, Zepsyre®, Pharmamar), a synthetic analog of trabectedin
which currently is tested in small cell lung cancer (SCLC), ovarian and breast cancers; and the bacterial
proteasome inhibitorβ-lactone-γ-lactam Marizomib (NPI-0052, Salinosporamide A, Triphase), which has
been examined in melanomas, lymphomas, NSCLC, pancreatic cancers, as well as multiple myelomas.

On the other hand, most of the molecules undergoing phase I and phase II trials are monomethyl
auristatin E or F (MMAE or MMAF) conjugates with different antibodies [8]. It seems a safe bet
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that we may expect several MMAE/MMAF based drugs to make it into clinics in the next decade.
Excitingly, there are around 2000 marine-derived molecules that show interesting in vivo biological
activity, and more than 10,000 compounds isolated from marine organisms for which in vitro activity
has been described [12].

Drug development is a very dynamic field, as new and old drug candidates regularly enter phase
I trials for different cancers, go on to the next trial phases, or fail. Therefore, this information should
be regularly revised. For those who are interested in the most up-to-date status of different drug
candidates, we recommend visiting the Marine Pharmacology web-site (https://www.midwestern.edu/
departments/marinepharmacology.xml) ran and regularly updated by former Editor-in-Chief of Marine
drugs Prof. Alejandro M. S. Mayer (Midwestern University, IL, USA), and his team. Vital information
can also be obtained from www.clinicaltrials.gov, www.accessdata.fda.gov, or directly from the
web-pages of pharmaceutical companies involved in marine drug development.

The main obstacle for novel marine-derived molecules on their way to becoming clinically useful
drugs (i.e., anti-cancer drugs) is the generation of larger amounts of the active substance. At the
beginning of the era of clinical use of marine drugs, naturally harvested or maricultured organisms
were used as the main source of an active compound. As an example, the first hundreds of milligrams
of halichondrin B and trabectedin were produced from marine invertebrates cultured in marine farms
by the US National Cancer Institute [13], and PharmaMar [14], without which preclinical and clinical
trials and further development of the meanwhile approved drugs Halaven® and Yondelis® would not
have been possible. Nowadays, interesting compounds are largely produced by chemical synthesis or
by modifying natural compounds that are mass-produced by microorganisms, either in wild-type or
genetically modified cultures. However, macromolecules, such as marine polysaccharides and their
derivatives (mainly used as food, as food additives, or in the cosmetic industry), are isolated and
purified from natural sources like marine alga. There are some exceptions to this rule, e.g., several
small molecules possessing anti-cancer activity isolated directly from the sponge Aplysina aerophoba
marketed by BromMarin [15].

Marine Drugs (ISSN 1660-3397) is a leading journal on the research, development, and production
of biologically and therapeutically active compounds from the sea. To document the dynamic
field of marine anti-cancer pharmacology, the Topical Collection “Marine Compounds and Cancer”
(http://www.mdpi.com/journal/marinedrugs/special_issues/marine-compounds-cancer) was started
three years ago [11]. This Topical Collection covers the whole scope from agents with cancer-preventive
activity to novel and previously characterized compounds with anti-cancer activity, both in vitro and
in vivo, and the latest status of clinical development from drug trials. Of note, compounds possessing
pro-carcinogenic activity or mediating cancer cell survival are also within the scope of the collection.
Owing to the importance of trial execution, special attention is given to current shortfalls and possible
strategies to overcome obstacles in the area of marine anti-cancer drug development.

These are exciting times for scientists and physicians involved in the investigation and development
of marine drugs! We invite the authors to share with us and all our readers your latest and
forward-looking discoveries!

Dr. Sergey A. Dyshlovoy and Dr. Friedemann Honecker, Guest Editors, Topical collection “Marine
Compounds and Cancer”.
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Abstract: In this paper, the chemical conjugation of marine natural products with other bioactive
molecules for developing an advanced anti-cancer agent is described. Structural complexity and
the extraordinary biological features of marine natural products have led to tremendous research in
isolation, structural elucidation, synthesis, and pharmacological evaluation. In addition, this basic
scientific achievement has made it possible to hybridize two or more biologically important skeletons
into a single compound. The hybridization strategy has been used to identify further opportunities
to overcome certain limitations, such as structural complexity, scarcity problems, poor solubility,
severe toxicity, and weak potency of marine natural products for advanced development in drug
discovery. Further, well-designed marine chimera molecules can function as a platform for target
discovery or degradation. In this review, the design, synthesis, and biological evaluation of recent
marine chimera molecules are presented.

Keywords: chimera; chemical conjugation; marine natural products; anticancer agent; hybridization

1. Introduction

The struggle for existence in a natural environment occasionally makes a species develop its
own unique weapons such as speed, power, or even toxins. As these toxins possess biologically
potent activity and unique modes of actions, these natural products have been regarded as a robust
platform for further medicinal research [1,2]. Thus far, marine natural products have been particularly
highlighted for their extraordinary bioactivity under highly diluted conditions [3–5]. Therefore, it is
plausible to utilize marine natural products as a hit or lead compound in drug discovery and its further
development [6,7].

Although marine natural products could have the powerful potential for drug discovery, there are
also a few obstacles associated with them. First, it is rather difficult to secure a sufficient amount of
these products for further study [8]. In most cases, the medicinal study of natural products requires
a substantial number of test samples for elucidation of target protein/receptor and following signaling
pathway. However, harsh conditions, difficulty in access, and scarcity of the target organism are
hindrances to large scalable synthesis of important marine natural products, such as spongistatin 1
(13.8 mg from 400 kg of marine sponge) [9], phorboxazole A (95 mg from 236 g of Phorbas sp.) [10],
discodermolide (7 mg from 434 g of Discodermia dissoluta) [11], bryostatin 1 (0.9~1.8 g from 10,000
gallons of Bugula neritina), [12,13] etc. The unmet needs from natural resources occasionally leads to
samples being obtained via chemical synthesis, and it usually remains difficult to satisfy substantial
supply requirements [14–16] (Figure 1).
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Figure 1. Structure of certain bioactive marine natural products.

Second, structural complexity is another hurdle. The highly complex structure of marine natural
products frequently makes it very difficult to modify or synthesize them on a large scale [17,18].
In order to improve the biological activity of these products, both chemical modification and
related structure-activity relationship (SAR) study of marine natural products are necessary [19].
However, their highly complex structure hampers efficient modifications and any subsequent systematic
research [20]. In order to address this structural complexity, a more simplified analog of marine natural
products can be a breakthrough in drug discovery, as evident in the case of halichondrin B [21] and its
simplified analog eribulin [22] (Figure 2). Although halichondrin B possesses extraordinary cytotoxicity
against B-16 melanoma cells (IC50 0.093 ng/mL) and other tumor cell lines, its structure is too complex
to be an advanced drug or drug candidate for related cancer therapy. Consequently, the truncated
ketone analog eribulin of halichondrin B was developed through an entirely synthetic approach [23]
and approved for treatment of metastatic breast cancer as a mesylate salt.

 
Figure 2. Halichondrin B [21] and its synthetic analog eribulin [22].

The third hurdle is biological activity and its selectivity. Since marine natural products are
derived from marine organisms and not humans, their application to the human body may trigger
undesired biological processes [24]. In order to solve this selectivity issue, various analogs are made
and tested [25,26]. In addition, systematic study for mechanism of action or ligand-target binding
usually follows valuable analogs [27]. Nonetheless, marine natural products continue to serve as
a versatile starting point for drug discovery because of their unique structural framework and biological
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activity. Simultaneously, the strategy for the efficient modification of this complex molecule has also
been evolving.

Molecular hybridization can be a good strategy for advanced marine natural products [28–31].
Certain drawbacks of marine natural products such as structural complexity or non-selective biological
activities were overcome through a combination with other bioactive molecules. This combination
strategy was evolved to develop chimera molecules, pursuing not merely a synergistic sequence
but a systematically operating biological sequence. For example, the hybridization of a ligand and
ubiquitin recruiting probe enables the degradation of target biomolecules via cellular sequence, such as
ubiquitination and following the proteasome pathway. This proteolysis targeting chimera (PROTAC)
approach showcases a well-designed chimera strategy from natural products [32–37]. (Figure 3)
In addition, biotinylation of active ligand provides affinity column chromatography to enable target
protein isolation [38]. In addition to these strategies, an improvement of basic activity can be anticipated.
In this regard, advanced chimeric molecules from marine natural products with anticancer activity is
reviewed here.

 

Figure 3. Comparison of the combination and chimera strategies.

2. Results

2.1. Conjugation with Other Active Molecules

The macrosphelide (MS) family [39], comprising 13 natural isomers, are 15- or 16-membered
macrolide antitumor agents. They are derived from marine sponge Periconia byssoides [40] (MSC 1,
MSE-H, and MSL) and soil fungi Microsphaeropsis sp. FO-5050 [41] (MSA-D, MSJ, and MSK) and show
cell adhesion inhibitory activity or immunosuppressive activity [42]. In addition, a derivatization
of macrosphelide skeleton based on MSA 2 or MSE 3 enables the activation of apoptosis in
human lymphoma U937 cells, although their activity is slightly weak [43]. In order to increase
this apoptosis-inducing activity in cancer cells, preparation of a chimera compound with another
16-membered anticancer agent, epothilone 4—which shows not only tubulin-disrupting profiles
and anticancer activity, similar to the paclitaxel, but also an apoptosis-inducing property in cancer
cells to inhibit tumor cell growth—was pursued [44]. Based on their similar structural features and
biological properties, hybridization of MS and epothilone 4 was performed, pursuing an advanced
anticancer agent.

Scheme 1 illustrates the synthetic plan of the MS-epothilone chimera. Known intermediate 5 [45]

for total synthesis of epothilone was prepared and linked to fragments 6, 7, [42] and 8 of MS via iterative
esterification and deprotection of secondary alcohol moiety. For an elucidation of the structure-activity
relationship, a thiazole side chain of epothilone was introduced in each CH3 group in the MS skeleton
to provide the desired MS-epothilone chimera 9–11.
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Scheme 1. Hybridization of macrosphelide (MS) skeleton and epothilone side chain [44].

Screening of chimeras 9–11 exhibited an increase in their desired potencies, which is attributed
to this hybridization strategy. In particular, chimera 9 showed more potent apoptosis-inducing
activity in the U937 cell line as compared to other analogs or parent compounds MSA 2 or MSE
3. It is noteworthy that other chimeras also showed an increased apoptotic property, while parent
MSA 2 or MSE 3 did not have the same activity at the same concentration (1 μM, 12 h incubation).
Further, successful hybridization of MS with epothilone 4 presents that the chimeric molecule strategy
can be a powerful solution to the limitation of marine natural products themselves.

The complex structure of marine products can hamper efficient design or synthesis of advanced
chimera molecules. In such cases, in silico study may offer another solution. Discodermolide 12,
a marine polyketide product from Discodermia dissolute, possesses potent antiproliferative activity
against various human cancer cell lines [11]. Mechanically, it stabilizes microtubules and finally
arrests cells in the mitosis status, just as paclitaxel does [46]. However, unlike paclitaxel 13, a previous
SAR and docking study of discodermolide at the paclitaxel binding site of tubulin revealed that free
carbamate of discodermolide could be modified [47]. Based on the following study, conjugated diene
in discodermolide resides in an aromatic pocket of tubulin. Moreover, the attachment of a simple
aromatic group did not decrease its own anticancer activity. With this early study, the introduction of
an aromatic side chain to discodermolide was pursued [47]. Synthetic intermediate 14 was coupled
with various amine side chains, such as 15 with photolabile functionality, to finally produce carbamate
16 in good yield (Scheme 2). It was gratifying to note that the biological evaluation of this hybrid 16

showed an improved antiproliferative profile against human cancer cell lines. When it was treated
to the lung cancer cell line A549, inhibition of cell growth at IC50 1.21 ± 0.35 nM was demonstrated,
while discodermolide 12 showed a value of IC50 9.34 ± 0.56 nM (paclitaxel IC50 3.14 ± 0.09 nM).
This pharmacological advance implies that the hybridization strategy based on the docking study
could be another option for structurally complex molecules.
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Scheme 2. Hybridization of discodermolide 12 with side chain moiety of paclitaxel 13 [47].

Further, hybridization of discodermolide 12 and dictyostatin 17 was also performed based on
their similar structural features and anticancer activities, as depicted in Scheme 3 [48]. Dictyostatin 17

is a 22-membered macrolide natural product from the Indian [49] or Caribbean ocean sponge [50].
Dictyostatin has also garnered substantial attention due to its extraordinary antiproliferative effect
(ED50 0.38 nM for P388 leukemia cell) [51]. A comparison of discodermolide and dictyostatin makes
it plausible to say that they have similar backbones and substituents, except for the 22-membered
lactone of dictyostatin. Based on this observation, hybridization of these two powerful anticancer
natural products was performed [48]. During the synthesis and SAR study of discodermoilde 12,
a practical synthetic route to it was developed and applied to chimera preparation. Para-methoxybenzyl
(PMP)-acetal 18 was coupled with aldehyde 19 using Wittig olefination to construct pivotal Z-alkene
of target chimera. After some functional group interconversion and another Wittig olefination with
diene 20, discodermolide-dictyostatin chimera 21 was efficiently prepared. In addition, the biological
activity of the chimera was also examined. Although chimera 21 possesses a relatively simple structure
compared to discodermolide 12, it displayed one-third the potency of discodermolide in a displacement
test using [3H]-paclitaxel bound to microtubules. This simplified structure with moderate activity
might open new possibilities for further development of related natural products.

Scheme 3. Structural comparison and hybridization of discodermolide 12 with dictyostatin 17 [48].

117



Mar. Drugs 2019, 17, 500

Since great cytotoxicity for solid tumors was observed using Psammocinia extracts from the waters
of Papua New Guinea [52], significant effort has been made to isolate active ingredients produced
from moderated cytotoxic marine natural products, such as cyclocinamide A [53], swinholide A [54],
and furanosesterpenes [55]. However, these compounds did not explain the extraordinary cytotoxic
properties of crude extract. The active ingredient was re-examined only in the early 2000s.
Finally, highly anti-proliferative marine natural product psymberin 22 was isolated [52,56], but its
absolute configuration and C4-stereochemistry were not confirmed. An additional research program
elucidated its mysterious structure through total synthesis by the De Brabander group [57].

After confirmation of the correct structure, psymberin 22 was compared to classic natural
compounds pederin 23 from rove beetles or mycalamide A 24 from marine invertibrates [58].
Although their structure possesses unique aminal-amide and trans-substituted tetrahydropyran
skeletons, psymberin 22 has a characteristic dihydroisocoumarin moiety, while pederin/mycalamide
A has another tetrahydropyran with the exomethylene group. As pederin/mycalamide A has
been well reported as a powerful anticancer natural product based on eukaryotic protein synthesis
inhibitors [52,56], a similar skeleton with a different side chain inspired the hybridization of the two
natural products. It was anticipated that applying well-known biological properties of pederin to the
psymberin-based would lead discovery [59] (Scheme 4).

 
Scheme 4. Hybridization of psymberin 22 with pederin 23 [59].

Bishomoallylic alcohol 25, a synthetic intermediate for total synthesis of psymberin [57],
was transformed into tetrahydropyranyl amide 26 in eight steps, with a 29% yield. It lacks a unique
dihydroisocoumarin chain in psymberin, while it possesses a dimethoxy group in pederin. In order
to introduce a side chain of psymberin, acyl halide 27 was attached and reduced with NaBH4.
Final deprotection using LiOH/MeOH condition afforded separable C8-diastereomeric mixture of
28 and 29. These two psymberin-pederin chimeras were used to unveil the SAR of this natural
product family. It is interesting to note that the absence of dihydroisocoumarin moiety gave rise
to a significant loss of psymberin’s own cytotoxic property, while C8-epimer of the natural product
caused a slight loss of this property. When they were treated to colon cancer cell line KM12, psymberin
25 or its C8-epimer showed a powerful or moderate toxicity (IC50 0.45 nM and 37 nM, respectively).
However, its truncated analog 28 or C8-epi analog 29 showed little or no toxicity to the same cell line
(IC50 710 nM and >1000 nM, respectively). These chimeras could be compared to pederin/mycalamide
A as well. With a substituted tetrahydropyranyl side chain, which is rather common in natural pederin
isomers, mycalamide A showed potent cytotoxicity (IC50 0.95 nM) as well. It was proven that the
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common substituted side chain, or dihydroisocoumarin unit, plays a pivotal role in its own anticancer
activity, employing a direct comparison of mother natural products and daughter chimeras. This case
is a good indication of the effectiveness of a chimera strategy for drug development.

Topsentin 30 is a bisindolyl marine alkaloid isolated from several marine sponges in Mediterranean
Topsentia genitrix or Korean Spongosorites sp [60]. As this alkaloid exhibits excellent cytotoxicity to
cancer cells and features a rather simple structure when compared to the other active marine natural
products [61], numerous researchers have attempted to develop more potent and drug-like analogs [62].
One of the indole side chains in topsentin was changed to an aminothiazole unit, as a thiadiazole
in dendrodoine 31, another marine alkaloid from Dendroda grossular [63]. With the first chimera
diaminoindolylthiazole (DIT) 32 in hand, additional hybridization with curcumin 33 was performed to
yield diaminocinnamoylthiazole (DCT) 34 and its analogs [64] (Scheme 5). Moreover, DITs and DCTs
were screened to the cancer cell line. It is interesting that DITs are very effective in the induction of
apoptosis in HeLa cells (IC50 1~45 μM), while DCTs play an active role in downregulating TNF-induced
NF-κB activation. This research indicates that the hybridization of a simple functional group may also
offer an opportunity to improve biological activity.

Scheme 5. Hybridization from topsentin 30, dendrodoine 31, and curcumin 1 33 [64].

Neopeltolide 35 is another example of the chimera strategy of marine natural products. Since its
isolation from marine sponge Daedalopelta Sollas in 2007 [65], urgent synthetic efforts were made to
elucidate its correct structure [66]. As this marine macrolide showed various cytotoxic or cytostatic
activity for numerous cancer cell lines, substantial research was conducted, including asymmetric
synthesis, mechanism study, and analog synthesis. In addition, its antifungal activity was also focused
upon. Contrary to its varied anticancer activity, its inhibitory activity to Candida albicans was highly
potent at the minimum inhibitory concentration (MIC) 0.625 μg/mL [67]. This antifungal inhibition
could be used for patients infected with the acquired immune deficiency syndrome (AIDS) or related
fungal diseases. Further, the mechanism of action of neopeltolide was also studied to reveal that the
agent works as the cytochrome bc1 complex inhibitor and inhibits the adenosine triphosphate (ATP)
synthesis in mitochondria [68].

Although systemic research on neopeltolide was undertaken, its application in drug discovery
was hampered by its complex structure. Neopeltolide 35 features a cis-substituted tetrahydropyran
skeleton with an ansacyclic macrolactone framework. This formidable structure made it difficult to
prepare neopeltolide on a large scale or related analogs in a varied manner. An interesting strategy was
the chimeric application of neopeltolide with biaryl ether active molecules [69]. An SAR study reported
that the oxazolyl carbamate skeleton plays an important role in its activity profile, while a complex
macrolide skeleton has little effect on it [70]. Instead of this complex and less important left chain
in neopeltolide, simple biaryl moiety was inspired by other similar fungicide metominostrobin 36,
famoxadone 37, or other biaryl ethers, as illustrated in Scheme 6 [71].
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Scheme 6. Hybridization from neopeltolide and biaryl ether hybrid [71].

Methyl propargyl carbamate 38 was converted into oxazolyl ester 39 in four steps and with high
yield. Ester 39 was hydrolyzed and esterified with various primary alcohol 40 with biaryl moiety.
Among synthesized chimeras, naphthyl benzyl ether 41 showed the most potent inhibitory activity
(IC50 12 nM) for porcine succinate cytochrome c reductase (SCR). As this chimera simplified its mother
structure, additional development for improved antifungal agent was expected.

Figure 4 presents the hybridization of iejimalide and archazolid skeletons [72]. Iejimalide B
42 and its family compounds were isolated from Eudistoma cf. rigida or Cystodytes sp., which were
collected from an island in Japan [73]. Due to its remarkable anticancer activity and selectivity to NCI
60 cell lines, this polyunsaturated macrolide has been focused upon for its promising role in drug
discovery [74]. However, its scarcity in natural resources led to not only total synthesis [75,76] but
also structural simplification based on a hybridization strategy [72]. Archazolid A 43, isolated from
terrestrial myxobacteria [77], possesses a very similar structure as that of iejimalide B 42; however,
archazolid A 43 features a relatively simple side chain with thiazole and methyl carbamate moiety.
In addition, because archazolid 43 showed potent inhibitory activity to vacuolar-type ATPases as
well [77], iejimalide-archazolid chimera 44 was designed and synthesized.

 
Figure 4. Design of iejimalide B and archazolid chimeras [72].

Dibromothiazole 45 was converted to vinyliodide 46 using a 10-step sequence containing the
Corey-Bakshi-Shibata (CBS) reduction [78], Marshall alkylation [79], and lithium-halogen exchange
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reactions as shown in Scheme 7. It was coupled with known catechol borane [76] 47, using the Suzuki
coupling condition [80] to afford tetraene 48. Finally, the esterification of tetraene 48 with known
carboxylic acid [76] 49 and ring closing metathesis [81] produced the desired chimera 44 in good yield.
Biological evaluation of chimera 44 against various cancer cell lines was performed and it was proven
that this hybridization yielded reduced toxicity to cancer cell lines, although certain cell lines such as
lung adeno (LXFA 629L, IC50 0.32 μM) or colorectal (CSF HT29, IC50 0.49 μM)) were slightly sensitive
to chimera 44.

Scheme 7. Synthesis of iejimalide-archazolid chimera 44 [72].

2.2. Conjugation with Other Functional Compounds

For drug discovery and sequential development, marine natural products require more detailed
studies, such as on-target protein isolation. The chemical conjugation of marine natural products
with other functional compounds provides special opportunities in this regard. Biotin is a good
example. Biotin, well known for its strong interaction with streptavidin [82–84], can be utilized
to identify the target protein of natural products [85–88]. As this hybridization strategy may lead
to the loss of its own binding affinity to natural products, it usually requires preliminary study to
identify where to ligate biotin and what to use as a linker between biotin and the natural product.
This pre-research requires additional efforts, thereby making it difficult to apply this method to
a general natural product. However, in certain cases, well-designed chimeras showcase the usefulness
of this hybridization protocol.

Bistramide A 52, isolated from marine metabolite of Lissoclinum bistratum [89–91], is a good
example of this hybridization. As the bistramide family has shown potent cytotoxic properties on
various cancer cell lines, such as non-small cell broncho-pulmonary carcinoma or HL60 cells as well as
unique spiroketal skeleton [92], this marine product has been a captivating target for synthetic chemists.
After pioneering research on structural elucidation and synthesis of skeletons or other isomers [93],
enantioselective total synthesis of bistramide A was accomplished in 2004 [94]. This synthetic
route features iterative cross metathesis of terminal alkenes 53 and 55 with the geometrically strained
cyclopropene 54 [95] in the presence of Grubbs second-generation catalyst 55 to construct bisunsaturated
ketone 56. The treatment of H2 with Pd(OH)2/C to this ketone induced hydrogenation/hydrogenolysis
and spontaneous cyclization to afford the desired spiroketal 57 in 53% yield after the Dess–Martin
oxidation sequence. Ketal 57 was converted to bistramide A 52 after employing amidation with other
building blocks in six linear steps. This efficient and convergent synthesis made it possible to not only
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elucidate the C37 chiral center [96] but also provide further opportunity for hybridization with other
active molecules (Scheme 8).

 

Scheme 8. Total synthesis of bistramide A 52 [94].

Although potent and active, bistramide A 52 has been reported since its first isolation [97]; its
mechanism of action was unknown until the preparation of bistramide-biotin chimera, as illustrated in
Scheme 8 [98]. Its protein kinase C(PKC) δ inhibitory features caused PKCδ to be a cellular target in
HL-60 cells. However, an in vitro study with real-time fluorogenic kinase assay system [99] revealed
that bistramide A did not have strong affinity to PKCδ as its inhibitory activity. In order to identify
an early-stage target, target protein fishing was planned. Based on the synthetic strategy previously
described [94], homologation with carbon linker and final attachment of biotin was accomplished in
order to produce desired chimera 58 as well as fragment-biotin chimera 59 for a controlled experiment
(Figure 5). The treatment of these two chimeras into whole-cell lysate from A549 cell revealed direct
binding of monomeric G-actin (Kd 7nM) as a primary target protein. Using this target fishing study
with biotin-chimera enabled the study of a more detailed mechanism of action.

 
Figure 5. Biotin chimera based on bistramide A [98].

Aplyronine A 60, isolated from Japanese sea hare Aplysia kurodai [100], is another case for the
conjugation of marine natural product with biotin to identify the interaction of actin. While bistramide A
52 binds to actin, aplyronine A binds to the actin/tubulin complex, which is a 1:1:1 trimeric complex [101].
The Kigoshi group treated aplyronine A with aqueous HCl to produce the corresponding aldehyde,
which was condensed with hydroxylamine 61 to form an oxime bond as an inseparable mixture of
aplyronine-biotin-diazine chimera 62 (Scheme 9). When it was treated to HeLa S3 cells, α/β tubulins
appeared in SDS-PAGE with some other nonspecific binding proteins. In order to validate this Western
blot result, purified actin (from rabbit) or tubulin (from porcine brain) was treated with chimera
62. This validation study examined that unusual aplyronine/actin/tubulin heterotrimeric complex is
responsible for its extraordinary antitumor effect through cell arrest at mitosis in HeLa S3 cells (IC50

0.45 nM) [102].
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Scheme 9. Preparation of aplyronine-biotin-diazine chimera 62 [101].

Diazonamide A 63 is a marine natural product from Diazona chinensis, located on the ceilings of
small caves on the Siquijor Islands in the Philippines [103]. Despite its scarcity in natural sources (54 mg
from 256 g of D. chinensis), its extraordinary antimitotic property in human colon carcinoma and murine
melanoma cancer cell lines has garnered substantial interest from chemists and biologists [104–106].
This tremendous study led to structural elucidation, efficient chemical synthesis, and related analog
preparation. Its target protein study is interesting. When diazonamide (syndistatin 64)-biotin chimera
65 was prepared and treated with HeLa extract, two additional bands of an affinity matrix were
observed on an SDS/PAGE compared to those in the control experiment. Mass identification indicated
that these two bands were ornithine δ-amino transferase, although why the matrix separates is
unknown [107]. As ornithine δ-amino transferase is well known as a mitochondrial enzyme in the TCA
cycle [108], it was slightly surprising. However, further study using the RNAi-mediated knockdown
method and additional investigation proved that ornithine δ-amino transferase is essential for mitotic
cell division. Thus, target protein and its corresponding pathways of diazonamide were unveiled to
lead to the discovery of advanced diazonamide analog DZ2384 66 [109]. This process shows a 5–50
times higher efficacy without neurotoxicity at an effective dose (Figure 6).
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Figure 6. Preparation of biotinylated diazonamide and its advanced analog DZ2384 66 [107].

Further, macrosphelide (MS) skeleton was also utilized in this chimeric research, as depicted in
Scheme 10 [110]. Although it has a structural framework and biological profiles, its mechanism of
action is not well studied in the MS family. In order to identify the target protein of MSA 2 and elucidate
the following pathway, MSA-biotin hybridization was planned. The protected Weinreb-amide of
(S)-lactic acid 67 [111] was transformed into allylic alcohol 68 using a three-step protocol—alkylnylatoin,
carbonyl reduction, and alkyne reduction—in 42% yield. This key intermediate 68 in hand, allylation,
iterative esterification, and deprotection sequence finally afforded allyl-MSA 69 in 7.6% yield and
13 steps. Biotin was linked to allyl-MSA 69 after additional manipulation. For efficient target fishing,
a long carbon chain was selected as a linker. Terminal alkene in allyl-MSA was utilized in cross
metathesis to introduce a long carbon linker and protect the amine functional group in amino MSA
71. Finally, acidic deprotection and following amidation with biotin tag 73 produced the desired
MSA-biotin chimera 74. Target fishing studies, employing this chimera, on potent cell-cell adhesion
inhibitor are ongoing.

i

 
Scheme 10. Preparation of biotinylated marcosphelide chimera 74 [110].

The marine natural product-biotin chimera strategy was also applied to identify the target protein
of kahalalide F 75. Ever since the isolation of kahalalide F from marine mollusk, Elysia rufescens,
in 1993 [112], this polypeptide marine product has been used in clinical trials because of its powerful
anticancer activity and low cellular toxicity [113]. For advanced development, identification of the
target protein using biotinylation of kahalalide F was also attempted, as presented in Scheme 11.
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Kahalalide F was coupled with biotinylated linker 76 [114], prepared from biotin and tetraethyleneglycol,
under a weak basic condition to produce desired chimera 77 in 85% yield. When chimera 77 was
treated to T7 cDNA phage for reverse chemical proteomics, human ribosomal protein S25 was found
to be responsible for its potent anticancer property in a dose-dependent manner.

 
Scheme 11. Preparation of Kahalalide F-biotin chimera 77 [114].

Avrainvillamide is another good example of the biotin chimera strategy [115]. In order to unveil
the mysterious target protein of powerful avrainvillamide, isolated from Aspergillus sp. CNC358 [116],
a biotinylated natural product 79 was designed. Synthesis of chimera 79 is depicted in Scheme 12.
Iodoarene 80 [116] was stannylated to yield aromatic stannane 81 via metal/halogen exchange and
a substitution reaction. Then, stannane 81 was coupled with vinyl iodide 82 [117] to produce nitroarene
83, which was converted into biotinylated arene 85 employing cross metathesis with terminal alkene
84 [118]. Reductive cyclization of 85 and HPLC purification afforded the desired chimera 79 (1:1 mixture
of diastereomers at the C21 chiral center). Finally, Western blotting and MS/MS sequencing of these
chimera-treated T-47 D cells revealed that nucleophosmin was a target protein of avrainvillamide.
As nucleophosmin is a multifunctional protein in numerous tumors [119], a more detailed study was
subsequently conducted to disclose the mode of action of avrainvillamide and its related natural
product stephacidin [120].
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Scheme 12. Preparation of avrainvillamide-biotin chimera 79 [115].

The hybridization strategy was also utilized to identify the target protein of pateamine, which is
isolated from the New Zealand marine sponge [121]. As this marine natural product showed not
only remarkable cytotoxicity to tumor cell line P338 [121] but also extraordinary immunosuppressive
activity [122], target protein identification was pursued, as illustrated in Scheme 13 [123]. Primary iodide
88 [124] was alkylated with truncated pateamine 89 [123], which is more stable than pateamine 86.
Further, corresponding vinyl bromide 90 [124] was coupled with vinyl stannane 91 [122] to produce the
desired pateamine-biotin chimera 87 in moderate yield. The pull-down method of this affinity-matrix
87 showed that it bound to and inhibited the association of eIF4A and eIF4B, finally inhibiting the
cap-dependent eukaryotic translation sequence [124]. This fundamental study has also opened the
way for more detailed research and further applications of pateamine analogs [125].
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Scheme 13. Preparation of pateamine A-biotin chimera 87 [124].

3. Conclusions

As an endless resource of bioactive molecules, marine natural products stand a reliable chance in
the world of drug discovery. However, certain limitations of these products, such as complex structure,
toxicity, selectivity, and even potency have driven researchers to identify additional strategies for
these natural compounds. Chimeras yielded by the hybridization of two active molecules are one
such solution. Changing the active skeleton of the mother framework also added more opportunities,
but this process also comes with its own set of unique drawbacks, such as loss of function, scarcity of
supply, and complex structure for chemical modification. In order to overcome these limitations, SAR,
structural simplification, development of the synthetic route, and the medicinal chemistry approach
have been studied thus far. Based on this fundamental progress, currently, hybridization of active
natural products is being utilized to improve their own biological properties and elucidate veiled
mechanism of actions. The efficient application of this chimera strategy to other active molecules
remains a direction for groundbreaking research in the future.
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Abstract: Low molecular weight fucoidan extract (LMF), prepared by an abalone glycosidase digestion
of a crude fucoidan extracted from Cladosiphon novae-caledoniae Kylin, exhibits various biological
activities, including anticancer effect. Various cancers express programmed cell death-ligand 1
(PD-L1), which is known to play a significant role in evasion of the host immune surveillance system.
PD-L1 is also expressed in many types of normal cells for self-protection. Previous research has
revealed that selective inhibition of PD-L1 expressed in cancer cells is critical for successful cancer
eradication. In the present study, we analyzed whether LMF could regulate PD-L1 expression in
HT1080 fibrosarcoma cells. Our results demonstrated that LMF suppressed PD-L1/PD-L2 expression
and the growth of HT1080 cancer cells and had no effect on the growth of normal TIG-1 cells. Thus,
LMF differentially regulates PD-L1 expression in normal and cancer cells and could serve as an
alternative complementary agent for treatment of cancers with high PD-L1 expression.

Keywords: fucoidan; low molecular weight fucoidan extract; N-Ras; neuroblastoma-rat sarcoma;
Cancer; programmed cell death-ligand 1; programmed cell death-ligand 2; human sarcoma cell line
(HT1080 cells); human normal diploid fibroblast (TIG-1 cells)

1. Introduction

Various types of cancers evade T-cell responses and host immunity via adaptive negative regulators
or co-inhibitory (checkpoint) receptors, such as programmed cell death-1 (PD-1) and their respective
ligands, programmed cell death-ligand 1 (PD-L1 or B7-H1), programmed cell death-ligand 2 (PD-L2),
cytotoxic T-lymphocyte-associated antigen 4 (CTLA-4), and CD80 (B7.1) or CD86 (B7.2) [1,2]. These
regulators react with each other to form an elaborative defense system or host immunity to kill
pathogens and cancer cells. In order to acquire cytocidal function, a variety of immune cells, including
resting T cells expressing PD-1, must be activated by two stimulating signals from an antigen-presenting
cell (APC), as shown in Figure 1 [3–5]. In addition, resting T-cells express T-cell receptor (TCR) and
CD28 on their cell surface which interact with the antigen-specific signal presented on the major
histocompatibility complex (MHC) and CD80 (B7.1) or CD86 (B7.2) ligand expressed on the surface of
an APC, respectively. Interactions of these receptor-ligand pairs are referred to as the early stage of
T-cell activation [1,4]. The activated T-cells express CTLA-4, and as the binding affinity of CTLA-4 for
CD80/86 is 500- to 2500-fold greater than that for CD28, CTLA-4 (negative regulator) competes with
co-stimulatory CD28 signals to bind to CD80/86 [6,7].
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Conversely, the interaction of PD-1 expressed on the T-cell surface with its ligand PD-L1 or
PD-L2 on APC causes inhibition of T-cell activation, leading to reduced cell proliferation, and induces
T-cell cytolysis [6,8]. While a balanced PD-1/PD-L1 interaction is a prerequisite for maintaining the
normal T-cell response and assuring normal cell survival, overexpressed PD-L1 on cancer cells in
the tumor microenvironment react with the PD-1 expressed on T cells and induce T-cell apoptosis,
thereby facilitating tumor survival, progression, and evasion of the host tumor immune surveillance
system [4,7,9]. Moreover, higher PD-L1 expression in many tumors corresponds to enhanced immune
evasion thereby promoting tumor growth by suppressing the T-cell response [7,10–12]. Therefore,
considering the PD-1/PD-L1 axis, the selective inhibition of PD-L1 expressed on cancer cells is expected
to maintain the host defense system and consequently contribute towards cancer eradication.

 

Figure 1. Simplified image of T-cell activation and cancer cell lysis. Resting T-cells are activated
by the interaction of TCR:MHC and CD28:CD80 and CD86, leading to the expression of CTLA4.
CTLA4 preferentially reacts with CD80 and CD86 causing activated T-cell lysis. Although imbalanced
interaction of programmed cell death-1 (PD-1) on activated T-cell and programmed cell death-ligand 1
(PD-L1) on antigen-presenting cell (APC) causes T-cell lysis, such reaction between activated T-cells
and cancer cells expressing PD-L1 will lead to the survival of cancer cells and facilitate cancer cell
growth. Suppression of PD-L1 by low molecular weight fucoidan extract (LMF) leads to cancer cell
lysis. Adapted from [7,13].

PD-L1 expression is upregulated not only by some inflammatory cytokines (e.g., interferon-γ) but
also by oncogenic activation of signaling pathways [6,12]. In one of the two main oncogenic signaling
pathways, the extracellular epidermal growth factor (EGF) and TGF-α stimulate the EGF receptor
(EGFR) which in turn activates wild type rat sarcoma oncogene homolog (Ras) to activate the raf
pathway [14]. Moreover, in the second pathway, the constitutively active mutant Ras activates its
immediately downstream factors, including phosphatidylinositol 3-kinase (PI3K), Rac1, and Raf which
trigger a sequential activation of multiple downstream factors and eventually induce expressions of
many genes such as RhoA/B, EGFR, VEGF, and PD-L1 in cancer cells [2,6,15–17].

Other lines of evidence have shown constitutive activation of mutant N-ras allele encoded in a
human soft tissue sarcoma cell line, HT1080, which regulates Raf and RhoA pathways. Moreover,
Raf-activated MEK, an intermediary transducer, is essential in the Ras signaling pathway but not
in the PI3K/Akt pathway that includes nuclear factor-kappa B (NF-κB), resulting in the aggressive
tumorigenic phenotype in HT1080 cells [18,19]. These data suggest that the Raf regulated pathway
is closely associated with carcinogenesis, implying that this pathway regulates PD-L1 expression as
one of the terminal steps in HT1080 cells. However, these studies do not address the involvement of
Ras-regulated pathways in PD-L1 expression in HT1080 cells. As the PD-1/PD-L1 axis plays a major
role in human cancers for immune evasion [17], it might be extremely valuable to cancer patients if
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prospective agents such as fucoidan devoid of side effects are available to regulate PD-L1 expression
exclusively in cancer cells.

Fucoidan can be found mainly in various species of brown algae (brown seaweed) such as wakame
(Undaria pinnatifida), kombu (Saccharina japonica), mozuku (Cladosiphon okamuranus), hijiki (Sargassum
fusiforme), bladderwrack (Fucus vesiculosus), and hibamata (Fucus evanescens) [20,21]. Fucoidan is
fucose containing sulfated polysaccharides exhibiting complicated chemical structures due to various
combinations of fucose, uronic acids, galactose, and xylose. [22–24]. The structure of fucoidan from
Cladosiphon okamuranus belonging to Genus Cladosiphon had been determined partly using the nuclear
magnetic resonance (NMR) method [25] and we reported that this structure possess similar structural
features as the fucoidan from Cladosiphon novae-caledoniae Kylin. It has been noted that Quantitative
1H-NMR (qNMR) analysis for the qualitative and quantitative characterization of metabolites may
be applied for crude biological extracts such as fucoidan [26]. Just recently, the chemical structure
of fucoidan from Cladosiphon okamuranus was determined using NMR analyses [27], as shown in
Figure 2, and we now also refer to this structure as having a similar structural feature as fucoidan from
Cladosiphon novae-caledoniae Kylin.

Figure 2. Structure of fucoidan from mozuku (Cladosiphon okamuranus) [27].

Fucoidan extracts usually show various sizes, such as 5100 kDa [28] and 1600 kDa [29], depending
on the extraction methods and the kinds of seaweeds. Various molecular weight derivatives designated
as low-molecular-weight fucoidan (LMWF: up to 40 kDa), intermediate-molecular-weight fucoidan
(110–138 kDa), and high-molecular-weight fucoidan (300–330 kDa) [30], and other size classifications
up to 10,000 kDa [31], have been prepared for biological and biochemical characterizations. In still other
cases, many derivatives having molecular weights ranging between 7.6 kDa and 712 kDa have been
assessed for their membrane permeability in vitro, and bioavailability in humans [32–36]. Apart from
the above higher molecular weight derivatives, there are a group of fucoidan derivatives possessing
much lower molecular weights designated as low molecular weight fucoidan (LMF) also called as
oligo-fucoidan having MW of 500–800 Da [37], LMF from L. japonica (LMF-LJ) having an average
molecular weight of <667 Da [38], low molecular weight fucoidan (LMWF) having main MW of
760 Da [39], and LMF having an average MW of 800 Da [40]. Finally, low molecular weight fucoidan
extract (LMF) having a main MW of <500 Da, prepared by digesting crude fucoidan extracted from
mozuku (Cladosiphon novae-caledoniae Kylin) with an abalone glycosidase, which was used in this
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study [41]. These two size groups of fucoidan derivatives have been examined for their health benefits
as well as for their therapeutic effects and were shown to exhibit broad biological activities such as
anti-tumor, antioxidant, anticoagulant, anti-inflammatory, and immune-modulatory effects in in vitro
and in vivo studies [22,23,42–44]. With regards to its anti-tumor activity, fucoidan has been shown to
exhibit suppressive effects in lung, breast, liver, colon, prostate, and bladder cancer cells [22,45]. In
addition, our previous in vitro studies revealed that LMF (MW < 500 Da) can enhance the anticancer
activity of chemotherapeutic agents (such as cisplatin, tamoxifen, and paclitaxel) [46] and it also
demonstrated beneficial immunomodulatory effects in a clinical trial [23]. It has been shown that
the low molecular weight fucoidan with a MW of 7.6 kDa exhibited higher intestinal absorptivity
than the medium molecular weight fucoidan (MW 35 kDa) when assessed in the plasma and urine
after oral administration in rats [36]. This result suggests that the lower molecular weight fucoidan
derivatives are superior to the ones with higher MW in the intestinal absorptivity which is in line
with our long-time notion of using LMF (mainly MW < 500 Da) for clinical application along with
collecting supportive basic research data [23,46,47]. In order to further support these conclusions, the
low molecular weight fucoidan derivatives mimicking the structural features of the genus Cladosiphon
have been synthesized and tested for their anti-cancer activities. Results showed that one of the
sulfated tetrafucoside synthetic derivatives could reduce MCF-7 and HeLa cell growth while showing
no cytotoxic effect on normal WI-38 cells [48]. Moreover, it has been suggested that the most important
factor that affects the biological activities of fucoidan is the branching degree of the fucoidan rather
than its molecular weight, monosaccharides composition, and sulfate degrees [49]. Thus, it could be
envisioned that an efficiently absorbed LMF (main MW < 500 Da) in the small intestine is perhaps also
distributed throughout the intercellular environments, including tumor microenvironments, and such
localized LMF may suppress cancer cell growth. These data together present the presently used LMF
as an advantageous molecule over high molecular weight derivatives in further pursuing studies for
basic research and clinical applications.

The molecular mechanism of fucoidan action involves suppression of the growth factor-stimulated
pathway involving Ras/Raf cascade. A large amount of data supports the fucoidan inhibition of
phosphorylation of intermediary transducers such as ERK1/2, PI3K, Akt, mTOR, c-Jun, c-Fos, EGF
receptor, and vascular endothelial growth factor (VEGF) [21,22,39].

Accumulated data suggest that Ras regulates several downstream pathways to upregulate PD-L1
expression, while fucoidan suppresses Ras-regulated downstream signal transducers that coincide with
those of the PD-L1 expression pathways. However, none of the preceding studies, as well as the relevant
computer literature searches, explored the possibility that fucoidan suppresses PD-L1 expression
regulated by the Ras-activated pathways. Therefore, we focused on examining the regulatory effects of
LMF for several growth factors, PD-L1/PD-L2 and RhoA/B. We then examined our hypothesis that
LMF differentially regulates PD-L1 expression in cancer and normal cells.

2. Results

2.1. Suppression of Cancer Cell Growth by Low Molecular Weight Fucoidan Extract (LMF)

To confirm whether LMF specifically suppresses cancer cell growth, HT1080 fibrosarcoma cells
and normal human fetal lung diploid fibroblast TIG-1 cells were treated with varying concentrations
(0–500 μg/mL) of LMF for 48 h. WST-1 cell viability assay showed significant dose-dependent
suppression of HT1080 cell growth by LMF (** p < 0.01, *** p < 0.001) (Figure 3A), while there
was no statistically significant suppressive effect on TIG-1 cell growth up to 500 μg/mL (Figure 3B).
Moreover, the response of HT1080 cells to concentrations lower than 100 μg/mL of LMF showed a
similar dose-dependent suppressive effect with both WST-1 and Hoechst 33342 DNA staining assays
(Figure 3C). In addition, Hoechst 33342 dye staining method was employed as this dye stains DNA
of both live- and apoptotic-cells [50,51] resulting in the measurement of cumulative numbers of both
cell types and allows the visualization of the cytocidal effect of LMF when compared with the WST-1
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assay, which measures only live or metabolically active cell numbers [52,53]. The results showed a
significant dose-dependent reduction in the cumulative cell numbers (Figure 3C). A comparison of
IC50 of WST-1 as 40.1 μg/mL and IC50 of Hoechst staining as 73.7 μg/mL revealed that approximately
12% of HT1080 cells are apoptosis-induced cells by LMF. These results demonstrate that LMF at even
lower concentrations suppresses cell growth dose-dependently, and approximately 12% of HT1080 cell
apoptosis was observed to be induced by 36.6 μg/mL of LMF up to 100 μg/mL.
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Figure 3. Effects of low molecular weight fucoidan extract (LMF) on cancer cell and normal cell growth.
(A) HT1080 cells (1 × 104 cells/mL) and (B) TIG-1 cells (3 × 104 cells/mL), were plated (100 μL per well)
in a 96-well microplate. After 24 h, varying concentrations (0, 50, 100, 200, 500 μg/mL) of LMF were
added, the cells were incubated for another 48 h, and live cell numbers in each well were measured
by the WST-1 assay. The measured values were used for statistical analyses by Student’s t-test. (C)
Effect of lower LMF concentrations on HT1080 cell growth was examined using varying concentrations
(0, 20, 40, 60, 80, 100 μg/mL) of LMF. After 48 h of treatment, cellular metabolic activity-based live
cell numbers were measured by WST-1 (open circles, �), and live cell numbers were measured by
Hoechst 33342 DNA staining (closed circles, �). The number of fucoidan untreated HT1080 cells was
set to 100% to calculate the relative values of fucoidan-treated HT1080 cells. Statistical significance was
determined by ANOVA with Tukey test. Different letters indicate statistically significant differences
between each letter (p < 0.05). Half-maximal inhibitory concentration (IC50) values were calculated
using approximation formulae.

2.2. Comparison of PD-L1 Expression Levels in Seven Cell Lines by Immuno-Fluorescent Staining

Prior to examining the effect of LMF on PD-L1 expression, we compared PD-L1 expression
levels in seven cell lines, using A549 and PC-9 cells as controls for low and high PD-L1 expression,
respectively [12,44,54]. As shown in Figure 4, HT1080 cells expressed 1.06-fold higher PD-L1 compared
to PC-9 cells. TIG-1 cells expressed PD-L1 levels comparable to those of the control cells (PC-9). Other
cell lines expressed PD-L1 levels similar to or higher than those of the A549 cells. Therefore, we selected
the HT1080 cell line for further studies to assess the effects of LMF on PD-L1 expression.

Figure 4. Comparison of programmed cell death-ligand 1 (PD-L1) expression levels in seven cell lines
by immunofluorescence staining. Seven cell lines with indicated cell densities were prepared (HT1080
and A549 cells at 2 × 104 cells/mL, MCF-7, PC-9, NIH:OVCAR-3, and PANC-1 cells at 3 × 104 cells/mL,
and TIG-1 cells at 4 × 104 cells/mL) and seeded at 100 μL per well of a 96-well black plate followed by 24
h culture. PD-L1 detection was carried out using the anti-PD-L1 antibody, as described in the Methods
section. Cells were stained with Hoechst 33342 for 30 min and analyzed using (A) IN Cell Analyzer
1000. The fluorescence intensities of each cell line were measured and converted to a numerical form
for graphical presentation. For each cell line, six viewing fields per well were analyzed. A549 and
PC-9 cells were used as low- and high-level controls for PD-L1 expression, respectively. (B) Four
representative images acquired in (A) were shown. A, HT1080; B, A549; C, PANC-1; D, NIH:OVCAR-3.
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2.3. LMF Differentially Regulates Programmed Cell Death-Ligand 1 (PD-L1) and PD-L2 mRNA Expression in
HT1080 and TIG-1 Cells

We examined LMF regulation of PD-L1/L2 expression in HT1080 and TIG-1 cell lines. HT1080 cells
treated with 1 and 10 μg/mL of LMF for 48 h showed a significant reduction in PD-L1 (all, ** p < 0.01)
and PD-L2 (1 μg/mL, * p < 0.05; 10 μg/mL, ** p < 0.01) mRNA levels (Figure 5A). TIG-1 cells treated
with 10 and 100 μg/mL of LMF for 48 h showed significant increases in PD-L1 (10 μg/mL, *** p < 0.001;
100 μg/mL, ** p < 0.01) and PD-L2 (all: **** p < 0.0001) mRNA levels (Figure 5B).

Figure 5. Low molecular weight fucoidan extract (LMF) differentially effects transcription of
programmed cell death-ligand 1 (PD-L1) and PD-L2 mRNAs in cancer and normal cells. (A) HT1080
and (B) TIG-1 cells were treated with varying concentrations (0, 1, 10 μg/mL and 0, 10, 100 μg/mL) of
LMF respectively, for 48 h. After treatment, RNAs were isolated and subjected to quantitative reverse
transcription polymerase chain reaction (qRT-PCR) analyses. Values obtained from LMF-treated cells
were compared with those of untreated cells using Student’s t-test (* p < 0.05; ** p < 0.01, *** p < 0.001;
**** p < 0.0001, n = 3).
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2.4. Suppression of PD-L1 Protein Expression by LMF

To further test the effects of LMF on PD-L1 expression, we measured the PD-L1 protein levels
using an anti-PD-L1 antibody to test whether PD-L1 mRNA suppression reflects similar suppression in
protein levels. Western blot analysis of LMF-treated and untreated HT1080 cells was performed as
described in the Methods section, and this method has been used by us to see the effects of fucoidan
on HT1080 cells as well as other cultured cells [47]. PD-L1 protein band intensities of LMF-treated
cells were lower than that of the control cells (Figure 6A). Protein bands in Figure 6A were quantitated
for statistical evaluations and results show a significant reduction in PD-L1 protein (*** p < 0.001,
Figure 6B) in LMF-treated HT1080 cells. Therefore, the PD-L1 protein levels reduced proportionally
with a reduction in mRNA and the results suggest that the upstream signal transducers are mostly
affected for PD-L1 transcription.

 
Figure 6. Low concentration of low molecular weight fucoidan extract (LMF) suppresses programmed
cell death-ligand 1 (PD-L1) protein expression. (A) Western blot detection of PD-L1 protein in total
protein lysates from HT1080 cells treated with 10 μg/mL of LMF for 5 days by replacing every 2
days with fresh media containing 10 μg/mL of LMF. Control untreated HT1080 cells treated similarly
but without LMF. (B) Chemiluminescence protein bands from LMF-treated and untreated samples
quantitated and bands from LMF-treated cells compared with that of untreated cells using Student’s
t-test. (*** p < 0.001, n = 3).
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2.5. Suppression of Cell Surface PD-L1 Protein Expression by LMF

Western blot analysis showed reduced PD-L1 protein levels in the HT1080 cell protein lysates
proportionally with a reduction in PD-L1 mRNA levels. However, this method detects total PD-L1
proteins including intracellular premature PD-L1. The mature form of PD-L1 protein is anchored to
the cell membrane with two extracellular domains [6]. It is necessary to show the level of surface
PD-L1 exquisitely, as it is performing the most important and integral role in the immune escape
mechanism of cancer cells. For this, we assessed if the effects of LMF are due to changes in the cell
surface PD-L1 protein levels using the anti-PD-L1 antibody and analyzed this using flow cytometry,
according to the published method. This method has previously been used to measure the PD-L1
expressed on the surface of several cell lines such as A549, H1975, and others using PD-L1 antibody
followed by the flow cytometry analysis using a FACScan instrument [12]. Fluorescence histograms
showed a small shift towards the left in LMF-treated HT1080 cells (Figure 7A, red line) compared with
untreated control cells (Figure 7A, blue line), suggesting reduced levels of membrane-bound PD-L1
protein. To confirm this effect, mean fluorescence intensity (MFI) per cell, derived from histogram data,
is presented in Figure 7B. These results show significant reduction in cell surface PD-L1 protein in
LMF-treated HT1080 cells compared with the control cells (** p < 0.01). Thus, the results show that
the PD-L1 mRNA level corresponds with that of the total as well as cell surface PD-L1 protein levels,
suggesting an effect on upstream signal transducers regulating PD-L1 transcription.

Figure 7. Effect of low amount low molecular weight fucoidan extract (LMF) treatment for 5 days on
programmed cell death-ligand 1 (PD-L1) protein expression in HT1080 cells. HT1080 were treated with
a low concentration of LMF (10 μg/mL) for 5 days and changes in PD-L1 protein levels were measured
by flow cytometer. (A) PD-L1 protein expressed on the cell surface of HT1080 cells with (red line) and
without (blue line) LMF treatment detected using anti-PD-L1 antibody and histograms were generated.
(B) Mean fluorescence intensity (MFI) per cell was calculated using histogram data. Student’s t-test (**
p < 0.01, n = 3) compares MFI of LMF-treated cells with that of untreated cells.

2.6. LMF Does not Interfere with the Binding of PD-1 with PD-L1

The binding of PD-1 and PD-L1 occurs between T-cells and APCs for a normal T-cell response [3].
PD-1 binding with the PD-L1 expressed on cancer cells is an important step to evade the host immune
surveillance system. Considering this, if LMF binds to PD-1 or PD-L1, attenuation and eventual
inhibition of the normal T-cell response will occur. Therefore, we examined whether LMF inhibits
binding of PD-1 with PD-L1. For this, we used PD-1 neutralizing antibody as a positive control which,
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as expected, showed dose-dependent inhibition of PD-1 and PD-L1 binding (Figure 8A). When LMF
replaced the positive control in the same experimental setup, it did not interfere with the PD-1 and
PD-L1 binding (Figure 8B). Therefore, the results show that LMF does not interact with PD-1 or PD-L1
and suggest that its suppressive effect is due to regulation of the other cell surface proteins as well as
intracellular transducers involved with expression of PD-L1 and other genes.

Figure 8. Inhibitory activity of programmed cell death-1 (PD-1): PD-L1 binding by low molecular
weight fucoidan extract (LMF). (A) We used PD-1 neutralizing antibody as a positive control in
dose-dependent inhibition of PD-1 and PD-L1 binding. Statistical significance was by ANOVA with
Tukey test. The letters, a, b, and c indicate statistically significant differences between each letter
(p < 0.05). (B) LMF was used to observe a dose-dependent inhibition of PD-1 and PD-L1 binding (N.S.:
Not Significant).

2.7. LMF-Suppression of Epidermal Growth Factor Receptor (EGFR) and Vascular Endothelial Growth Factor
(VEGF) Expression

Growth factors play a significant role in carcinogenesis and metastasis [2,55]. The effect of LMF
on EGFR, VEGF, and cell surface-associated protein expression was tested in HT1080 cells treated
with different concentrations of LMF (0, 10, 100 μg/mL) for 24 h and mRNA levels were measured.
LMF suppressed both EGFR mRNA (10 μg/mL, * p < 0.05; 100 μg/mL, ** p < 0.01), and VEGF mRNA
(10 μg/mL; ** p < 0.01, 100 μg/mL; * p < 0.05) in HT1080 cells (Figure 9).
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Figure 9. Suppression of epidermal growth factor receptor (EGFR) and vascular endothelial growth
factor (VEGF) transcription by low molecular weight fucoidan extract (LMF). HT1080 cells were treated
with 0, 10, and 100 μg/mL of LMF for 24 h. Total RNA was isolated and subjected to qRT-PCR analyses.
LMF-treated cells were compared with untreated cells, and statistical evaluation was carried out using
the Student’s t-test. (A) EGFR, (B) VEGF. (* p < 0.05, ** p < 0.01, n = 3).

2.8. Suppression of RhoA and Stimulation of RhoB Expression by LMF

The Ras superfamily contains Rho GTPases which are involved in many cellular processes that
regulate various signal transduction cascades that affect gene expression, cell cycle progression, cell
migration, and many other cellular events by cycling from GTP-bound active state to GDP-bound
inactive state [56]. In addition to their fundamental functions, Rho GTPases such as RhoA and RhoB
play a significant role in cancer progression and inflammation [57]. To assess the effect of LMF on
RhoA and RhoB expression, HT1080 cells were treated with different concentrations of LMF (0, 10,
100 μg/mL) for 24 h and mRNA levels were measured. LMF suppression of RhoA gene transcription at
10 μg/mL (** p < 0.001) and 100 μg/mL (* p < 0.05) (Figure 10A) was significant. In contrast, fucoidan
caused a significant (all, *** p < 0.001) and dose-dependent (10 and 100 μg/mL) upregulation of RhoB
gene transcription in HT1080 cells (Figure 10B). All the results obtained are summarized in Table 1.
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Figure 10. Low molecular weight fucoidan extract (LMF) suppresses RhoA and stimulates RhoB
transcription. HT1080 cells were treated with 0, 10, and 100 μg/mL of LMF for 24 h. Total RNAs
were isolated and subjected to qRT-PCR analyses. LMF-treated cells were compared with untreated
cells and statistically evaluated using the Student’s t-test. (A) RhoA, (B) RhoB. (* p < 0.05; ** p < 0.01;
*** p < 0.001, n = 3).

Table 1. Summary of the results.

Cell Lines

Cell Growth Assay
PD-L1 Levels

mRNA
mRNA Protein

Cell
Count

WST-1
Hoechst

33342 +LMF *1
Total Surface EGFR VEGF RhoA RhoB

+LMF −LMF +LMF +LMF +LMF

HT1080 ↓ ↓ ↓ ↓ 1.06 ↓ ↓ ↓ ↓ ↓ ↑
TIG-1 → – – ↑ 0.99 – – – – – –
A549 – – – – 0.94 – – – – – –

PC-9 – – – – 1.00 *2 – – – – – –

MCF-7 – – – – 0.96 – – – – – –
NIH:OVCAR-3 – – – – 0.94 – – – – – –

PANC-1 – – – 0.96 – – – – – –
Figures 3A, B 3C 3C 5A, B 4A 6B 7B 9A 9B 10A 10B

* 1: PD-L2 mRNA was suppressed and increased by LMF in HT-1080 cells and TIG-1 cells, respectively. * 2: PC-9
cell mRNA level without LMF was set to 1.00 and the relative expression levels for other mRNAs were calculated. –:
not tested.

3. Discussion

In the present study, we examined the effects of LMF on six gene products including PD-L1,
PD-L2, EGFR, VEGF, RhoA, and RhoB, involved in immune evasion, angiogenesis, and malignant
transformation, using the human fibrosarcoma HT1080 cell line. We reveal that LMF downregulated
five gene products, while upregulating RhoB expression.

One of the important determinants to improve the efficacy of cancer therapy is inhibiting cancer
cell evasion from the host tumor immune surveillance system [8]. Various tumors express increased
levels of PD-L1 to evade such host defense mechanisms and eventually facilitate tumor growth [2,4,8,9].
Moreover, the tumor growth in terms of Breslow tumor thickness in melanoma specimens correlated
with the level of PD-L1 expression, and the survival rate of patients expressing a high-level of PD-L1
was statistically lower than that of low-expressing patients with stage II melanoma [5]. Therefore,
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we confirmed the effects of LMF on the downregulation of PD-L1 expression in cancer cells. We first
examined PD-L1 mRNA levels in six cancer cell lines, HT1080, MCF-7, PC-9, NIH:OVCAR-3, PANC-1,
and A549 cells, and in one normal cell line TIG-1. All cell lines express PD-L1 levels similar to or greater
than that of the A549 cell line, a low-expressing control [12,58]. The PD-L1 mRNA levels expressed
by TIG-1 cells were comparable to those of the high-expressing control cell line PC-9 [12,44,54]. This
observation agrees with earlier reports on several human cells, including lung cells and various tissues,
which express low- to high-levels of PD-L1 [3,59,60]. These data strongly suggest the importance of
selective inhibition of PD-L1 expressed on cancer cells but not on normal cells.

Among the cell lines tested, the HT1080 cell line expressed the highest levels of PD-L1 mRNA
and was a suitable model to test the suppressive effects of LMF with emphasis on PD-L1 expression
at the mRNA and protein levels. Several inherent characteristics of the HT1080 cell line are known
since its establishment in 1974 [61]. HT1080 cells contain both wild-type and mutant N-Ras alleles
and are expressed at the protein level. The mutant N-Ras protein induces cell transformation in
cells even though it is present in far less amounts compared to that of normal p21 N-Ras in parental
HT1080 cells [62]. The mutant N-Ras protein maintains a chronically activated state due to constitutive
GTP binding, thereby conferring the constitutive activation of Ras-dependent signaling pathways.
Representative Ras-regulated pathways are the Raf, Rac1, RhoA, and PI3K signal cascades, which
are known to regulate mitogenesis, motility and invasiveness, actin cytoskeletal architecture, and cell
survival, respectively [19,63]. Among the intermediary transducers, activated Raf/MEK is necessary for
the aggressive tumorigenic phenotype in HT1080 cells but not the PI3K/Akt pathway [18,19]. However,
others reported that the activated mutant N-Ras protein constitutively stimulates the Raf/MEK and the
PI3K/Akt pathways to induce PD-L1 gene expression in several cancer cell lines [6,17].

Although, these data suggest that PD-L1 expression could be driven by the Ras regulated
pathways in HT1080 cells, direct data proving an association between the Ras regulated pathways and
PD-L1 expression in HT1080 cells are not available to date. In the present study, we show significant
suppression of mRNA, protein and surface protein levels of PD-L1 in HT1080 cells by LMF. These results
show suppression of activated mutant N-Ras regulated pathways for PD-L1 expression and existing
data show many transducers in the Ras regulated pathways being suppressed by fucoidan [20–22,39].
LMF down-regulation of PD-L1 expression via Ras pathways in HT1080 cells could be explained by
the possible regulatory pathways proposed for PD-L1 gene expression in cancer cells. According
to this model, growth factor (GF)-stimulated pathways such as Ras/Raf and Ras/PI3K drive PD-L1
expression [6]. Thus, these pathways for PD-L1 expression coincide mostly with the Ras-regulated
pathways proposed in HT1080 cells, as above. Although, the mutant N-Ras protein is constitutively
active in regulating the pathways involving Raf, PI3K, and Rac transducers, the normal N-Ras-regulated
pathways activated by GFs should be evaluated separately because HT1080 cells express functional
wild-type and mutant N-Ras proteins [62].

Normal N-Ras protein is activated by exogenous stimuli such as by the binding of EGF, VEGF,
and platelet-derived growth factor (PDGF) with their receptors (EGFR, VEGFR, and PDGFR). These
transmembrane receptors mediate GTP-binding with the normal N-Ras protein for activation, enabling
regulation of downstream transducers [63]. Cellular activities including proliferation, growth, survival,
angiogenesis, metastases, and motility are regulated by the activated EGFR, VEGFR, and PDGFR
through pathways such as the mitogen-activated protein kinase (MAPK) pathway: Ras/Raf, the
PI3K pathway: PI3K/Akt, and the JAK/STAT pathway: JAK/STAT [64]. Available data shows that
EGF-stimulated EGFR upregulates PD-L1 expression through EGFR/PI3K/Akt, EGFR/Ras/Raf, and
EGR/PLC-γ signaling pathways [2,12,65,66]. Moreover, tumor cells can evade the immune system or
promote their own growth through increased EGFR expression and indoleamine 2,3-dioxygenase 1 or
VEGF production [67]. Although ligand-bound-activated EGFR with increased protein expression
was present in HT1080 cells [14,68], the supernatant collected from the HT1080 cell culture did not
contain secreted EGF but contained moderate concentrations of TGF-α which correlated with pEGFR
expression [14]. Thus, an autocrine loop of TGF-α activates wild-type EGFR as well as the downstream
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factors in HT1080 cells, as both EGF and TGF-α belong to eight members of EGF family ligands, and
TGF-α is an EGFR ligand in cancer [69,70]. Similarly, it has been reported that anti-EGF receptor mAbs
prevented EGF and TGF-α induced growth stimulation in many human cells [14,71]. Accumulated
data suggest that inhibition of EGFR or VEGF could inhibit HT1080 cell growth. In this study, we report
significant suppression by LMF of both EGFR transcription and cell growth, suggesting a mechanism
to suppress PD-L1 expression through regulation of EGFR expression. A plausible explanation for
EGFR suppression by LMF would be that fucoidan binds with EGF causing prevention of EGF-induced
phosphorylation of EGFR [72,73]. In support of this, earlier reports showed that fucoidan from
Laminaria guryanovae exerts a potent inhibitory effect on EGF-induced phosphorylation of EGFR in
mouse epidermal JB6 Cl41 cells [72] and fucoidan KW derived from brown algae Kjellmaniella crassifolia
caused significant reduction in the levels of phosphorylated EGFR and PKCα proteins in A549 cells [43].
Others have shown that fucoidan suppresses growth factor-stimulated pathways involving the Ras/Raf
pathway and inhibits the phosphorylation of intermediary transducers such as ERK1/2, PI3K, Akt,
mTOR, c-Jun, c-Fos, EGFR, and VEGF [21,22,39]. While future studies are needed to confirm whether
LMF binds with TGF-α in reducing EGFR phosphorylation, it is probable to suggest that reduction in
the EGFR mRNA levels by LMF decreases the translated and phosphorylated EGFR levels. Contrary
to others and ours, an existing report shows that EGFR could not be detected in HT1080 cells and
suggested that HT1080 cell oncogenic signaling through Ras/PI3K/Akt is independent of EGFR [74]. In
addition, fucoidan exerted a potent inhibitory effect on EGF-induced phosphorylation of EGFR and
phosphorylation of ERK and JNK under the control of EGF. Furthermore, EGF-induced c-fos and c-jun
transcriptional activities were inhibited by fucoidan leading to inhibition of AP-1 activity and cell
transformation induced by EGF [72].

VEGF is present in a number of cancer cell lines including HT1080 cells and is suggested to play a
crucial role in HT1080 cell metastasis based on results obtained using the anti-human VEGF antibody,
which reduced spontaneous lung micrometastasis [75]. Moreover, inhibition of tumor-secreted VEGF
limits primary tumor growth of sarcoma cell lines by inhibiting host angiogenesis [76]. An inhibitory
mechanism of angiogenesis by low molecular weight fucoidan (LMWF), which is distinct from LMF,
inhibits hypoxia-induced reactive oxygen species (ROS) formation, HIF-1α expression, VEGF secretion,
and downstream VEGFR2/PI3K/Akt/mTOR/p70S6K1/4EBP-1 cascade in human bladder T24 cancer
cells, ultimately suppressing HIF-1α/VEGF transcription and angiogenesis [39]. VEGF upregulates both
PD-L1 mRNA and protein expression [2,77]. Thus, suppression of both VEGF-enhanced angiogenesis
and PD-L1 expression contributes to inhibiting cancer cell evasion. Supporting evidence shows that
fucoidan extract inhibits expression and secretion of VEGF which suppresses vascular tubule formation
in HeLa cells and suppressing invasion of HT1080 cells [41]. In the present study, because LMF caused
significant suppression of both VEGF mRNA and PD-L1 mRNA/protein levels in HT1080 cells, we can
extrapolate that cancer cells become more susceptible to the host defense system. The rationale behind
the suppression of the PD-L1 level by fucoidan comes from the fact that fucoidan directly binds with
VEGF, thereby preventing VEGFR phosphorylation [70,78]. Other growth factors, PDGF and PDGFR,
are constitutively expressed in HT1080 cells. PDGF-A is constitutively secreted into the medium,
where it binds to and activates PDGFR and downstream PI3K and Akt pathways [19]. Although we
did not test the suppressive effect of LMF on PDGF expression, there are studies showing that fucoidan
suppresses PDGF expression. Oligo-fucoidan suppresses PDGF-induced cell proliferation and induces
G1/G0 cell cycle arrest in airway smooth muscle cells [79]. Therefore, LMF is likely to aid in HT1080 cell
growth inhibition by suppressing PDGF expression. As mentioned thus far, LMF suppresses VEGF and
EGFR expression in HT1080 cells to suppress Ras-regulated pathways for PD-L1/PD-L2 expression.

The Ras superfamily contains a subgroup of Rho GTPases composed of 20 kinds of intracellular
signaling molecules including RhoA and RhoB proteins. Constitutively expressed RhoA functions in
tumor development. Indeed, RhoA and its downstream pathway is constitutively active in HT1080
cells. The present study shows significant suppression of RhoA mRNA levels by LMF, suggesting that
LMF downregulates Ras-controlled oncogenic activities via the RhoA pathway [19]. In contrast, the role
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of RhoB is not clearly known, it acts as either an oncogene under some conditions or a tumor suppressor
gene under others [80,81]. RhoB expression is induced by EGF, PDGF, and many other agents, while
several factors including N-Ras and EGFR suppress RhoB promoter activity in NIH3T3 cells and
human cancer cell lines derived from lung, pancreatic, and cervical tumors [82]. Fucoidan suppresses
PDGF (RhoB inducer) expression indicating downregulation of RhoB expression by fucoidan [79].
Conversely, LMF suppresses EGFR (RhoB suppressor), and fucoidan suppresses phosphorylation
of various Ras-regulated transducers. Together these data suggest that LMF/fucoidan could act as
an upregulator of RhoB because LMF significantly and dose-dependently upregulated RhoB mRNA
levels, supporting the role of RhoB as a tumor suppressor. Thus, LMF performs a significant role in
antitumor effect by upregulating RhoB expression in several cancer types [80,81]. Suppressive effects
by fucoidan on Ras-regulated pathways are presented in Figure 11.

 
Figure 11. Low molecular weight fucoidan extract (LMF) and several fucoidan species regulate multiple
transcription factors in the Ras-controlled pathways in various cells, including HT1080 cells. The
numbers in the square bracket indicate the reference numbers, and downward and upward arrows
indicate the factors up- and down-regulated by various fucoidan species reported in the references and
LMF used in this study. Adapted from [2,6,19].

An important finding that LMF neither inhibited PD-L1 expression nor growth of the TIG-1 cells
suggests selective activity towards cancer cells expressing PD-L1. Similar to our results with normal
cells, another report shows a lack of effect of fucoidan on normal human mammary epithelial cell
growth [83]. These results collectively suggest that LMF/fucoidan treatment against PD-L1 expression is
effective because of its selective action on cancer cells. However, the anti-PD-L1 antibody treatment may
not be efficacious because not all cancer patients express higher PD-L1 [67]. Similarly, the suppressive
effect on PD-L1 expression conferred by LMF/fucoidan may not be efficacious for patients who are not
expressing higher PD-L1 [67]. Thus, as both methods rely on the expressed PD-L1 or its expression
in cancer cells, these methods have a common limitation in using PD-L1 as a treatment target. On
the other hand, in addition to PD-L1 suppression by LMF, extensive data exists demonstrating that
fucoidan exhibits various biological activities including the suppressive modulation of the intracellular
transducers that regulate proliferation, growth, survival, angiogenesis, metastases, and motility in
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cancer cells [22,36,39,42,43,84]. Therefore, LMF/fucoidan exhibits anticancer effects due to the broad
biological activities independent of its anti-PD-L1 effect.

4. Materials and Methods

4.1. Cell Lines and Cell Culture

Seven established human cell lines and their culture conditions are shown in Table 2.

Table 2. Human cell lines and culture conditions.

Cell Lines Registry No. Types of Cells Sources Culture Conditions

HT1080 ATCC® CCL-121™ Fibrosarcoma ATCC#1

MEM supplemented with 10 mM
HEPES, NEAA, 100,000 Units/L of
Penicillin G Potassium, 0.1 g/L of

Streptomycin sulfate and 10% fetal
bovine serum (FBS) under a 5%

CO2-humidified atmosphere at 37 ◦C.

A549 ATCC® CCL-185™
Lung

adenocarcinoma ATCC#1

MCF-7 ATCC® HTB-22™
Breast

adenocarcinoma ATCC#1

TIG-1 TKG0276 Normal fetal lung
diploid fibroblast IDAC#2

PC-9 RCB4455 lung
adenocarcinoma RIKEN#3

DMEM supplemented with 10 mM
HEPES, 100,000 Units/L of Penicillin
G Potassium, 0.1 g/L of Streptomycin

sulfate and 10% FBS under a 5%
CO2-humidified atmosphere at 37 ◦C

NIH:OVCAR-3 RCB2135 Ovarian carcinoma RIKEN#3
RPMI 1640 medium supplemented

with 10 mM HEPES, 100,000 Units/L
of Penicillin G Potassium, 0.1 g/L of
Streptomycin sulfate and 10% FBS

under a 5% CO2-humidified
atmosphere at 37 ◦C.PANC-1 RCB2095 Pancreatic

carcinoma RIKEN#3

MEM (Eagle’s Minimum Essential Medium, Nissui Pharmaceutical Co., Ltd., Tokyo, Japan). HEPES (Dojindo
Laboratories, Kumamoto, Japan), NEAA (Non-Essential Amino Acids, FUJIFILM Wako Pure Chemical Corporation,
Osaka, Japan). Penicillin G Potassium (Meiji Seika Pharma Co., Ltd., Tokyo, Japan). Streptomycin sulfate (Meiji
Seika Pharma). FBS: (fetal bovine serum, HyClone, Thermo Fisher Scientific Inc., Waltham, MA, USA). DMEM
(Dulbecco’s Modified Eagle’s Medium, Nissui Pharmaceutical, Tokyo, Japan). RPMI (Nissui Pharmaceutical, Tokyo,
Japan). #1 ATCC: American Type Culture Collection, Manassas, VA, USA; #2 IDAC: The Cell Resource Center for
Biomedical Research, Institute of Development, Aging and Cancer, Tohoku University, Sendai, Japan; #3 RIKEN:
BioResource Research Center, Ibaraki, Japan.

4.2. Fucoidan

The abalone glycosidase-digested LMF, commercially available as “Power fucoidan,” was
generously donated for this study by the Daiichi Sangyo Corporation (Osaka, Japan). LMF was
prepared as previously described [2]. Briefly, high molecular weight fucoidan extract from seaweed
of Cladosiphon novae-caledoniae Kylin was purified to 85% purity and digested with glycosidases to
obtain LMF. LMF consists of a digested small molecular weight fraction (72%, MW < 500 Da) and
non-digested fractions (less than 28%, peak MW: 800 kDa). LMF consisted mostly of fucose (73%),
xylose (12%), and mannose (7%). The ratio of sulfation was 14.5%.

4.3. WST-1 Assay (Cell Viability Assay)

WST-1 assay is commonly used to measure the number of live cells after treating the cells with
culture containing test agents [53]. This assay was used to measure the cytocidal effects of LMF on
HT1080 cells. 100 μL each of HT1080 (2 × 104 cells/mL) and TIG-1 (4 × 104 cells/mL) cells were plated in
96-well microplates and cultured for 24 h at 37 ◦C. The WST-1 measurement was performed according
to the standard protocol described by the manufacturer. Briefly, the cells were exposed to various
concentrations of LMF for 48 h. Spent medium was removed and cells were washed once with PBS. To
each well, 100 μL of culture medium containing 0.5 mM WST-1 (Dojindo) and 0.02 mM 1-methoxy
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phenazine methosulfate (Dojindo) was added and incubated for 1 h at 37 ◦C. Cell metabolic activity
was measured at 450 nm using a microplate reader (Tecan, Männedorf, Switzerland).

4.4. Hoechst Staining (Cellular DNA Staining for Cell Number Determination)

Hoechst 33342 dye stains both live and apoptotic cell DNA [50,51]. It is possible to estimate
the cytocidal effect of LMF by analyzing WST-1 and Hoechst Staining assays. The cells in the same
microplates used for WST-1 assay were fixed with 4% formaldehyde solution (Wako) for 30 min at
25 ◦C. Cells were washed once with PBS and stained with 100 μL PBS per well, containing 2 μg/mL
of Hoechst 33342 (Dojindo), for 30 min in the dark at 25 ◦C, according to the instruction manual.
Fluorescence intensity (excitation, 360 nm and emission, 465 nm) was measured by the multimode
plate reader, infinite F200 PRO (Tecan).

4.5. Immuno-Fluorescence Staining

Previous studies have used the Immuno-fluorescence staining method to see the effect of fucoidan
on T24 cells [39]. The same method was also used to detect PD-L1 in the cultured cells [58]. Therefore,
we used this method to detect PD-L1 expressed in seven cell lines. HT1080 and A549 cells at
2 × 104 cells/mL, MCF-7, PC-9, NIH:OVCAR-3, and PANC-1 cells at 3 × 104 cells/mL, and TIG-1 cells at
4 × 104 cells/mL were prepared, and 100 μL of each cell line was seeded per well in a 96-well black plate
(Greiner Bio-One International GmbH, Kremsmünster, Oberösterreich, Austria) and cultured for 24 h.
Cells were fixed with 4% paraformaldehyde (Wako) for 15 min. After washing with PBS, cells were
treated with blocking solution containing 0.1% Tween-20 with 1% BSA in PBS for 1 h. After washing
three times with PBS, cells were treated overnight at 4 ◦C with the anti-PD-L1 Rabbit mAb (E1L3N, Cell
Signaling Technology Co., Danvers, MA, USA) diluted 800-fold with blocking solution. Rabbit mAb
IgG Isotype Control (DA1E, Cell Signaling Technology) was diluted 800-fold with blocking solution and
used as an isotype antibody control. After washing three times with PBS, cells were treated for 30 min
with the secondary antibody, anti-Rabbit IgG (H+L), F(ab’)2 Fragment (Alexa Fluor® 555 Conjugate)
(Cell Signaling Technology), and diluted 1,000-fold with blocking solution. Cells were washed one
time with PBS and stained with 2 μg/mL of Hoechst 33342 for 30 min. Fluorescence intensity of each
cell line was measured using IN Cell Analyzer 1000 (GE Healthcare UK Ltd., Buckinghamshire, UK).

4.6. Quantitative Reverse Transcription Polymerase Chain Reaction (qRT-PCR)

Polymerase chain reaction (PCR) has been used broadly, to detect a specific gene transcript [85],
and to quantitate the target transcript level [86,87]. Quantitative detection and analyses of the expressed
gene transcripts have been advanced greatly by incorporating automated instrumentations. Seven
gene transcripts were examined by fully utilizing the commercially available instruments and reagents,
as described below. Five milliliters of HT1080 cells were seeded at a density of 5 × 104 cells/mL per
60 mm dish (FALCON, Corning Inc., Corning, NY, USA) and cultured for 24 h. Spent medium was
replaced with the medium containing various LMF concentrations (0, 1, 10, or 100 μg/mL). After 48 h
of treatment, total RNA was isolated using a High Pure RNA Isolation Kit (F. Hoffmann-La Roche
Ltd., Basel, Switzerland) following the manufacturer’s protocol. cDNA was synthesized using total
RNA and ReverTra Ace qPCR RT Kit Master Mix with gDNA Remover (TOYOBO Co., Ltd., Osaka,
Japan) and was used for RT-PCR templates. For specific gene transcript amplification, cDNA template,
primer pairs (Table 3), and THUNDERBIRDTMSYBR® qPCR Mix (TOYOBO) mixture were placed in
a 96-well PCR plate (NIPPON Genetics Co., Ltd., Tokyo, Japan) in triplicate. Primer sequences for
amplifying the transcripts of seven genes (EGFR, VEGF, RhoA, RhoB, PD-L1, PD-L2, and GAPDH),
shown in Table 1, were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA). Quantitative reverse
transcription polymerase chain reaction (qRT-PCR) for seven genes was carried out using Thermal
Cycler DiceTM Real Time System TP800 (Takara Bio Inc., Shiga, Japan). The thermal program was as
follows: denaturation at 95 ◦C for 30 s, 45 cycles of denaturation at 95 ◦C for 5 s, annealing at 60 ◦C
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for 10 s, and extension at 72 ◦C for 20 s. Fluorescence values for each gene were normalized using
GAPDH as an internal standard and used for statistical evaluation.

Table 3. Primer sequences used for qRT-PCR analyses.

Target Genes
F: Forward
R: Reverse

Primer Sequences References

EGFR F
R

5′-CGCAAAGTGTGTAACGGAATAG-3′
5′-CCAGAGGAGGAGTATGTGTGAA-3′ [88]

VEGF F
R

5′-AAGGAGGAGGGCAGAATCAT-3′
5′-ATCTGCATGGTGATGTTGGA-3′ [89]

RhoA F
R

5′-CCGGCGCGAAGAGGCTGGACT-3′
5′-GCACATACACCTCTGGGAACT-3′ [90]

RhoB F
R

5′-GGTCCCCTGAGCATGCTTTCTGA-3′
5′-GCCACACTCCCGCGCCAATCTC-3′ [90]

PD-L1 F
R

5′-TATGGTGGTGCCGACTACAA-3′
5′-TGCTTGTCCAGATGACTTCG-3′ [91]

PD-L2 F
R

5′-TGACTTCAAATATGCCTTGTTAGTG-3′
5′-GAAGAGTTCTTAGTGTGGTTATATG-3′ [91]

GAPDH F
R

5′-ATTGCCCTCAACGACCACTT-3′
5′-AGGTCCACCACCCTGTTGCT-3′ [88]

4.7. Flow Cytometry (FCM) Analysis

Five milliliters of 3.1 × 103 cells/mL of HT1080 cells were plated on 60 mm dish and incubated for
24 h. The cells were then treated with 5 mL of medium with or without 10 μg/mL of LMF for 5 days.
Cells were dislodged from the dish by treating with 0.05% Trypsin-0.02% EDTA solution (Thermo
Fisher Scientific) for 3 min at 37 ◦C. Cells were fixed with 4% paraformaldehyde for 10 min at 37 ◦C,
collected, and treated for 1 h with the drawback Rabbit mAb (E1L3N) or with the corresponding Rabbit
mAb IgG isotype control (DA1E) diluted 800-fold with incubation buffer. After washing three times
with PBS, cells were treated for 30 min with the secondary antibody, anti-Rabbit IgG (H+L), F(ab’)2
Fragment (Alexa Fluor® 488 Conjugate) (Cell Signaling Technology) diluted 500-fold with incubation
buffer. Fluorescence intensity of each cell line was measured using Flow Cytometer EPICS XL System
II-JK (Beckman Coulter, Inc., Brea, CA, USA) which integrates flow cytometry technology, thus enabling
the study of cellular populations [92]. Data analyses were carried out using Flow Cytometry (FCM)
analysis software, FlowJo (Version 4.6.2) (Tree Star, Inc., Ashland, OR, USA) and the results expressed
as histograms and MFI.

4.8. Western Blot Analysis

In our previous study, the Western Blot method was used to analyze the expression of Bcl-2 family
proteins [47]. We used this method to detect PD-L1 in HT1080 cell lysates treated with LMF. HT1080
cells were cultured for 5 days in the medium supplemented with or without 10 μg/mL of LMF. Cells
were washed three times with cold PBS and lysed for 5 min with 400 μL of protein extraction buffer
(M-PER Mammalian Protein Extraction Reagent (Thermo Fisher Scientific) supplemented with 1% of
Halt Protease Inhibitor Single-Use Cocktail (Thermo Fisher Scientific) and 5 mM EDTA). Lysates were
collected in 1.5 mL microtubes and cell lysis was further ensured by repeated sonication for four times
at 5 s intervals using the Handy Sonic model UR-20P (TOMY SEIKO CO., LTD., Tokyo, Japan). Protein
extracts were centrifuged at 14,000× g for 15 min at 4 ◦C. Supernatants were recovered and stored
at −80 ◦C. Prior to use, the protein concentration was determined using the Bradford protein assay.
Supernatants were diluted 50-, 100-, 200-, and 400-fold with PBS. A standard solution was prepared
using bovine γ globulin (1 mg/mL) by serially diluting with PBS from 90 to 0 μg/mL with 10 μg/mL
decrement. To determine the protein concentrations in the dilution series, 100 μL each of the protein
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extracts and standard solutions were mixed with 100 μL of 2.5-fold diluted Bio-Rad protein assay dye
reagent concentrate (Bio-Rad Laboratories, Inc., Hercules, CA, USA) in a 96-well microplate (Nunc,
Thermo Fisher Scientific), and absorbance at 595 nm were measured using a microplate reader (TECAN).
Protein concentrations in the treated HT1080 cell extracts were determined based on the standard
curve derived from bovine γ globulin. Equal amounts of protein from each sample were separated by
electrophoresis through SDS-PAGE and transferred to Amersham Hybond P polyvinylidene fluoride
0.45 membranes (GE Healthcare) using The Trans-Blot® SD semi-dry transfer cell apparatus (Bio-Rad)
following the manufacturer’s protocol. Membranes were blocked for 1 h at room temperature with
gentle shaking in Tris-buffered saline containing 5% skim milk powder (Wako). Membrane was cut into
two pieces so as to apply different antibodies for detecting closer molecular weight proteins of GAPDH
(37 kD) and PD-L1 (40-50 kD) unambiguously. The membrane was incubated overnight at 4 ◦C with the
primary antibody, anti-PD-L1 Rabbit mAb (E1L3N) (Cell Signaling Technology) or anti-GAPDH Rabbit
mAb (D16H11) (Cell Signaling Technology), diluted 1000-fold or 4000-fold respectively, in Solution
1 of Can Get Signal® Immunoreaction Enhancer Solution (Toyobo). The membranes were washed
twice and incubated for 1 h at room temperature with the Anti-Rabbit IgG, horseradish peroxidase
(HRP)-linked secondary antibody (Cell Signaling Technology), diluted 2000-fold with Solution 2 of
Can Get Signal® Immunoreaction Enhancer Solution. Chemiluminescence signals of protein bands
obtained by ECL prime western blotting detection reagent (GE healthcare), as described by the supplier,
were detected with LAS-1000 (FUJIFILM Corporation, Tokyo, Japan), which were quantified and
numerated using image J (1.4.6r) software.

4.9. Inhibitory Activity of LMF on PD-1:PD-L1 Binding

Inhibitory activity of LMF on PD-1 and PD-L1 binding was examined using
PD-1:PD-L1(Biotinylated) Inhibitor Screening Colorimetric Assay Kit (BPS Bioscience, San Diego, CA,
USA) following the manufacturer’s protocol. Briefly, PD-1 protein was coated on a 96-well plate
and added biotinylated PD-L1 to form complex of PD-1:PD-L1:biotin. The plate was treated with
Streptavidin-HRP followed by the addition of a colorimetric HRP substrate to produce color. Thus,
this set up will serve as a positive control. To this set up, the addition of PD-1 neutralizing antibody as
a test inhibitor will reduce color production serving as a second positive control. When a prospective
inhibitor such as LMF is added to this set up, color production is reduced only when LMF binds to
PD-1. For ligand control, the well is not coated with PD-1 and for the blank control well, biotinylated
PD-L1 is not included. After incubation, these set-ups produce appropriate colors, which can be
measured at 450 nm using a microplate reader (TECAN).

4.10. Statistical Analysis

Each experiment was performed at least in triplicate and repeated three times. The results are
presented as the mean ± standard deviation (SD) values. The difference between the two groups
was analyzed using the two-tailed Student’s t-test, and differences among three or more groups were
analyzed using one-way analysis of variance (ANOVA) with Tukey’s multiple comparisons. Statistical
analysis was done using Mini StatMate (ATMS Co., Ltd., Tokyo, Japan). A value of p < 0.05 represents
a significant difference (* p < 0.05; ** p < 0.01; *** p < 0.001).

5. Conclusions

Our findings revealed that LMF exerts its effect by specifically suppressing not only mRNA levels
but also cytoplasmic- and surface-protein levels of PD-L1 in HT1080 fibrosarcoma cells. We also
provide data for the downregulation of VEGF, EGFR, and RhoA mRNAs, and the upregulation of
RhoB mRNA in HT1080 cells. Together, these data suggest that LMF could be used as a complementary
agent in the treatment of various types of cancers that express high PD-L1 levels.
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Abstract: Actinomycin V, an analog of actinomycin D produced by the marine-derived actinomycete
Streptomyces sp., possessing a 4-ketoproline instead of a 4-proline in actinomycin D. In this study,
the involvement of snail/slug-mediated epithelial-mesenchymal transition (EMT) in the anti-migration
and -invasion actions of actinomycin V was investigated in human breast cancer MDA-MB-231 cells
in vitro. Cell proliferation effect was evaluated by 3-(4,5-Dimethylthiazol)-2,5-diphenyltetrazolium
bromide (MTT) assay. Wound-healing and Transwell assay were performed to investigate the
anti-migration and -invasion effects of actinomycin V. Western blotting was used to detect the
expression levels of E-cadherin, N-cadherin, vimentin, snail, slug, zinc finger E-box binding homeobox
1 (ZEB1), and twist proteins and the mRNA levels were detected by rt-PCR. Actinomycin V showed
stronger cytotoxic activity than that of actinomycin D. Actinomycin V up-regulated both of the protein
and mRNA expression levels of E-cadherin and down-regulated that of N-cadherin and vimentin in
the same cells. In this connection, actinomycin V decreased the snail and slug protein expression,
and consequently inhibited cells EMT procession. Our results suggest that actinomycin V inhibits
EMT-mediated migration and invasion via decreasing snail and slug expression, which exhibits
therapeutic potential for the treatment of breast cancer and further toxicity investigation in vivo
is needed.

Keywords: breast cancer; actinomycin; EMT; migration; invasion

1. Introduction

Breast cancer has the highest diagnosis and death rates among women followed by lung and
colorectal cancer and has generally increased in recent years [1]. Since many therapies including
surgery, radiotherapy, chemotherapy, and human epidermal growth factor receptor 2 (HER2) targeted
therapy have been used in clinical trials, the overall survival rate of patients still remained poor [2].
Metastasis is the majority reason for breast cancer death. Epithelial-mesenchymal transition (EMT)
is a key process in cancer invasion and metastasis [3]. EMT is a dynamic and complex multistep
process that cells attach to and degrade the surrounding extracellular matrix (ECM) to escape from
the primary tumor site, invade the stromal tissues, and establish the distant secondary tumor [4].
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Therefore, attention has been focused on blocking the migration and invasion processes of breast cancer
cells to inhibit metastasis [5–7].

Many effective anti-cancer compounds that were originally isolated from marine invertebrates,
such as discodermolide, halichondrin B, bryostatin1, and phorboxazole A, were actually produced by
marine microorganisms [8–10]. Marine microorganisms were considered to be the promising sources
for discovering new effective anti-cancer drugs and many efforts have been made in recent years.
Actinomycins, produced by the marine-derived actinomycete Streptomyces sp., is a class of cyclic
chromopeptide consisting of two cyclic pentapeptide lactones attached to a central phenoxazinone
chromophore via amide bonds [11–13]. Typically, actinomycin D has been well used in treatment of a
variety of cancers such as Wilms tumor, rhabdomycosarcoma, and Ewing’s sarcoma through binding
and intercalating double-stranded DNA and inhibiting RNA synthesis [14]. A report has shown that
actinomycin D inhibited the migration of MDA-MB-231 cells but the underlying mechanism was
not mention [15]. Moreover, the toxicity development, particularly in hepatotoxicity of actinomycin
D, is associated with use in an anti-tumor process, which severely limits its effectiveness in clinic.
Actinomycin V possesses 4-ketoproline as a substitute for 4-proline of actinomycin D. Studies have
reported that actinomycin V’s inhibitory effects on the F5-5 friend leukemia cells, MCF-7, A549, and
K562 cells were superior to actinomycin D and the effect on human breast cancer cells MCF-7 was
the most obvious [16,17]. However, the anti- migration and invasion actions of actinomycin V and
the underlying mechanism remains unclear. In this present study, we examined that actinomycin V
treatment inhibited the proliferation of human breast cancer cells and suppressed the EMT process by
down-regulating the snail and slug protein expression. These results may provide a new theoretical
basis for the treatment of breast cancer with actinomycin V and the useful information for developing
novel marine-derived anti-cancer drugs.

2. Results

2.1. Actinomycin V Inhibits the Proliferation of Human Breast Cancer Cells

To compare the effects of three actinomycins (actinomycin D, actinomycin V, and
actinomycin Xob as shown in Figure 1) on breast cancer cells, we initially performed
3-(4,5-Dimethylthiazol)-2,5-diphenyltetrazolium bromide (MTT) analysis in several subtypes of
human breast cancer (MDA-MB-231, BT474, and MCF-7) and noncancer (HMLE and MCF-10A)
cell lines. We found that actinomycin V had the excellent activity on breast cancer cells among three
actinomycins. Actinomycin V displayed the strongest sensitivity on MDA-MB-231 cells and with
lower cytotoxicity in noncancer breast cells as shown in the Table 1. The IC50 of actinomycin V
for 48 h treatment to MDA-MB-231, MCF-7, BT474, HMLE, and MCF-10A were 0.83 ± 0.32 nmol/L,
1.92 ± 0.25 nmol/L, 4.16 ± 0.25 nmol/L, 3.49 ± 0.31 nmol/L, and 4.07 ± 0.26 nmol/L, respectively, and
actinomycin D treatment for 48 h to those cell lines were 15.15 ± 0.52 nmol/L, 8.23 ± 0.50 nmol/L,
37.00 ± 3.15 nmol/L, 30.22 ± 0.50 nmol/L, and 34.01 ± 0.25 nmol/L, respectively. Further experiments
showed that actinomycin V dose- and time-dependently inhibited the proliferation of human breast
cancer cells (Figure 2).

Figure 1. Chemical structure of actinomycin D, actinomycin V, and actinomycin Xob.
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Table 1. Growth inhibitory activities of three actinomycins and Adriamycin in different cell lines.

Compounds
IC50 (nmol/L)

MCF-7 MDA-MB-231 BT474 MCF-10A HMLE

Actinomycin V 1.92 ± 0.25 0.83 ± 0.32 4.16 ± 0.25 4.07 ± 0.26 3.49 ± 0.31
Actinomycin D 8.23 ± 0.50 15.15 ± 0.52 37.00 ± 3.15 34.01 ± 0.25 30.22 ± 0.50

Actinomycin Xob 149.40 ± 4.03 127.33 ± 4.49 369.90 ± 0.14 248.57 ± 14.69 105.83 ± 8.44
Adriamycin 885.38 ± 13.50 942.60 ± 22.50 584.70 ± 50.00 1489.13 ± 25.50 1627 ± 15.50

1 The effects of three actinomycins and Adriamycin on various human breast cancer cells (MCF-7, MDA-MB-231,
and BT474) and normal human breast epithelial cell lines (HMLE and MCF-10A) were examined by
3-(4,5-Dimethylthiazol)-2,5-diphenyltetrazolium bromide (MTT) assay. The cells were treated with various
concentrations of compounds for 48 h and the IC50 values were then calculated. Results were obtained from three
independent experiments. Data were expressed as the mean ± SD (Standard Deviation) of triplicate experiments.

Figure 2. Actinomycin V does- and time- dependently inhibited the proliferation of various cell lines.
Cells were treated with various concentrations of actinomycin V (0 to 5 nmol/L) for 24 h to 72 h.
Cell viability was denoted as a percentage of the untreated control (actinomycin V 0 nmol/L) at the
concurrent time point. Results were obtained from three independent experiments.

2.2. Actinomycin V’s Effects on Morphological Changes in Breast Cancer Cells

We observed the effects of actinomycin V on morphological changes in breast cancer cells (MCF-7,
MDA-MB-231, and BT474) (Figure 3). After 1 nmol/L actinomycin V 24 h treatment cells performed in
different levels of morphological changes. Especially the metastatic MDA-MB-231 cells, it displayed
in a scattered distribution in the culture and a spindle or star-like structure before actinomycin V
treated but after 24 h treatment cells changed to a round cell shape and tend to an aggregation
distribution, indicating cells appeared to have improved intercellular adhesion and reduced cells
migration and invasion.

Figure 3. Changes in morphology of MCF-7, MDA-MB-231, and BT474 cells upon actinomycin V
treatment. (A–C) Cells were treated with 1 nmol/L actinomycin V for 24 h and phase contrast images of
the cultured cells were taken under 200× objective lenses.

2.3. Actinomycin V Inhibits the Migration and Invasion of Human Breast Cancer Cells

Considering that migration and invasion are the major drivers of breast cancer metastasis,
wound-healing assay and Transwell assay were used to further confirm the actinomycin V effects on
anti-migration and anti-invasion in human breast cancer cells. In the wound-healing assay (Figure 4),
the untreated MDA-MB-231 cells wound-healing rate was 52% in 24 h. However, actinomycin V
treatment apparently retarded the wound healing, the healing rates were only about 23% and 10%,
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respectively, in the presence of 1–2 nmol/L actinomycin V. In the Transwell assay (Figure 5), actinomycin
V dose-dependent treatment significantly suppressed the invasion of MDA-MB-231 cells. Similarly,
actinomycin V treatment inhibited the migration and invasion of MCF-7 and BT474 cells but the
inhibitory effects were not as significant when compared with its anti-migration and anti-invasion
effects on the metastatic MDA-MB-231 cells. These results indicated that actinomycin V inhibited the
migration and invasion of human breast cancer cells.

Figure 4. Effect of actinomycin V on the motility of MDA-MB-231, MCF-7, and BT474 cells. The
wound-healing rate of each cell line was analyzed (magnification: ×200). Results were obtained from
three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.

162



Mar. Drugs 2019, 17, 305

Figure 5. Effects of actinomycin V on the invasion of MDA-MB-231, MCF-7, and BT474 cells. (A,B) Cells
were treated with 0–2 nmol/L actinomycin V for 24 h, and the invasion in these two cell lines was
analyzed (magnification: ×200). Results were obtained from three independent experiments. * p < 0.05,
** p < 0.01, *** p < 0.001.

2.4. Effects of Actinomycin V on the Expression of EMT-Associated Proteins and mRNA in
MDA-MB-231 Cells

To investigate the actinomycin V effects on Epithelial-mesenchymal transition inhibition in human
breast cancer cells, we preformed the Western blot analysis to evaluate the expression levels of the
epithelial marker E-cadherin, and mesenchymal markers N-cadherin and Vimentin in MDA-MB-231
cells (Figures 6 and 7). We found that actinomycin V treatment increased the expression levels
of E-cadherin while decreased that of N-cadherin and Vimentin. Immunofluorescence staining
also showed that compared with untreated cells, actinomycin V treatment significantly decreased
intracellular N-cadherin and vimentin content while increased the E-cadherin content in cancer cells.
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Figure 6. Effect of actinomycin V on the expression of E-cadherin. (A,B) MDA-MB-231 cells were
treated with 0–2 nmol/L actinomycin V for 24 h then the protein expression of E-cadherin was measured
by Western blot. (C) Relative expression of E-cadherin mRNA in the MDA-MB-231 cells was analyzed
by real-time PCR. RNA levels are represented as fold increase relative to the level of the control
(normalized to glyceraldehyde-3-phosphate dehydrogenase (GAPDH) mRNA level). Results were
obtained from three independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001. (D) cells were treated
with 0–2 nmol/L actinomycin V for 6 h and analyzed by E-cadherin fluorescent signals. Cells were
stained with anti- E-cadherin (green) and 4′,6-diamidino-2-phenylindole (DAPI, blue). Magnification
×200. E-cadherin levels were increased in the cells, consistent with the Western blot results.

Figure 7. Effects of actinomycin V on the N-cadherin and vimentin expression. (A–C) MDA-MB-231
cells were treated with 0–2 nmol/L actinomycin V for 24 h then the protein expression of vimentin and
N-cadherin was measured by Western blot. (D) cells were treated with 0–2 nmol/L actinomycin V for 6
h and analyzed by vimentin and N-cadherin fluorescent signals. Cells were stained with anti-vimentin
(red), N-cadherin (green), and DAPI (blue). Magnification: ×200. Vimentin and N-cadherin levels
were decreased in the cells, consistent with the Western blot results. Results were obtained from three
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001. (E,F) Relative expression of vimentin
and N-cadherin mRNA in the MDA-MB-231 cells were analyzed by real-time PCR. RNA levels are
represented as fold increase relative to the level of the control (normalized to GAPDH mRNA level).
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Real-time PCR (rt-PCR) showed that the mRNA level of E-cadherin was upregulated while the
N-cadherin and Vimentin were downregulated significantly in response to actinomycin V treatment.
These results confirmed that actinomycin V inhibited the epithelial-mesenchymal transition process in
MDA-MB-231 cells.

2.5. Actinomycin V Suppresses the EMT Process by Reducing the Expression of SNAIL and SLUG

EMT is a complex process which required a complicated network of transcription factors such as
zinc finger and basic helix loop helix to participate in. Snail family transcriptional repressor 1 (also
known as SNAIL) and Snail family transcriptional repressor 2 (SLUG) are proved to be the E-cadherin
repressors and act as inducers of the invasion process when they are overexpressed in epithelial cell
lines [18,19]. As shown in Figure 8, we found that actinomycin V treatment down-regulated the
expression levels of snail and slug protein while the expression levels of zinc finger E-box binding
homeobox 1 (ZEB1) and twist remained unchanged in MDA-MB-231 cells. Immunofluorescence
staining also showed the same reduction effects after 1–2 nmol/L actinomycin V treatment. Therefore,
we suggest the actinomycin V inhibitory effect on EMT process may through down-regulate the
expression levels of the snail and slug protein.

Figure 8. Effects of actinomycin V on the expression levels of snail and slug. (A,B,D) MDA-MB-231
cells were treated with 0 to 2 nmol/L actinomycin V for 24 h then the protein expression of snail and slug
was measured by Western blot. Results were obtained from three independent experiments. * p < 0.05,
** p < 0.01, *** p < 0.001. (C) cells were treated with 0 to 2 nmol/L actinomycin V for 6 h and analyzed by
snail and slug fluorescent signals. Cells were stained with anti-snail (red), slug (green) and DAPI (blue).
Magnification ×200. Snail and slug levels were decreased in the cells, consistent with the Western
blot results.
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3. Discussion

The majority reason of the high incidence and death rates of breast cancer among women is
metastasis, which is initiated by the processes of adhesion, invasion and migration [20]. First, adhesion,
it plays a vital role in maintaining cellular structure and the disruption of cellular adhesion may led to
cell invasion and migration [6,7]. Cellular adhesion is mediated by a variety of membrane molecules,
for example, cadherins, the Ca2+-dependent transmembrane proteins, is one of the major members of
adhesion related membrane molecules [21]. More specially, reports have been confirmed that E-cadherin
was required to initiate cell-cell adhesion and the procession of epithelial-mesenchymal transition (EMT)
is closely related to its deletion [22,23]. In this paper, we found that the actinomycin V was effective
in suppressing migration and invasion of breast cancer cells as revealed by morphological changes,
wound-healing and Transwell assays. Moreover, actinomycin V treatment upregulated the protein and
mRNA levels of E-cadherin, indicating that actinomycin V enhanced cell-cell adhesion in MDA-MB-231
cells. Next, we measured the N-cadherin and Vimentin, the other two important maker molecules
of EMT, by Western blotting and immunofluorescent staining. E-cadherin serves as an invasion
suppressor, N-cadherin, which is frequently upregulated in cancer cells, functions as an invasion
promoter. The expression of N-cadherin induces epithelial cells transform the morphological into a
fibroblastic phenotype and the biological function also changes to make epithelial cells more motile and
invasive in the EMT process [24]. Vimentin is one of the major members of intermediate filament family
and frequently overexpresses in a variety of cancer cells such as prostate cancer, breast cancer and lung
cancer. The overexpression of vimentin in cancer cells promotes cellular proliferation, invasion and
migration [25]. Our results showed that actinomycin V treatment significantly down-regulated both
of the protein and mRNA expression levels of N-cadherin and vimentin, which may inhibit EMT in
cells by reducing cells invasion and migration. These findings suggest that actinomycin V inhibits
MDA-MB-231 cells migration and invasion via suppressing the EMT process.

A complicated network of transcription factors (TFs) are involved in EMT process. Factors from
Snail, ZEB and helix-loop-helix families are acted as the inducers of epithelial-mesenchymal transition
(EMT) and potent repressors of E-cadherin expression [26,27]. The activation of these factors initiates
the EMT process. Then we examined the effects of actinomycin V on these family members including
ZEB1, twist, slug, and snail. We found that the actinomycin V treatment down-regulated the expression
levels of snail and slug protein while the expression levels of ZEB1 and twist remained unchanged.
Immunofluorescence staining also showed us that the expression of snail and slug were reduced in
MDA-MB-231 cells after actinomycin V treatment. It has been reported that snail and slug active during
EMT and down-regulate the expression of adhesion genes like E-cadherin. Snail and slug also involved
in the expression of the invasion promoter such as vimentin, N-cadherin, and fibronectin [27–30].
Therefore, the reduction of snail and slug may lead to the up-regulation of E-cadherin expression while
the down-regulation of vimentin and N-cadherin and suppress the EMT process, which is consistent
with the results showed in our studies. As a result, we conclude that the actinomycin V suppresses
EMT process via down-regulating the snail family members snail and slug and subsequently inhibits
the proliferation, migration, and invasion of breast cancer cells. On the other hand, it is noticed that
the selectivity index of actinomycin V between cancer (such as MDA-MB-231) and noncancer cell lines
(HMLE/MCF-10A) still remains low (around 4–5) as shown in Table 1. Toxicity investigation should be
especially warranted in vitro/vivo for actinomycin V drug development.

4. Materials and Methods

4.1. Chemicals and Reagents

Actinomycin V (>98%), actinomycin Xob (>98%) and actinomycin D (>98%) were provided
by Dr. Xie (Shandong University, Weihai, China) isolated from Streptomyces sp. N1510.2 and
identified by ESI-MS, 1H and 13C NMR data [31]. Compounds were dissolved in dimethylsulfoxide
(DMSO) as 10 μmol/L stock solution and diluted according to experimental requirement. MTT
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(3-(4,5-Dimethylthiazol)-2,5-diphenyltetrazolium bromide) was purchased from Sigma-Aldrich Corp.
(St. Louis, MO, USA). Antibodies against E-cadherin, N-cadherin, Vimentin, snail and ZEB1 were
purchased from Cell Signaling Technology (CST, Inc., Beverly, MA, USA). Slug, twist, GAPDH
antibodies and goat/donkey anti- mouse/rabbit IgG-Alexa Fluor 488/647 secondary antibodies were
purchased from Abcam, Inc. (Cambridge, MA, USA). The primers used in this study were bought
from Sangon Biotech Co Ltd. (Shanghai, China). All chemicals used in this study were commercial
reagent grade products.

4.2. Cell Lines and Cell Culture

Human breast cancer cell lines MCF-7, MDA-MB-231, BT474 and normal human breast epithelial
cell lines HMLE and MCF-10A were purchased from the Shanghai Institute for Biological Sciences (SIBS),
Chinese Academy of Sciences (Shanghai, China). MCF-7, MDA-MB-231 and BT474 were cultured in
RPMI 1640 Medium (Hyclone Laboratories, Inc., Logan, UT, USA) and HMLE cells were cultured in
DMEM/F-12 1:1 (Hyclone Laboratories, Inc.) containing 10% fetal bovine serum supplemented with
100 units/mL of penicillin and 100 μg/mL of streptomycin. MCF-10A cells were cultured in DMEM/F-12
1:1 containing insulin, hydrocortisone, EGF and 10% horse serum supplemented with 100 units/mL of
penicillin and 100 μg/mL of streptomycin. All cell lines were cultured in a humidified incubator at
37 ◦C with 5% CO2.

4.3. MTT Assay

Cell proliferation inhibitory effect of actinomycin V was evaluated by MTT assay. Cells were seed
in 96-well plates at a density of 5 × 103 cells per well. After 24 h incubating, cells were treated with
actinomycin V, actinomycin Xob and actinomycin D at various concentrations while adriamycin was
used as the comparison. After 24–72 h of continuous culture, 15 μL MTT (5 g/L) was added to each
well and incubated for another 4 h at 37 ◦C. The medium with MTT was removed and 150 μL per
well of DMSO was added to dissolve the formazan. The absorbance of each well was measured by a
microplate reader at 570 nm. IC50 values (concentration resulting in 50% inhibition of cell growth) for
each cell line were calculated by plotting the untreated cells, which were considered to be 100% cell
survival. Each text was performed in triplicate independently.

4.4. Wound-Healing Assay

Cells in logarithmic growth phase were seeded into 6-well plates at a density of 3 × 104 cells per
well. When the cells had adhered to 90%, they were scratched by micropipette tips vertically in the
middle of each well. Each plate was washed with 3 mL PBS three times to remove the suspension cells.
The cells in plate were starved for 12 h to eliminate the interference of proliferation in advance and
then treated with 0 to 2 nmol/L actinomycin V for 24 h. The scratch width changes of each group were
observed under a microscope, and the wound healing rate (%) was calculated as (1 − (scratch width of
the actinomycin V group/scratch width of the control group)) × 100% to evaluate the migration ability
of cells. Each experiment was performed in triplicate independently.

4.5. Transwell Assay

We used transwell assays to measure the invasive capacity of cells. We took 50 μL Matrigel diluted
with 1:8 of serum-free culture medium and added onto the upper chamber membrane of the insert.
After solidifying into gel, cells were suspended in 200 μL serum-free culture medium at a destiny of
1 × 105 cells/mL and then added into the upper chamber of the insert, while the lower chamber were
filled with 600 μL culture medium containing 20% FBS. Cells were treated with varying concentration
of actinomycin V ranging from 0 to 2 nmol/L and incubated with 5% CO2 at 37 ◦C for 24 h. The medium
in chamber was removed and the cells in the upper chamber were wiped by cotton swabs. Cells
in lower chamber were fixed in formaldehyde for 20 min, then stained with 0.5% crystal violet for
15 min. After three times washing, five fields were taken randomly under a Nikon TE2000 microscope
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(Nikon Instruments Inc., Tokyo, Japan) and the number of transmembrane cells were counted. Each
experiment was performed in triplicate independently.

4.6. Immunofluorescence Staining

Cells were seeded onto 12-mm round, glass over slips in 24-well plates and treated with 0
to 2 nmol/L actinomycin V for 6 h. Cells were washed and fixed with 4% Paraformaldehyde for
15 min, washed three times with cold PBS, and permeabilized in 0.1% Triton X-100 for 20 min at room
temperature. To prevent non-specific antibody binding, the cells were washed and incubated with
3% goat serum for 30 min. Then cells were incubated with the E-cadherin, N-cadherin, vimentin,
snail and slug antibody at 4 ◦C overnight, washed and incubated with donkey anti-rabbit IgG-Alexa
Fluor 647 antibody or goat anti-mouse IgG-Alexa Fluor 488 antibody for 1 h. After washing three
times, cells were counterstained with 4 μg/mL 4′,6-diamidino-2-phenylindole (DAPI) for 10 min at
room temperature. After washing three times with PBS-TX, cover slips containing the cells were then
mounted using mounting medium (PBS:glycerol = 1:1 (v/v)). Fluorescence images were captured by
using a fluorescence microscope.

4.7. Western Blot Analysis

Cells were treated with indicated concentrations of actinomycin V for 24 h, then the protein
from whole cell lysates was analyzed by Western blot assay. Samples were denatured by boiling
with 1 × Laemmli buffer, subjected to 10% SDS-polyacrylamide gel electrophoresis and transferred to
nitrocellulose membranes. The membranes were washed with distilled water and then blocked with
5% non-fat milk in TBS-T buffer (10 mmol/L Tris-HCl, 150 mmol/L NaCl and 0.05% Tween-20 (v/v),
pH 7.8) for at least 1 h at room temperature. After a short wash in TBS-T buffer, the membranes were
incubated in a solution containing monoclonal antibodies specific for GAPDH, Vimentin, E-cadherin,
N-cadherin, snail, slug, twist and ZEB1 for 2 h at room temperature or overnight at 4 ◦C. Then, the
membranes were washed with TBS-T buffer for 6 min three times and once in TBS buffer. Membranes
were incubated in secondary HRP-conjugated goat anti-mouse IgG or donkey anti-rabbit IgG for 1 h at
room temperature. Membranes were washed with TBS-T buffer three times and once in TBS buffer.
Proteins on the membranes were visualized using the enhanced chemiluminescence detection system
(ECL®, Amersham Biosciences). Proteins expression density values were quantified by gray analysis
using the Image J 2.0 software (National Institutes of Health, Bethesda, MD, USA).

4.8. RNA Extraction and Relative Quantification by Real Time PCR

Cells were seeded in 6-well plates and treated with 0 to 2 nmol/L actinomycin V for
24 h. Total RNA was extracted using RNeasy kit under the manufacturer’s instructions
and the purity of RNA was detected by OD260/280 of RNA sample (>1.8). Then we
converted the RNA into cDNA using the ReverTra Aoe® qPCR RT Kit (QIAGEN, Hilden,
Germany). Primers were designed by primer premier 5 for the E-cadherin gene (forward primer:
5′-CGAGAGCTACACGTTCACGG-3′ and reverse primer: 5′-GGGTGTCGAGGGAAAAATAGG-3′),
N-cadherin gene (forward primer: 5′-CCTTTCAAACACAGCCACGG-3′ and reverse
primer: 5’-TGTTTGGGTCGGTCTGGATG-3’), and vimentin gene (forward primer:
5′-GACGCCATCAACACCGAGTT-3′ and reverse primer: 5′-CTTTGTCGTTGGTTAGCTGGT-3′).
GAPDH gene (forward primer: 5′-CATCAAGAAGGTGGTGAAGCAGG-3′ and reverse primer:
5′-TCAAAGGTGGAGGAGTGGGTGTCGC-3′), was used as a control for the amount of RNA.
Real-time PCR assay was used to detect the expression levels of the Vimentin, N-cadherin and
E-cadherin genes and the amplification was performed in triplicate. For each reaction, we prepared
1×SYBR Green Realtime PCR Master Mix (TOYOBO, Osaka, Japan), 1 μL forward primer and reverse
primer and 1 μg of template cDNA in a final volume of 20 μL. The condition of the amplification
were 45 cycles of sequential denaturation (95 ◦C, 2 min), annealing (60 ◦C, 15 s), and extension (72 ◦C,
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20 s). The ΔΔCT value was used to analyze the rt-qPCR data. All samples were measured in triplicate
experiments independently.

4.9. Statistical Analysis

Data are presented as Mean ± Standard deviation from triplicate experiments. All data were
analyzed using One-way Analysis of Variance (ANOVA) for multiple comparisons by SPSS 16.0
(SPSS Inc., Chicago, IL, USA). Significant differences are indicated as follows: * p < 0.05; ** p < 0.01;
*** p < 0.001.
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Abstract: Four new ansamycins, named divergolides T–W (1–4), along with two known analogs were
isolated from the fermentation broth of the mangrove-derived actinomycete Streptomyces sp. KFD18.
The structures of the compounds, including the absolute configurations of their stereogenic carbons,
were determined by spectroscopic data and single-crystal X-ray diffraction analysis. Compounds 1–4

showed cytotoxic activity against the human gastric cancer cell line SGC-7901, the human leukemic
cell line K562, the HeLa cell line, and the human lung carcinoma cell line A549, with 1 being the
most active while compounds 5 and 6 were inactive against all the tested cell lines. Compounds 1

and 3 showed very potent and specific cytotoxic activities (IC50 2.8 and 4.7 μM, respectively) against
the SGC-7901 cells. Further, the apoptosis-inducing effect of 1 and 3 against SGC-7901 cells was
demonstrated by two kinds of staining methods for the first time.

Keywords: mangrove-derived actinomycete; ansamycins; divergolides; apoptosis-inducing activity

1. Introduction

Ansamycins are a class of bioactive macrolides that have been isolated from actinomycetes [1–4].
The most representatives of them are geldanamycin with HSP90 inhibitory activity [1], rifamycin with
antibacterial activity [2], and maytansinoid with anticancer activity [3]. Divergolides represent a
family of ansamycins with a 19-membered naphthalenic ansamacrolactam skeleton, which was first
discovered from Streptomyces sp. HKI0576 and reported in 2011. Until now, a total of 19 members
(divergolides A–S) of this family has been reported [5–7]. Many divergolides have shown cytotoxic
and antibacterial activities [5–8].

As part our ongoing search for new bioactive secondary metabolites from marine
microorganisms [9–12], Streptomyces sp. KFD18 attracted our attention for its ability to produce
a series of metabolites with UV absorption bands around 275 and 305 nm, detected by HPLC analysis.
Subsequent chemical investigations on the EtOAc extract from the fermentation broth of this strain led
to the isolation and identification of four new ansamycins, named divergolides T–W (1–4), as well as
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two known analogues 6,7-epi-24,25-dihydro-divergolide U (5) [8] and divergolide E (6) [7] (Figure 1).
Herein, the structures and bioactivities of these compounds are reported.

 
Figure 1. Structures of compounds 1–6.

2. Results and Discussion

Compound 1 was obtained as a yellow crystal, and was found to have the molecular formula
C31H37NO7 from the HRESIMS m/z 536.2641 [M + H]+. The UV spectrum showed characteristic
absorption bands around 221 and 240 nm. The IR absorptions at 3414 and 1663 cm−1 revealed the
presence of a hydroxy and carbonyl group, respectively. The 1H and 13C NMR spectra (Supplementary
materials, Figures S2-1 and S2-2) along with the HSQC spectra (Supplementary materials, Figure S2-4)
revealed the presence of five methyls, five sp3 methylenes, nine methines (including five sp2 and one
oxygenated sp3), twelve non-protonated carbons (including two ketone carbonyls, two ester or amide
carbonyls, seven aromatic or olefinic carbons, and one hydroxylated carbon). Comparison of the above
data with those of the known analogue 5 [8] suggested that their planar structures were quite similar,
except that the hydroxy at C-7 was absent, and the Δ24 double bond of 5 was hydrogenated in 1. In the
1H-1H COSY spectrum (Figure 2) of 1, correlations of H-26/H-25/H-27 and H-25/H-24/H-6/H-7 were
observed, which further confirmed the above deduction. The remaining substructure of 1 was found
to be identical to that of 5 by analysis of the 2D NMR data.

.
Figure 2. Key COSY (( )) and HMBC (→) correlations of 1–4.

The large J value (15.6 Hz) of H-8/H-9 (Table 1) suggested the E configuration of the Δ8 double
bond, while the relative downfield shift (δC/H 21.4/2.17) of the allylic methyl C-4a [13] and ROESY
cross-peak (Figure 3) between H-4a and H-3 (δH 6.60) suggested the Z configuration of the Δ3 double
bond. Additionally, in the ROESY spectrum (Figure 3), correlations of H-10/H-8/H-24/H-2 and
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H-9/H-10a led to the assignment of the full relative configuration of compound 1, as shown in Figure 3.
To support the above assignment and determine the absolute configuration of 1, a single-crystal
X-ray diffraction pattern was obtained using the anomalous scattering of Cu Kα radiation (Figure 4),
allowing an explicit assignment of the absolute structure as 2R, 6S, 10R, and 19R based on the Flack
parameter of −0.05(8).

 
Figure 3. Key ROESY correlations of 1–4.

Table 1. 13C NMR data for 1–4 in CD3OD.

Position
1 2 3 4

δC δC δC δC

1 177.2, C 177.1, C 177.2, C 176.8, C
2 55.2, CH 55.3, CH 55.8, CH 55.3, CH
3 131.7, CH 132.9, CH 126.7, CH 132.5 CH
4 136.8, C 136.1, C 138.4, C 135.0, C
4a 22.0, CH3 22.1, CH3 21.4, CH3 13.5, CH3
5 168.0, C 167.7, C 169.5, C 167.9, C
6 74.6, CH 76.7, CH 74.5, CH 74.0, CH
7 36.1, CH2 70.5, CH 36.6, CH2 36.3, CH2
8 125.1, CH 128.2, CH 126.3, CH 125.3, CH
9 139.6, CH 136.1, CH 138.8, CH 138.6, CH
10 46.0, CH 45.9, CH 44.2, CH 43.2, CH
10a 26.9, CH2 27.0, CH2 29.3, CH2 25.6, CH2
10b 13.2, CH3 13.2, CH3 12.7, CH3 11.1, CH3
11 31.7, CH2 31.5, CH2 34.8, CH2 31.6, CH2
12 40.5, CH2 40.5, CH2 42.5, CH2 42.0, CH2
13 212.4, C 212.4, C 212.1, C 212.1, C
14 130.1, C 130.2, C 127.8, C 130.6, C
15 153.5, C 153.5, C 153.4, C 152.9, C
16 132.6, C 132.9, C 133.1, C 133.4, C
16a 17.0, CH3 17.0, CH3 17.0, CH3 16.9, CH3
17 130.8, CH 130.8, CH 132.8, CH 131.9, CH
18 134.3, C 136.1, C 134.3, C 135.0, C
19 73.7, C 73.8, C 73.6, C 75.2, C
20 164.8, C 164.7, C 164.6, C 164.6, C
21 103.9, CH 104.0, CH 103.4, CH 104.3, CH
22 185.4, C 185.4, C 185.7, C 185.7, C
23 129.8, C 129.9, C 130.4, C 130.6, C
24 42.6, CH2 38.4, CH2 41.5, CH2 41.9, CH2
25 25.5, CH 25.7, CH 25.3, CH 25.6, CH
26 22.7, CH3 22.2, CH3 22.1, CH3 22.4, CH3
27 23.0, CH3 23.8, CH3 23.7, CH3 23.6, CH3
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Compound 2 was determined to have a molecular formula of C31H37NO8 based on HRESIMS
data, with one oxygen atom more than that of 1. The UV spectrum of 2 was nearly identical to that
of 1, suggesting that 2 was a homologue of 1. Their NMR data (Tables 1 and 2) were also quite similar,
except for the replacement of CH2-7 signals in 1 by signals for a hydroxylated sp3 methine (δC/H
70.5/3.90) in 2. In the COSY spectrum (Supplementary materials, Figure S3-6), correlations of this
hydroxylated sp3 methine with H-8 (δH 4.06) and H-6 (δH 4.99) were observed, further confirming that
CH2-7 in 1 was oxidized to a hydroxylated methine in 2. The similar J values (Table 1) and ROESY
data (Figure 3) between 1 and 2 suggested that both compounds had the same configuration at the
stereogenic centers C-2, C-6, C-10, and C-19 and double bonds Δ3 and Δ8. The syn orientation between
H-6 and H-7 was deduced from their small vicinal coupling constant (J = 2.6 Hz) [12].

 
Figure 4. ORTEP diagram of 1.

Table 2. 1H NMR data for 1–4 in CD3OD.

Position
1 2 3 4

δH (J in Hz) δH (J in Hz) δH (J in Hz) δH (J in Hz)

2 4.74, d (10.9) 4.84, d (10.6) 4.09, d (10.9) 4.06, d (8.4)

3 6.60, dq (10.9, 1.6) 6.67, dq (10.6, 1.6) 6.36, dq (10.8, 1.6) 5.89, dq (8.4, 1.6)

4a 2.20, d (1.6) 2.21, d (1.6) 2.17, d (1.6) 2.08, d (1.0)

6 5.05, m 4.99, m 5.04, m 4.87, m

7
1.96, m 3.90, ddd (2.74, 2.6, 2.6) 2.15, m 2.25, m

2.15, m 2.15, m 2.14, m

8 3.93, ddd (15.3, 10.2, 3.6) 4.06, dd (15.6, 2.8) 3.78, ddd (15.6, 6.0, 6.0) 4.77, ddd (15.6, 9.1, 4.9)

9 5.01, dd (15.3, 9.3) 5.24, dd (15.6, 9.3) 4.87, dd (15.6, 9.4) 5.24, dd (15.6, 7.7)

10 1.32, overlap 1.37, overlap 1.46, overlap 1.78, m

10a 0.89, m 0.92, m 1.02, m 1.43, overlap

0.89, m 1.49, overlap 1.34, overlap 1.18, overlap

10b 0.66, t (7.4) 0.65, t (7.4) 0.73, t (7.4) 0.77, t (7.5)

11
1.35, m 1.37, overlap 1.68, m 1.29, overlap

1.46, overlap 1.49, overlap 1.25, m 1.57, m

12
2.61, m 2.62, m 2.64, ddd (14.0, 11.3, 2.8) 2.46, m

2.90, m 2.99, m 2.46, ddd (14.0, 7.4, 2.9) 2.77, m

16a 2.22, s 2.21, s 2.30, s 2.31, s

17 7.41, s 7.38, s 7.57, s 7.28, s

21 5.82, s 5.82, s 5.80, s 5.85, s

24
1.13, m 1.14, m 1.15, m 1.20, overlap

1.32, overlap 1.31, overlap 1.32, overlap 1.30, overlap

25 1.46, overlap 1.49, overlap 1.47, overlap 1.45, overlap

26 0.81 d (6.6) 0.83 d (6.6) 0.88 d (6.5) 0.88 d (6.6)

27 0.81, d (6.6) 0.79, d (6.6) 0.82, d (6.5) 0.83, d (6.6)
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Compounds 3 and 4 had the same molecular formula of C31H37NO7 as that of 1. The 1H and
13C NMR data (Supplementary materials, Figures S4-1, S4-2, S5-1, and S5-2) of 3 and 4 were also
quite similar to those of 1. Detailed analysis of the 1H-1H COSY and HMBC data (Supplementary
materials, Figures S4-5, S4-6, S5-5, and S5-6) of 3 and 4 revealed the same H/H and H/C correlational
relationship as those of 1, indicating that 3 and 4 shared the same planar structure with 1. However,
unlike the ROESY data of 1 and 2, the absence of correlations (Supplementary materials, Figures S4-7
and S5-7) between H-2 and H-24 (δH 1.15 and 1.20, respectively) in 3 and 4 revealed the H-2 protons
had opposite orientations as compared to those of 1 and 2. The syn orientation of H-2 and OH-19 in 3

and 4 was deduced by comparison of the NMR data with those of hygrocins D and F [13]. The above
assignment was further supported by the phenomenon that H-2 signals (δH 6.36 and 5.89, respectively)
of 3 and 4 resonated upfield [13] compared to those (δH 6.60 and 6.67, respectively) of 1 and 2. Further,
in the ROESY spectra (Figure 3), correlations of H-4a/H-3 of 3 while H-4a/H-2 of 4 were observed,
revealing the Z and E configuration of Δ3 double bond in 3 and 4, respectively.

Compounds 1–6 were tested for their cytotoxic activity against the human gastric cancer cell
line SGC-7901, the human leukemic cell line K562, the HeLa cell line, and the human lung carcinoma
cell line A549. The results (Table 3) showed that compounds 1–4 exhibited cytotoxic activity against
SGC-7901 (IC50 = 2.8, 9.8, 4.7, and 20.9 μM, respectively), K562 (IC50 = 6.6, 9.0, 7.6, and 16.3 μM,
respectively), HeLa (IC50 = 9.6, >50, 14.1, and 29.5 μM, respectively), and A549 (IC50 = 14.9, 24.7,
20.9, and 33.2 μM, respectively) cell lines, with 1 being the most active while compounds 5 and 6

were inactive against all the tested cell lines. The above data showed that hydroxylation at C-7 or
inversion of the configuration at C-2 or Δ3 double bond in compound 1 could significantly reduce
cytotoxic activity.

Table 3. Cytotoxic activities of compounds 1–6.

Compound
IC50 (μM)

SGC-7901 K562 Hela A549

1 2.8 6.6 9.6 14.9
2 9.8 9.0 >50 24.7
3 4.7 7.6 14.1 20.9
4 20.9 16.3 29.5 33.2
5 >50 >50 >50 >50
6 >50 >50 >50 >50

Imatinib 86.8 0.2 18.8 45.6
Adriamycin 6.9 10.7 11.4 5.5

In order to determine whether the compounds could induce apoptosis, we used two kinds
of staining methods. Double staining with acridine orange-ethidium bromide (AOEB) allows
for differentiation of live, apoptotic, and necrotic cells [14]; live cells have green, regular-sized
nuclei. Green or yellow-green nuclear condensation or fragmentation identifies early apoptotic
cells, and orange or red staining identifies late apoptotic or necrotic cells. DAPI staining can reveal the
typical apoptotic feature: a condensed nucleus and apoptotic body formation [15]. After SGC-7901
cells were cultured with compounds 1 and 3 at double the IC50 concentration for 48 h. AOEB staining
showed us that the cells were dyed yellow-green or orange. DAPI staining showed that many cells
had typical apoptotic features (Figure 5). All staining results indicated that compounds 1 and 3 had
apoptosis-inducing activity against SGC-7901. The apoptosis-inducing activity of divergolides has
been reported for the first time.
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Figure 5. The staining results of compounds 1 and 3 on SGC-7901. Acridine orange-ethidium bromide
(AOEB) staining on SGC-7901 cells at 48 h after compound addition (a–c). DAPI staining on SGC-7901
cells at 48 h after compound addition (d–f). The concentrations of compounds 1 and 3 were 5.6 μM
and 9.4 μM, respectively. NC: Negative control, DMSO of the same volume.

3. Experimental Section

3.1. General Experimental Procedure

Optical rotations were measured with a JASCO P-1020 digital polarimeter. The IR spectra
were obtained with a Nicolet Nexus 470 spectrophotometer as KBr discs. The UV spectra were
obtained with a Beckman DU 640 spectrophotometer. The NMR spectra were recorded on a
Bruker AV-500 spectrometer, with a CD3OD solvent peak signal as the chemical shift reference.
All compounds isolated underwent NMR analysis using about 500 μL CD3OD solvent. HREIMS data
were acquired on a Micromass Autospec-Ultima-TOF, API QSTAR Pulsar 1, or Waters Autospec Premier
spectrometer. Semi-preparative HPLC separation used octadecyl silane (ODS) columns (YMC-pack
ODS-A, 10 × 250 mm, 5 μm, 4 mL/min) for separation. Thin-layer chromatography (TLC) and column
chromatography (CC) were carried out on precoated silica gel GF254 (10–40 μm, Qingdao Marine
Chemical Inc., Qingdao, China) and silica gel (200–300 mesh, Qingdao Marine Chemical Inc., Qingdao,
China), respectively.

3.2. Strain and Fermentation

The strain Streptomyces sp. KFD18 was isolated from Mangrove sediment, collected from Danzhou,
Hainan province, in China, which was identified based on the 16S rRNA gene sequences (GenBank
accession No. MK478900, Supporting Information) of the single colonies. A reference culture of
Streptomyces sp. KFD18 was deposited in our laboratory and was maintained at −80 ◦C. Streptomyces
sp. KFD18 was cultured in seawater medium containing 1% starch, 0.1% peptone, and 0.2% CaCO3 on
a rotary shaker (180 rpm) at 28 ◦C for 4 d to afford a seed culture. Fermentation (30 L) was performed
using the same medium on a rotary shaker (180 rpm) at 28 ◦C for 10 d.

3.3. Extraction and Isolation

The fermented cultures were extracted with three-fold volumes of EtOAc, then the EtOAc
solutions were combined and evaporated under reduced pressure to produce a dark brown, solid,
crude extract (2.9 g). The extract was fractionated by a silica gel VLC column using different solvents
of increasing polarity, from MeOH/H2O (1:4) to MeOH/H2O (1:0), to yield seven fractions (Frs. 1−7).
Fr. 5 (87 mg) was subjected to semipreparative HPLC (YMC-pack ODS-A, 5 μm; 10 × 250 mm;
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50% MeCN/H2O; containing 0.1% TFA; 4 mL/min) to afford compounds 1 (tR 19.4 min; 14.2 mg) and 4

(tR 23.4 min; 4.3 mg). Fr. 6 (264 mg) was subjected to semipreparative HPLC (YMC-pack ODS-A, 5 μm;
10 × 250 mm; 70% MeCN/H2O; containing 0.1% TFA; 4 mL/min) to afford compound 3 (tR 13.1 min;
6.4 mg). Fr. 4 (124 mg) was purified by semipreparative HPLC (YMC-pack ODS-A, 5 μm; 10 × 250 mm;
40% MeCN/H2O; containing 0.1% TFA; 4 mL/min) to afford compound 2 (tR 9.6 min; 3.1 mg) and
compound 5 (tR 11.3 min; 7.7 mg). Fr. 3 (214 mg) was purified by Sephadex LH-20 chromatography
and eluted with MeOH to afford compound 6 (13.8 mg)

Divergolide T (1): Colorless crystal; [α]25
D −190 (c 0.1, MeOH); UV (MeOH) λmax (log ε): 305.0 (3.70),

275.0 (3.68) nm; IR (KBr) νmax (cm−1): 3414, 2957, 2855, 1663, 1573, 1194, and 1144. 1H and 13C NMR
data, Tables 1 and 2; HRESIMS m/z 536.2641 [M + H]+ (calculated for C31H38O7N, 536.2643).

Divergolide U (2): White powder; [α]25
D +60 (c 0.1, MeOH); UV (MeOH) λmax (log ε): 305.0 (3.72),

275.0 (3.69) nm; IR (KBr) νmax (cm−1): 3444, 2925, 2855, 1677, 1442, 1199, and 1141. 1H and 13C NMR
data, Tables 1 and 2; HRESIMS m/z 550.2438 [M − H]+ (calculated for C31H36O8N, 550.2446).

Divergolide V (3): White powders; [α]25
D +118 (c 0.1, MeOH); UV (MeOH) λmax (log ε): 305.0 (3.75),

275.0 (3.70) nm; IR (KBr) νmax (cm−1): 3413, 2926, 1649, 1583, 1334, 1243, 1146, and 1058. 1H and 13C
NMR data, Tables 1 and 2; HRESIMS m/z 536.2640 [M + H]+ (calculated for C31H38O7N, 536.2643).

Divergolide W (4): White powders; [α]25
D +72 (c 0.1, MeOH); UV (MeOH) λmax (log ε): 305.0 (3.68),

275.0 (3.66) nm; IR (KBr) νmax (cm−1): 3442, 2926, 2961, 1673, 1577, 1199, and 1138. 1H and 13C NMR
data, Tables 1 and 2; HRESIMS m/z 534.2490 [M − H]− (calculated for C31H36O7N, 534.2497).

X-ray Crystal Data for 1: Colorless crystals of 1 were obtained in the mixed solvent of MeOH.
Crystal data of 1 were obtained on a Bruker D8 QUEST diffractometer (Bruker) with graphite
monochromated Cu Kα radiation (λ = 1.54178 Å). Crystallographic data for 1 were deposited in
the Cambridge Crystallographic Data Center as supplementary publication number CCDC 1893418.
These data can be obtained free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.

Crystal data for 1. Monoclinic, C31H37NO7; space group P 1 21 1 with a = 12.5723(5) Å,
b = 14.6723(6) Å, c = 17.4900(8) Å, V = 3226.3(2) Å3, Z = 1, Dcalcd = 1.109 g/cm3, μ = 0.691 mm−1,
and F(000) = 1077. T = 296.15 K. R1 = 0.0526 (I > 2σ(I)), wR2 = 0.1480 (all data), S = 1.021. Absolute
structure parameter: −0.05(8). The structures were solved using ShelXS. The structural solutions were
found by direct methods and refined using the ShelXL package by least squares minimization. The final
structures were examined using the Addsym subroutine of PLATON to assure that no additional
symmetry could be applied to the models. All non-hydrogen atoms were refined with anisotropic
thermal factors.

3.4. Bioassays for Cytotoxic and Apoptosis-Inducing Activity

The cytotoxic activities of compounds 1–6 were tested in vitro by using the MTT method
optimized by Chuan et al. [16]. Imatinib and adriamycin were used as the positive controls, and a
medium with 4‰ DMSO was used as the negative control in the bioassay test. For AOEB staining,
SGC-7901 cells were cultured in 96-well cell culture plates. After 48 h incubation, the culture medium
was removed and washed with PBS three times. AO and EB were added to a final concentration
of 2 μg/mL each. For DAPI staining, cells were fixed with 4% paraformaldehyde solution for
10 min, incubated with 0.1% TritonX-100 on ice for 30 min, and then washed with PBS three
times. DAPI was added to a final concentration of 1 μg/mL each. The pictures were taken using a
fluorescence microscope.

4. Conclusions

In conclusion, four new ansamycins (1–4) and two known analogs (5 and 6) were isolated from the
fermentation broth of mangrove-derived actinomycete Streptomyces sp. KFD18. Compounds 1–4
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exhibited cytotoxic activity against SGC-7901(IC50 = 2.8, 9.8, 4.7, and 20.9 μM, respectively),
K562 (IC50 = 6.6, 9.0, 7.6, and 16.3 μM, respectively), HeLa (IC50 = 9.6, >50, 14.1, and 29.5 μM,
respectively), and A549 (IC50 = 14.9, 24.7, 20.9, and 33.2 μM, respectively) cell lines, with 1 being the
most active while compounds 5 and 6 were inactive against all the tested cell lines. The two most
active compounds, 1 and 3, could induce apoptosis of SGC-7901 cells.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/4/219/s1,
Figures S1–S5-9: HRESIMS, IR and 2D NMR spectra of the new compounds 1–4, and the 16S rRNA gene sequence
of Streptomyces sp. KFD18 are supplied.
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Abstract: A study on the secondary metabolites of Aspergillus sp. XNM-4, which was derived from
marine algae Leathesia nana (Chordariaceae), led to the identification of one previously undescribed
(1) and seventeen known compounds (2–18). Their planar structures were established by extensive
spectroscopic analyses, while the stereochemical assignments were defined by electronic circular
dichroism (ECD) calculations. The biological activities of the compounds were assessed on five
human cancer cell lines (PANC-1, A549, MDA-MB-231, Caco-2, and SK-OV-3), and one human normal
cell line (HL-7702) using an MTT [3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide]
assay. Among them, the dimeric naphthopyrones 7, 10 and 12 exhibited potent cytotoxicity. Further
mechanism studies showed that 12 induced apoptosis, arrested the cell cycle at the G0/G1 phase in
the PANC-1 cells, caused morphological changes and generated ROS; and it induces PANC-1 cells
apoptosis via ROS-mediated PI3K/Akt signaling pathway.

Keywords: Aspergillus; naphthopyrones; cytotoxicity; endophytic fungus; Leathesia nana

1. Introduction

Marine-derived endophytic fungi have drawn considerable attention for their surprising potential
in drug discovery [1–5]. These endophytic fungi can be distributed in every possible marine host, such
as plants, invertebrates and vertebrates [6]. In the interactional process of symbiosis and evolution, the
host provides suitable living conditions to the endophytes, while the endophytes contribute bioactive
secondary metabolites that provide protection and, ultimately, survival value to their hosts [7,8].
As one of the most prevalent sources of microorganisms, marine algae offer an abundant amount of
endophytic fungi for chemical studies. Hundreds of natural products have been identified from the
algal-derived fungi [9].

In our ongoing efforts to discover the bioactive secondary metabolites of endophytic fungi
from the marine brown algae Leathesia nana (Chordariaceae), eighteen compounds were isolated
from an Aspergillus sp. XNM-4 strain (Figure 1). The planar structures of the metabolites were
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established by HRESIMS, UV, IR, one- and two-dimensional (1D and 2D) NMR spectroscopic data,
while the stereochemistry of compounds 1 and 12 were assigned by a comparison of the calculated and
experimental electronic circular dichroism (ECD). All compounds were assessed for inhibitory effects
on five human cancer cell lines (PANC-1, A549, MDA-MB-231, Caco-2, and SK-OV-3) and one human
normal cell line (HL-7702). Notably, as the most promising candidate, the cytotoxic mechanism of
compound 12 in PANC-1 cells was studied preliminarily. These experimental results may be beneficial
for the development of naturally occurring dimeric naphthopyrones as anti-tumor agents.

 
Figure 1. Compounds 1–18 isolated from Aspergillus sp. XNM-4.

2. Results and Discussion

2.1. Structural Elucidation

Compound 1 was isolated as a white amorphous powder. Its molecular formula (C12H10O3) was
determined on the HRESIMS (m/z 203.0707 [M +H]+, calcd 203.0708, Figure S3) in association with
13C NMR data. The IR spectrum (Figure S4) exhibited absorption bands for carbonyl (1653 cm−1)
and olefinic (1384, 1602 cm−1) groups. The 1H NMR data of 1 (Table 1, Figure S5) revealed an ABX
spin-system assignable to three pyrone protons [δH 8.05 (1H, d, J = 6.0 Hz), 6.21 (1H, dd, J = 2.4,
6.0 Hz), and 6.42 (1H, d, J = 2.4 Hz)]; however, their coupling constants were different from those of the
benzene ring. The 1H NMR spectrum also showed five pyrone protons [δH 7.41 (2H, overlap), 7.37 (2H,
overlap), and 7.32 (1H, m)] and an oxygenated methyne δH 5.48 (1H, s). In combination with the five
resonance peaks at δH 7.32–7.41, the pyrone resonances in the 13C NMR spectrum [δC 140.6 (1C), 128.4
(2C), 128.0 (1C), and 126.8 (2C), Figure S6] supported the existence of a mono-substituted benzene
ring [10]. The remaining five resonance peaks [δC 177.9 (1C), 170.2 (1C), 156.2 (1C), 116.2 (1C), and
112.3 (1C)] indicated a skeleton of 4H-pyran-4-one [11], except for the oxygenated carbon resonance at
δC 71.2 (1C). In the 2D NMR experiment (Figures S7 and S8), the hydrogen resonance at δH 6.21 (H-5)
has a homonuclear correlation with the resonance at δH 8.05 (H-6), and the hydrogen resonance at δH

5.48 (H-7) has long-range heteronuclear correlations with the carbon resonances at δC 112.3 (C-3) and
126.8 (C-9, 13), which confirmed that a benzyl group was substituted at C-2. Thus, the structure of
compound 1 was identified as (hydroxy(phenyl)methyl)-4H-pyran-4-one.
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Table 1. 1H, 13C NMR and HMBC spectroscopic data of 1 (600 MHz, ppm in DMSO-d6).

Position δH (J in Hz) δC (m) Key HMBC (H→C)

2 170.2
3 6.42, d (J = 2.4) 112.3 C-5, 7
4 177.9
5 6.21, dd (J = 2.4, 6.0) 116.2 C-3
6 8.05, d (J = 6.0) 156.2 C-4
7 5.48, s 71.2 C-3, 9, 13
8 140.6
9 7.37, overlap 126.8 C-7, 11

10 7.41, overlap 128.4 C-8
11 7.32, m 128.0 C-9, 13
12 7.41, overlap 128.4 C-8
13 7.37, overlap 126.8 C-7, 11

The configurational assignment of C-7 was defined by ECD calculations using a MMFF94 force
field and time-dependent density functional theory (TDDFT) at the B3LYP/6-311+G(d, p) level. The
overall calculated ECD curve of (7R)-1 were produced by Boltzmann weighting of their lowest energy
conformers, matching well with the corresponding experimental ECD data (Figure 2, the procedure
was detailed in Supplementary Materials, S34–S36). Thus, the structure of compound 1 was finally
established as (7R)-(hydroxy(phenyl)methyl)-4H-pyran-4-one.

 
(a) (b) 

Figure 2. The experimental and calculated ECD of compounds 1 (a) and 12 (b).

By comparing the spectroscopic data (HRESIMS, 1H and 13C NMR, Figures S9–S60) with those
reported in the literature, the remaining nineteen known compounds (2–21) were identified as
2-benzyl-4H-pyran-4-one (2) [11], asperpyrone D (3) [12], asperpyrone C (4) [13], aurosperone B (5) [14],
fonsecinone B (6) [14], asperpyrone B (7) [15], dianhydro-aurasperone C (8) [12], isoaurasperone A
(9) [15], aurasperone F (10) [16], fonsecinone D (11) [14], asperpyrone A (12) [12], fonsecinone A
(13) [15], fonsecin (14) [14], TMC 256 A1 (15) [17], flavasperone (16) [14], carbonarone A (17) [18],
pestalamide A (18) [19]. In addition, the p configuration of 12 was defined by ECD calculation at the
B3LYP/6-311+G(d, p) level (Figure 2, Supplementary Materials, S34–36).

2.2. Cytotoxic Activities of Compounds 1–18

Natural naphthopyrones have been previously reported for their anticancer potential [13,15,17].
Therefore, the present study evaluated the inhibitory effects of the isolated compounds on five human
cancer cell lines (PANC-1, A549, MDA-MB-231, Caco-2, and SK-OV-3), and one human normal cell
line (HL-7702) at a concentration of 50 μM. As a result, the dimeric naphthopyrones 7, 10, and
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especially 12, exhibited potent cytotoxicity on PANC-1, A549, MDA-MB-231, Caco-2, SK-OV-3 and
HL-7702 cells (Figure 3). The IC50 values of compound 12 on the different cells were further measured,
and it possessed the greatest inhibitory effects against PANC-1, with an IC50 value of 8.25±2.20 μM
(Figure 4A).

Figure 3. Cytotoxic activities of compounds 1–18 at the concentration of 50 μM.

Figure 4. (A) The IC50 values of compound 12 on PANC-1, A549, MDA-MB-231, Caco-2, SK-OV-3, and
HL-7702 cells; (B) colony formation in PANC-1 cells was determined by staining with crystal violet;
(C) cell morphology was observed using inverted microscope. ** p < 0.01 vs. control group.

2.3. Pharmacological Mechanism of Compound 12 on PANC-1 Cells

2.3.1. Morphological Changes

It is well known that cytotoxic agents often cause changes in cell morphology, such as irregular cell
morphology, increased cell debris, and reduced cell numbers. As shown in Figure 4, after treatment with
compound 12, the PANC-1 cells showed morphological changes such as cell shrinkage, deformation
and a reduced number of viable cells.

2.3.2. Colony Formation

A 10-day colony formation experiment was performed to explore the long-term impact of
compound 12 on the PANC-1 cells growth. PANC-1 cells were seeded in 6-well plates (1000 cells/well)
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and were treated with various concentrations of compound 12 (0, 5, 10, 20 μM) for 10 days to allow
colony formation. As shown in Figure 4B, 852 ± 43 colonies were present in the control group, whereas
the colony numbers decreased to 574 ± 65, 421 ± 30 and 105 ± 21 after treatment with compound 12

(5, 10, and 20 μM, respectively). These results showed that compound 12 could inhibit the colony
formation of PANC-1 cells.

2.3.3. Cell Apoptosis

To explore whether the abovementioned reduction in cell viability was caused by the induction of
apoptosis, PANC-1 cells were treated with compound 12 (5, 10, and 20 μM) for 72 h. The cells were
then stained with fluorescein isothiocyanate (Annexin-V FITC) and propidium iodide (PI) and were
analyzed by flow cytometry. The results indicated that compound 12 could induce cell apoptosis in
a concentration-dependent manner. As shown in Figure 5A,B, 11.07 ± 2.43% of the apoptotic cells
were present in the control, whereas the apoptotic population increased to 19.93 ± 65, 26.43 ± 3.81 and
40.43 ± 3.27 after treatment with 12 (5, 10, and 20 μM, respectively).

Figure 5. (A,B) PANC-1 cells were stained with Annexin-V FITC and propidium iodide (PI), and then
analyzed using flow cytometry, both early and late apoptotic cells were analyzed; (C) PANC-1 cells
were stained with Hoechst 33258 and photographed using a fluorescence microscopy (bar = 50 μm).
** p < 0.01 vs. control group.

Apoptosis often causes morphological changes, which can be observed by Hoechst 33258 staining
the apoptotic cells. Thus, the PANC-1 cells were treated with compound 12 (5, 10, and 20 μM) for
72 h, stained with Hoechst 33258 and analyzed by fluorescence microscopy; significant morphological
changes were observed. As shown in Figure 5C, nuclear pyknosis and chromosome condensation were
observed in PANC-1 treated with compound 12, and no apoptosis was found in the control group.

2.3.4. Cell Cycle

To explore the influence of this compound on the cell cycle distribution, PANC-1 cells were
treated with compound 12 (5, 10, and 20 μM) for 72 h. Next, the cell cycle distribution was analyzed
by flow cytometry after staining with PI. As shown in Figure 6A,B, the G0/G1 phase was increased
in a concentration-dependent manner in the PANC-1 cells. Compared with the control group, the
population in the G1 phase increased from 45.97% to 70.94% at a concentration of 20 μM. Moreover,
the sub-G1 group significantly increased after the cells were cultured with compound 12 (Figure 6C).
These results indicated that compound 12 could induce apoptosis and arrested the cell cycle at the
G0/G1 phase in PANC-1 cells in a concentration-dependent manner.

185



Mar. Drugs 2019, 17, 207

Figure 6. (A) PANC-1 cells were stained with propidium iodide (PI) and analyzed using flow cytometry;
(B) proportion of PANC-1 cells in each phase; (C) the sub-G1 was increased after treatment of compound
12. ** p < 0.01 vs. control group.

2.3.5. ROS Generation

ROS (reactive oxygen species) plays an important role in cell proliferation or apoptosis [20,21],
and it can induce cell death in a variety of ways. When intracellular ROS accumulates in cells, it causes
the mitochondrial membrane potential damage and eventually leads to apoptosis [22,23]. To explore
whether this compound triggers ROS generation, PANC-1 cells were stained with a fluorescent probe,
2′,7′-dichlorodihydrofluorescein in diacetate (DCFH-DA), which can detect intracellular ROS. The
result showed that a rapid production of ROS could be detected in the PANC-1 cells after the treatment
of compound 12. As shown in Figure 7A,B, compared with that of the control, the ROS content in the
experimental group increased to 120.09%, 336.99% and 449.09%. The ROS-mediated effects may be
modulated by antioxidants such as N-acetylcysteine (NAC). Next, PANC-1 cells were treated with
10 μM compound 12 combined with/without 5 mM NAC (Beyotime, Nanjing, China), a ROS scavenger,
for 72 h, cells were harvested and analyzed after staining with DCFH-DA. The results showed that
compound 12-induced ROS generation was blocked by NAC in PANC-1 cells (Figure 7C). These data
indicated that compound 12 could induce ROS generation, and this might be a mechanism of apoptosis.

Figure 7. (A,B) PANC-1 cells were stained with 2′,7′-dichlorodihydrofluorescein in diacetate
(DCFH-DA) and then analyzed using flow cytometry; (C) PANC-1 cells were treated with 10 μM
compound 12 alone or in combination with NAC (5 mM) for 72 h. ** p < 0.01 vs. control group.
## p < 0.01 vs. compound 12(+)/NAC(−) group.
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2.3.6. Mechanism Study of Compound 12

Apoptosis serves a key role in the regulation of cells. It mainly comprised two apoptotic
pathways: The death receptor-mediated apoptosis pathway and the mitochondria-mediated apoptosis
pathway [24]. In the mitochondria-mediated apoptosis pathway, proteins from the Bcl-2 family, such
as Bax and Bcl-2, are the main components that regulate mitochondrial permeability [25]. In this
study, it was demonstrated that compound 12 treatment could increase the ratio of Bax/Bcl-2 as well as
activate Caspase-3 and PARP (Figure 8A).

Figure 8. (A) Western blot analysis of apoptosis-related proteins, including PARP, Bcl-2, Bax and
Cleaved-Caspase-3; (B) western blot analysis of PI3K/Akt pathway proteins, including PI3K and Akt.
GAPDH was used to normalize protein content (n =3).

PI3K/Akt signaling pathway plays an important role in the process of apoptosis especially in
the ROS-mediated apoptotic pathway [26,27]. In this study, the phosphorylation of PI3K and Akt
were decreased after treatment with compound 12 (Figure 8B). Based on the above studies, our results
indicated that compound 12-induced PANC-1 apoptosis may be through ROS-mediated PI3K/Akt
signaling pathway.

3. Materials and Methods

3.1. General Experimental Procedures

The HRESIMS analyses were performed on a Waters Xevo G2-XS QTof mass spectrometer
(Waters Corp., Milford Massachusetts, America). NMR spectra were recorded on an Ascend 600 MHz
instrument (Bruker-Biospin, Billerica, MA, America). The analytical experiments were performed
on a Shimadzu LC-20AT HPLC system (Shimadzu Corp., Kyoto, Japan) equipped with a Shimadzu
InertSustain C18 column (4.6 I.D. × 250 mm, 5 μm, S/N 6LR98081). A Hanbon NP700 semipreparative
HPLC (Hanbon Sci. & Tech., Jiangsu, China) equipped with a Shimadzu InertSustain C18 column
(10 I.D. × 250 mm, 5 μm, S/N 7ER43006) was used for purifying compounds. Biological assays were
monitored on a BioTek ELx808 microplate spectrophotometer (BioTek Instruments, Inc., Winooski,
America), a BD FACSCalibur flow cytometry (BD Biosciences, Franklin Lakes, America) and an
Olympus BX-51 Fluorescence Microscopy (Olympus Corporation, Tokyo, Japan).

3.2. Fungal Material and Fermentation

The fungus strain Aspergillus sp. XNM-4 was isolated from Leathesia nana, which was collected in
April 2017 in Weihai, Shandong Province, China (Latitude: 37◦31′57.58′′N; Longitude: 122◦02′52.85′′E).
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The strain was identified according to 18S rDNA gene sequence analysis by the Beijing Genomics
Institute (Shenzhen, China).

The fungus Aspergillus sp. XNM-4 was fermented on Malt Extract Medium (130.0 g/L malt extract,
0.1 g/L chloramphenicol, 15.0 g/L agar, pH 5.6 ± 0.2) under static conditions at 25 ◦C for 10 days. A total
of 300 culture dishes (90 * 15 mm) were used in the experiment.

3.3. Extraction and Isolation

The agar blocks with mycelium were collected in a 2 L beaker, and ultrasonically extracted with
1.5 L of ethyl acetate (three times and for 30 min each). The crude extract (10.3 g) was chromatographed
on a silica gel column (4*40 cm, 200–300 mesh) and successively eluted with petroleum ether (0.5 L),
petroleum-EtOAc (4:1, 2.5 L), petroleum-EtOAc (1:2, 2 L), EtOAc (1 L), and EtOAc-MeOH (1:2, 2 L).
The eluents were concentrated by reduced pressure at 40 ◦C, and then merged in nine fractions under
HPLC analysis, including Fractions A (985.5 mg), B (364.6 mg), C (41.7 mg), D (90.4 mg), E (220.2 mg),
F (344.6 mg), G (384.7 mg), H (8.3 mg), and I (1611.4 mg). These subfractions were further purified
by semipreparative HPLC using a continuous gradient of MeOH-H2O (60–100%, 20 min, 3 mL/min).
The obtained eluents were extracted by ethyl acetate (v/v, 1:2) twice. After being dried by anhydrous
Na2SO4, the organic phase was concentrated under a reduced pressure at 40 ◦C and then freeze-dried
to yield compounds 1–18. As a result, compounds 2 (3.1 mg,), 15 (5.2 mg), and 16 (4.4 mg) were from
Fr. D, compounds 3 (3.0 mg), 4 (3.8 mg), 5 (9.2 mg), 6 (7.0 mg), 7 (5.3 mg), 9 (13.4 mg), 11 (4.2 mg),
13 (8.9 mg), and 14 (11.6 mg) were from Fr. E, compounds 8 (7.4 mg), 10 (8.2 mg), 12 (8.8 mg),
17 (29.2 mg), 18 (5.4 mg) were from Fr. F, compound 1 (5.0 mg) was from Fr. G. The purities of all
isolated compounds was determined to be >95% under two solvent conditions by analytical HPLC
recorded on a Shimadzu LC-20A system. Solvent conditions A: CH3OH/H2O with 0.1% trifluoroacetic
acid 60–100% (20 min); Solvent conditions B: CH3CN/H2O with 0.1% trifluoroacetic acid 30–100%
(20 min); UV detection, 254 nm; flow rate, 1.0 mL/min; temperature, 40 ◦C; injection volume, 30 μL.
The analytical HPLC spectra were listed on page S37–S54 in the Supplementary Materials.

(7R)-(hydroxy(phenyl)methyl)-4H-pyran-4-one (1): white amorphous powder; [α]20
D +78.1◦ (c 0.10,

MeOH); UV (MeOH) λmax (log ε) 248 (4.14) nm; ECD (MeOH) λmax (Δε) 201 (+12.65), 228 (−6.13), 250
(+3.01) nm; IR (KBr) νmax 3447, 1653, 1602, 1384 cm−1; 1H; for 13C NMR data see Table 1; HRESIMS
(m/z): 203.0707 [M + H]+ (calcd for C12H11O3, 203.0708).

3.4. Biological Activity Test

3.4.1. Cell Culture

PANC-1, A549, MDA-MB-231, Caco-2, SK-OV-3 and HL-7702 were supplied by Cell Bank, Chinese
Academy of Sciences (Shanghai, China). These cells were separately maintained in DMEM medium,
F-12K medium, L15 medium, MEM medium, McCoy′s 5A (Modified) medium, and RPMI-1640 medium.
All media were supplemented with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. Cells
were cultured at 37 ◦C in a humidified CO2 (5%).

3.4.2. Determination of Cell Viability

Cell viability was evaluated by a 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl tetrazolium bromide
(MTT) assay [28]. For the preliminary anti-tumor activity screening, the cells were plated in 96-well
plates (3 × 103 cells/well for A549 and PANC-1, A549, MDA-MB-231 and Caco-2, 5 × 103 cells/well for
SK-OV-3 and GL-7702) and incubated with the tested compounds at a concentration of 50 μM for 72 h.
For detection of the IC50, cells were treated with varying concentrations of 12 (0, 6.25, 12.5, 25, 50 μM)
for 72 h. After incubation, MTT (5 mg/mL) was added and incubated at 37 ◦C for 4 h. The formazan
was dissolved by DMSO and measured using a microplate reader at 490 nm.
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3.4.3. Colony Forming Assay

The PANC-1 cells were seeded in 6-well plates (1000 cells/well) and treated with varying
concentrations of 12 (0, 5, 10, 20 μM). These cells were further incubated for 10 days to allow colony
formation; then, the cells were fixed with 4% paraformaldehyde for 10 min. After three washes, the
cells were finally stained with crystal violet for 10 min. Cells > 50 were scored as colonies [29].

3.4.4. Analysis of Apoptosis

The PANC-1 cells were seeded in 6-well plates (2 × 105/well). After 24 h of incubation, the cells
were treated with compound 12 (0, 5, 10, 20 μM) for 72 h. After being harvested and washed with PBS,
PANC-1 cells were stained with Annexin V/PI for 15 min. Finally, the cells were detected and analyzed
by flow cytometry.

3.4.5. Hoechst 33258 Staining

The PANC-1 cells were seeded in 6-well plates (2 × 105/well). After 24 h of incubation, the cells
were treated with compound 12 (0, 5, 10, 20 μM) for 72 h. Next, the cells were stained with Hoechst
dye 33258 for five min at room temperature and assessed by a fluorescence microscopy.

3.4.6. Analysis of Cell Cycle

The PANC-1 cells were seeded in 6-well plates (2 × 105/well). After 24 h of incubation, the cells
were treated with varying concentrations of compound 12 (0, 5, 10, 20 μM) for 72 h. After fixed in cold
75% ethanol at −20 ◦C overnight, the cells were washed twice with PBS and stained with a PI solution
containing 20 μg/mL of RNaseA and 50 μg/mL of PI for 30 min. Finally, the cells were detected and
analyzed by flow cytometry.

3.4.7. Measurement of Intracellular ROS

The PANC-1 cells were seeded in 6-well plates (2 × 105/well). After 24 h of incubation, the cells
were treated with varying concentrations of compound 12 (0, 5, 10, 20 μM) for 72 h. After being stained
with 10 μM of DCFH-DA at 37 ◦C for 30 min, the cells were washed with media and were detected and
analyzed by flow cytometry.

3.4.8. Western Blot Analysis

PANC-1 cells were harvested and seeded in 6-cell plates and allowed to settle overnight. Cells
were treated with compound 12 (0, 5, 10 and 20 μM) for 72 h. Proteins were harvested and separated by
SDS-PAGE and transferred onto PVDF membranes. Membranes were blocked in a blocking solution
(containing 5% non-fat milk) and subsequently probed with primary antibodies at 4 ◦C overnight.
After 15 min washes in TBST, the membranes were incubated with a secondary antibody for 1 h at room
temperature. Antibodies against Bcl-2, Bax, PARP, Cleaved-Caspase-3, phosphorylation-Akt, Akt and
GAPDH were purchased from Cell Signaling Technology (Beverly, MA, USA). Phosphorylation-PI3K
and PI3K were purchased from Abcam (Cambridge, UK). The anti-mouse IgG and anti-rabbit secondary
antibodies raised from goat were obtained from Abcam (Cambridge, UK). The bands were detected
using an enhanced chemiluminescence system BeyoECL Plus (Beyotime, Nanjing, China).

4. Conclusions

In the present study, eighteen metabolites, including one new pyrone derivative (1), were
identified from the culture of an algae-derived endophytic fungus Aspergillus sp. XNM-4. Among
them, compounds 1, 17, and 18 were first reported from the genus Aspergillus. The pharmacological
experiments showed that dimeric naphthopyrones 7, 10, and especially 12, possessed potent cytotoxicity
on five human cancer cell lines (PANC-1, A549, MDA-MB-231, Caco-2, and SK-OV-3), and one human
normal cell line (HL-7702). Further studies indicated that compound 12 induced apoptosis, arrested
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the cell cycle at the G0/G1 phase in PANC-1 cells, caused morphological changes and generated
ROS. Mechanism studies found that compound 12 induced PANC-1 apoptosis was via ROS-mediated
PI3K/Akt signaling pathway. These experimental results may be beneficial for the development of
naturally occurring dimeric naphthopyrones as anti-tumor agents.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/4/207/s1,
including the HPLC, UV, IR, HRESIMS, 1D NMR, HSQC, and HMBC spectra for compound 1, the HPLC, HRESIMS
and 1D NMR spectra for compounds 2–18, and the ECD calculation for compounds 1 and 12.
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Abstract: In tumor development, the degradation of heparan sulfate (HS) by heparanase (HPSE) is
associated with cell-surface and extracellular matrix remodeling as well as the release of HS-bound
signaling molecules, allowing cancer cell migration, invasion and angiogenesis. Because of their
structural similarity with HS, sulfated polysaccharides are considered a promising source of molecules
to control these activities. In this study, we used a depolymerisation method for producing
λ-carrageenan oligosaccharides (λ-CO), with progressive desulfation over time. These were then
used to investigate the influence of polymeric chain length and degree of sulfation (DS) on their
anti-HPSE activity. The effects of these two features on λ-CO anticoagulant properties were also
investigated to eliminate a potential limitation on the use of a candidate λ-CO as a chemotherapeutic
agent. HPSE inhibition was mainly related to the DS of λ-CO, however this correlation was not
complete. On the other hand, both chain length and DS modulated λ-CO activity for factor Xa and
thrombin IIa inhibition, two enzymes that are involved in the coagulation cascade, and different
mechanisms of inhibition were observed. A λ-carrageenan oligosaccharide of 5.9 KDa was identified
as a suitable anticancer candidate because it displayed one of the lowest anticoagulant properties
among the λ-CO produced, while showing a remarkable inhibitory effect on MDA-MB-231 breast
cancer cell migration.

Keywords: λ-carrageenan; heparanase; anticoagulant; depolymerisation; cell migration

1. Introduction

In order to identify an alternative to conventional cancer chemotherapy, which is based on the
inhibition of mitosis inmalignant cells, medical research has become interested in the specific biological
attributes of the tumor microenvironment [1,2]. One of the distinctive features of this microenvironment
is the overexpression of numerous hydrolytic enzymes, including an endo-β-D-glucuronidase called
Heparanase (HPSE) [3]. HPSE is the only enzyme able to hydrolyse the heparan sulfate (HS) chains
of proteoglycans at specific glycosidic bonds that are components of the extracellular matrix and
cell-surfaces [4]. This activity governs matrix l integrity and basement membrane degradation,
allowing cancer cell migration and invasion. It concurrently releases sequestered HS-binding growth
factors, cytokines or enzymes, leading to inflammatory and angiogenic signalling activation [5,6]. The
identification of drugs targeting HPSE that could be used as promising anticancer therapeutics has
therefore been the subject of many studies [7].

Sulfated polysaccharides are widely appreciated as a potent class of inhibitors because they are
structurally related to HS, a natural substrate of HPSE [8]. However, their high molecular weight (MW),
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complex structure and broad range of bioactivities, which could lead to unforeseen events, have limited
their clinical development for this precise application. For instance, heparin (UFH), a close analogue of
HS, is considered a gold standard for HPSE inhibition, however its well-known anticoagulant activity
limits its use in oncology due to the risk of internal bleeding [9,10]. Consequently, efforts have been
made to screen oligosaccharide derivatives suitable for in vivo use and with a potentiated anti-HPSE
specificity. The synthesis of oligosaccharides derivatives is essentially based on depolymerisation
processes as well as chemical modifications to vary the degree of sulfation (DS) and acetylation or to
open carbohydrate rings using the glycol-split method [9,11]. Four compounds are currently being
tested in clinical trials: two are derived from heparin (Roneparstat® and Necuparanib®), one is a
heterogeneous mixture of sulfomannan oligosaccharides (Muparfostat®) and the last is a synthetic
tetrasaccharide conjugated to a steroid moiety (PG 545) [12]. However, their mechanism of action at
the molecular level is not yet clearly understood [13]. Although the recent report showing for the first
time the crystal structure of HPSE definitely constitutes a major breakthrough in the field that will
lead to molecular modelling simulations [14], the structural heterogeneity of the candidates together
with the challenging chemical carbohydrate synthesis remain obstacles to a detailed understanding
of the specific units that mediate enzyme inhibition [15]. For instance, the role of glycol-split sugars
used in several candidates is still under debate [16,17], while recent works have suggested a complex
unusual mode of inhibition that varies with ligand concentration [18]. In addition, the bioactivities
of oligosaccharide derivatives are clearly not restricted to the anti-HPSE activity and their anticancer
effects are due to their interactions with other macromolecules, most notably growth factors [19,20].
Finally, in the case of heparin-based inhibitors, the difficulty of producing native heparin at a high yield
constitutes a further complication, and the fact that they are of animal origin means that production has
an environmental cost [21,22]. Thus, it is still necessary to screen natural polysaccharide derivatives and
determine different production conditions in order to improve our understanding of the relationship
between the carbohydrate architecture and the anti-HPSE function [23].

Carrageenans are a family of high MW sulfated galactans that are extracted from red seaweed
in an environmentally-friendly way and are already extensively used in the food industry for their
rheological properties [24]. They are characterised by long homogeneous linear chains of repeated
disaccharide units consisting of a 1,3-linked β-D-galactopyranose (G unit) alternating with a 1,4-linked
α-D-galactopyranose (D unit), differently sulfated depending on the species [25]. The G2S-D2S,6S
disaccharide unit, bearing three sulfate groups, forms λ-carrageenans, which are known as the most
sulfated plant-based polysaccharides with an ester sulfate content of about 35% in weight (Figure 1).
Like other polysaccharides, carrageenans have many pharmacological properties, including their
anticoagulant, antiviral, antioxidant or anticancer activities; these are summarized in the excellent
review by Pangestuti et al. [26]. Again, this diversity limits their use to specific pharmacological
applications in the clinic due to potentially serious adverse effects [27]. As a matter of fact, there is
currently some debate over a pro-inflammatory and possible toxicity of the carrageenans used as food
additives [28]. Fortunately, methods for modulating their bioactivities have been applied, with the
main one involving various depolymerisation strategies [29]. In particular, three groups have reported
anticancer activity of low MW λ-carrageenan derivatives [30–32]. These effects are mainly explained
by a stimulation of the immune response [33–35], a direct cytotoxic effect [36,37] or an interaction with
growth factors or associated receptors [31,38,39]. Initially hypothesized in some studies [40,41], an
anti-HPSE activity has also been investigated recently [31,42,43]. However, most studies assessing
the structure/activity of λ-carrageenan oligosaccharides have focused on the effect of polymer MW,
however the exact role of each sulfate group in the anticancer effect, especially in HPSE inhibition,
remains to be clarified. Moreover, the influence of the depolymerisation process on other bioactivities
of λ-carrageenans that can limit their use as anticancer agents has barely been studied in parallel [41].
For instance, the anticoagulant properties of carrageenans, especially of the λ type, have been widely
reviewed and could be one of these limitations [44].
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Figure 1. λ-carrageenan structure.

In this work, we developed a scaling-up method for the depolymerisation of λ-carrageenan under
two temperature conditions, with a partial desulfation according to the reaction time. The anti-HPSE
and anticoagulant properties were assessed to determine the influence of λ-carrageenan polymeric
chain length and the role of the sulfate groups. We identified a potential anticancer candidate that was
assessed in vitro for the inhibition of MDA-MB-231 breast cancer cell migration.

2. Results and Discussion

2.1. Depolymerisation of λ-Carrageenan

λ-carrageenans were depolymerised using a radical hydrolysis method with H2O2 at 40 and 60 ◦C.
The H2O2/λ-carrageenan (w/w) ratio was set at 1.5, a ratio previously described as being suitable for
obtaining low MW carrageenans [43]. The Mn of λ-CO produced over time was measured by SEC (size
exclusion chromatography)-HPLC analysis (Table 1 and Appendix A, Figure A1). A calibration curve of
pullulans was selected because, to the best of our knowledge, no carrageenan oligosaccharide standards
are commercially available (Appendix A, Figure A2). Native λ-carrageenans are characterized by a
high Mn of about 2586 kDa, corresponding to a DP of 4463, based on a reference weight of 579 Da per
disaccharide unit. Depolymerisation was effective in both cases: there was an initial sudden fall in
Mn within the first hours followed by a more progressive decrease, as shown by the logarithm scale
used on the y-axis of Figure 2A. As expected, the kinetics of chain length reduction was faster at the
highest temperature. Indeed, the Mn was reduced to 4.3 kDa after 48 h of reaction at 60 ◦C, which
corresponds to a mean of 7 disaccharides units, while 240 h at 40 ◦C were needed to reach a similar
level of depolymerisation (5.5 KDa). These results confirm previous work by our group showing
that radical hydrolysis is an advantageous method for λ-carrageenan depolymerisation (Poupard,
Groult, et al., 2017) and complements other techniques proposed such as acidic hydrolysis or the use
of microwave protocols.

The effect of depolymerisation on the DS of λ-CO was then assessed (Table 1). Surprisingly,
most sulfates were removed when the Mn was less than 20 kDa once the initial rapid kinetics of
depolymerisation had slowed down. Thus, for an Mn ≥ 20 kDa, the effects of λ-CO Mn on various
biological activities can be investigated separately from the influence of the sulfate groups. For an Mn
below 20 kDa, a significant desulfation was observed. Indeed, native λ-carrageenans are characterized
by a DS of ~30%, which is reduced to 8.7% for species with the lowest Mn, corresponding to a ~70%
loss. This corresponds to a mean of 0.87 sulfate groups per disaccharide unit compared to the three
sulfate groups bound to the native polymer. Overall, the DS was related to the Mn of the derivatives
whatever the temperature condition although, in some cases, there was slightly less sulfate removal
for derivatives prepared at 40 ◦C compared to those prepared at 60 ◦C (Figure 2B). It was concluded
that the preservation of the DS was difficult to control by changes in the temperature condition
with this depolymerisation method. Nevertheless, the slight differences will be used in subsequent
structure/activity studies. This is of interest because the high DS of λ-carrageenans is often suggested
to account for their better anticancer activity compared to the other types of carrageenans, however
this aspect remains to be thoroughly investigated.
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Table 1. Physicochemical properties of λ-CO. Molecular weight (Mn and Mw), Degree of polymerisation
(DP) and degree of sulfation (DS).

Condition Time (h) Mn (KDa) Mw (KDa) DP I DS% (w/w)

Depolymerisation at 60 ◦C

0 2585.9 2722.2 4463 1.1 ~30
2 931.3 1120.2 1607 1.2 29.5 ± 0.5
4 752.5 987.2 1299 1.3 29.7 ± 0.5
8 261.4 425.8 451 1.6 30.9 ± 0.7
12 31.7 42.7 55 1.4 28.0 ± 0.6
16 17.8 23.8 31 1.3 22.3 ± 0.7
24 10.0 12.7 17 1.3 20.3 ± 0.8
36 5.9 8.4 10 1.4 17.8 ± 0.9
48 4.3 6.8 7 1.6 15.9 ± 0.8
72 2.8 3.7 5 1.4 8.7 ± 0.6

Depolymerisation at 40 ◦C

0 2585.9 2722.2 4463 1.1 ~30
24 130.3 197.2 225 1.5 27.6 ± 0.5
48 74.5 110.4 129 1.5 27.6 ± 0.7
72 23.9 36.2 41 1.5 29.2 ± 0.8
96 13.0 19.2 22 1.5 23.8 ± 0.6
120 11.7 17.4 20 1.5 24.6 ± 0.8
144 9.5 14.3 16 1.5 23.7 ± 0.8
168 7.6 11.2 13 1.5 22.5 ± 0.8
240 5.5 8.0 10 1.4 19.0 ± 1.4

Figure 2. (A) Effect of the H2O2-assisted radical depolymerisation method on λ-carrageenan number
average molecular weight (Mn) at 60 ◦C and 40 ◦C. (B) Degree of sulfation of λ-CO produced at 40 ◦C
and 60 ◦C as a function of the Mn.

Thus, most previously published structure-activity relationship studies have focused on the
influence of the length of oligosaccharide derivatives, while the outcome of the sulfation pattern has
barely been addressed [30–32]. Navarro et al. previously reported that the 2-O sulfate position of the
G unit is more resistant to hydrolysis [45]. Thus, we may assume that the desulfation observed may be
distinguished by specific sulfate substitutions.

2.2. Effects of the Degree of Depolymerisation and Sulfation on the Anti-Heparanase Activity of λ-CO

We then studied the impact of polymer chain length and sulfate level on the anti-HPSE activity of
λ-carrageenan derivatives. HPSE cleaves the β-glycosidic bonds of HS chains between a glucuronic
acid (GlcA) and a glucosamine (GlcN) through a general acid catalysis mechanism which involves
two glutamate residues. Two patches of basic amino acids at either side of the catalytic site, known
as the heparin binding domains HBD-1 and -2, coordinate the interaction with HS sites of a specific
sulfation pattern [4]. The inhibition of a recombinant HPSE by each oligosaccharide from a labelled-HS
hydrolysis was monitored using a FRET (fluorescence resonance energy transfer)-based assay at a
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fixed concentration of 1.25 × 10−3 mg·mL−1 (Figure 3A). The anti-HPSE activity was maintained
initially before it was to be reduced at ~20 kDa, which corresponds to the value at which desulfation
starts. This indicated that the inhibitory activity was not correlated with the Mn of the derivatives, at
least for those greater than 20 kDa. In fact, a rare lengthy structural pattern cannot be excluded as an
explanation for the reduced activity of λ-CO below this Mn, although it is more likely to be the result
of the decrease in the DS. Indeed, when the anti-HPSE activity was plotted against the DS, there was a
clear correlation (Figure 3B). Interestingly, this activity seemed to be more drastically impaired when
the DS was less than 20%, which corresponds to a mean loss of one sulfate group per disaccharide unit.
In case of discriminated desulfation, this could indicate that the first preferentially removed sulfate
substitution is not essential for enzyme inhibition. In line with this result, previous work on heparin
has shown that the concurrent presence of sulfate groups at the O-2 position of IdoA and at the O-6
position of GlcN was not mandatory for an effective inhibition of HPSE [11].

Figure 3. (A) Anti-HPSE (heparanase) activity of λ-CO produced at 40 ◦C and 60 ◦C as a function
of their Mn for the inhibition of heparan sulfate hydrolysis by heparanase at 1.25 × 10−3 mg·mL−1.
(B) Correlation between the DS of λ-CO produced at 40 ◦C and 60 ◦C and their inhibitory activity
against heparan sulfate hydrolysis by heparanase. (C) IC50 of 10 kDa (produced at 60 ◦C, after 24 h) and
9.5 kDa λ-CO (produced at 40 ◦C, after 144 h) compared to native UFH (heparin); (HPSE = 100 ng·mL−1

and HS = 0.5 μg·mL−1).
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We then compared the half maximal inhibitory concentrations (IC50) of two of our derivatives of
about 10 kDa (24 h at 60 ◦C and 144 h at 40 ◦C) to that of native heparin, a gold standard for heparanase
inhibition (Figure 3C). λ-CO had a moderate ability to inhibit HPSE with an IC50 about six times higher
than that of native heparin, 3.1 mg·L−1 and 3.0 mg·L−1 versus 0.47 mg·L−1, respectively. Although
they were less potent HPSE inhibitors than heparin, they may represent a promising alternative
given heparin’s disadvantages, which include a costly and low-yield production, strong possibility of
contamination and the fact that it is of animal origin, with the environmental issue that entails.

2.3. Effects of the Degree of Depolymerisation and Sulfation on the Anticoagulant Activity of λ-CO

A λ-carrageenans have been shown to have a higher anticoagulant activity compared to other
members of the carrageenan family, although this activity is much weaker than that of heparin, a
reference in this field [24,46]. Their anticoagulant activity has been attributed mainly to the inhibition of
thrombin IIa and Factor Xa mediated by anti-thrombin III (AT-III) and/or heparin cofactor II [44]. The
interactions between carrageenans and these plasma cofactors are complex and the functions of various
parameters have been extensively discussed, including saccharide composition, MW, charge density,
DS and sulfate position [47–49]. The anticoagulant properties of the carrageenan derivatives prepared
in this study were thus studied through their ability to inhibit Factors Xa and IIa via AT-III activation.
These key factors intervene at the end of the coagulation cascade to activate fibrin formation, which
will then polymerize to form blood clots. To discuss the results, a mechanism similar to that of heparin
was hypthesized. This consists of an AT-III conformational activation through binding with a specific
pentasaccharide sequence present in the heparin chain, and the resulting complex inhibits Factors
Xa and IIa. Regarding Factor IIa, an additional steric hindrance effect caused by the other sugars of
a sufficiently long heparin chain is involved [50]. The anti-Xa activity of each oligosaccharide was
measured at 0.025 mg·mL−1 by following the initial velocity for converting a chromogenic substrate
compared to a control (vehicle). An increase in anti-Xa activity associated with the initial reduction
in chain length was first observed for the derivatives (Figure 4A). This could be due to a higher
steric freedom gained from the start of the depolymerisation of the very long native polymer that
allows a better accessibility to the probable binding sequence of carrageenan to AT-III. Then, from 20
kDa, a decrease in anti-Xa activity was observed that was clearly related to the desulfation of λ-CO
(Appendix A, Figure A3). For example, the 17.8 kDa and 7.5 kDa derivatives with an equivalent DS of
~22.5% had the same anti-Xa activity of about 70%. This result suggests that sugars with key sulfate
substitutions are included in the potential binding sequence of λ-carrageenans to AT-III. Moreover, it
appeared that in this case, the three sulfate positions had to be present because the correlation showed
that anti-Xa activity was linearly impaired from the start of desulfation (Appendix A, Figure A3). In
the literature, the role of the sulfate positions about the anticoagulant properties of λ-carrageenan is
still under debate. Two previous studies have shown that sulfation at the C2 position of the D unit
were beneficial to the anticoagulant activity [51,52].

Regarding factor IIa, overall the activities were lower than those of factor Xa and monitoring was
performed at 0.125 mg·mL−1. As shown in Figure 4B, anti-IIa activity was first maintained before it
rapidly decreased from 50 kDa, well before the start of desulfation. This result could be explained by
the fact that depolymerisation decreases the additional steric effect needed for factor IIa inhibition,
which is due to the long polymeric chains. Similarly, the thorough study by Melo et al. stressed that a
MW higher than 45 kDa is required for the interaction between galactan oligosaccharides and factor
IIa during the time of binding to AT-III [49]. Thus, although desulfation contributed to a decrease
in anti-IIa activity by modifying the sequence by which λ-carrageenans bind to AT-III, the role of
the polymeric chain length/Mn appeared to be more significant (Appendix A, Figure A3). Finally
and somewhat surprinsingly, anti-IIa activity was recovered for the smallest oligosaccharide that was
produced at 60 ◦C (2.77 kDa; 31.5% inhibition) and was almost completely desulfated. λ-CO did not
inhibit factor Xa or factor IIa in the absence of AT III (negative control) except for derivatives of less than
6 kDa. This suggests that an oligosaccharide chemically defined by very low sulfate substitutions on the
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galactopyranose units was obtained and that it had a direct anti-thrombin activity. Other studies have
shown that other oligosaccharides were likely to interact directly with the proteins of the coagulation
cascades without potentiation of AT-III [53,54]. Taken together, the results showed that, although
anti-IIa activity was rapidly abolished for λ-CO of less than 50 kDa, the Mn range of 20–500 kDa
induced anti-Xa properties and should not be used for the development of a λ-carrageenan-based
anticancer candidate to avoid any adverse effects like internal bleeding.

 
Figure 4. (A) Anti-Factor Xa activity of λ-CO produced at 40 ◦C and 60 ◦C as a function of their Mn, at
0.025 mg·mL−1 and (B) Anti-Factor IIa activity of λ-CO produced at 40 ◦C and 60 ◦C as a function of
their Mn, at 0.125 mg·mL−1 (AT III = 0.625 μg·μL−1 and factor Xa or IIa = 11.25 nK at·mL−1).

2.4. Effect of λ-CO Candidates on the Migration of MDA-MB-231 Breast Cancer Cells In Vitro

Since HPSE activity has been shown to be involved in the metastatic potential of cancer cells, the
effect of a λ-CO derivative (5.9 KDa produced at 60 ◦C) on HPSE-associated migration were compared
to native heparin using a transwell assay [55,56]. The highly motile MDA-231 breast cancer cells with
high-level expression of HPSE were selected for this experiment [42,57]. As shown in Figure 5A, large
number of control cells (treated with vehicle) passed through the pores towards the lower chambers in
response to a 10% FBS (Fetal Bovine Serum) solution that was used as a chemoattractant. Treatment
with native heparin led to a moderate 7.6% inhibition rate in accordance with previously published
results [58–60]. Treatment with the λ-CO candidate at 100 μg·mL−1 significantly reduced the migration
of MDA-MB-231 cells. The inhibition rate (32.8%) was higher than with heparin, while heparin had the
best IC50 against HPSE activity (Figure 5B). The experiment was also repeated on the more quiescent
MCF-7 breast cancer cell line (Appendix A, Figure A4) [61]. In this case, heparin slightly promoted
the MCF-7 cells migration. Though, here, the λ-CO candidate again displayed an inhibitory activity
of 12% on MCF-7 cell migration, however this was non-significant. As anticipated, this revealed
that in addition to HPSE, the λ-CO candidate probably interacts with other molecules involved in
the motility of cancer cells. It is known that migration is regulated by a complex interplay between
varied glycosaminoglycans (e.g., syndecan-4 at the cell surface), protein expressions and degradative
enzymes, in which heparin may have a different impact [62].
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Figure 5. (A) Images showing the effects and (B) the inhibition activity at three doses 25, 50 and
100 μg·mL−1 of the λ-CO candidate 5.9 KDa prepared at 60 ◦C, compared with native heparin (at
100 μg·mL−1) on the migration ability of human breast MDA-MB-231 cells. The migration ability
was assessed in a transwell assay after 24 h as described in Materials and Methods. The data are
representative as the mean (±SEM of the errors mean) from three independent experiments, with
at least four replicates. ** p < 0.01, test Anova-Two way Bonneferonni with mean ± SD of the three
independent experiments.

3. Materials and Methods

All reagents, unless otherwise specified, were purchased from Sigma Aldrich (Saint Louis, MO,
USA). Native λ-carrageenans were purchased from FMC Biopolymer (Villefranche-Sur-Saône, France).

3.1. Depolymerisation of λ-Carrageenan for the Production of Oligosaccharides (λ-CO)

Native λ-carrageenans were dissolved in 200 mL of Milli-Q water at a concentration of 5 mg·mL−1.
The solution was rapidly heated to 40–50 ◦C to completely dissolve the polysaccharide and then purged
under argon. Then, 30% hydrogen peroxide (H2O2) (5 mL) was added and the reaction mixture was
immediately sealed and placed in an incubator at 40 ◦C or 60 ◦C under 200 rpm stirring. Aliquots were
taken at different time points and were dry frozen prior to analysis.

3.2. Structural and Quantitative Analysis of λ-CO by Size Exclusion Chromatography (SEC)

Structural and quantitative analysis of λ-CO by size exclusion chromatography (SEC) were
performed using a LC/MS-ES system from Agilent (Santa Clara, CA, USA) (1100 LC/MSD Trap VL
mass spectrometer) with two columns, TSK-GEL G5000PW and TSK-GEL G4000PW (30 cm × 7.5 mm),
mounted in series. The columns were maintained at 30 ◦C and the products were eluted with 0.1 M
Sodium nitrate (NaNO3) at a flow rate of 0.5 mL·min−1. The products were detected and quantified by
differential refractometry using HP Chemstation software (Agilent, Santa Clara, CA, USA). Pullulans
of different molecular weights ranging from 1.3 to 805 kDa purchased from Polymer Standards Service
GmbH (Mainz, Germany) were used as calibrants for the standard curve and to determine the size of
the carrageenan derivatives. The number-average molecular weights (Mn), weight-average molecular
weights (Mw) and polydispersity index (PI) were calculated according to a previously published
method [63] using the following equations:

Mn =
(∑ Ni × Mi)

∑ Ni
(1)

Mw =
(∑ Ni × Mi

2
)

(∑ Ni × Mi)
(2)
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PI =
Mw

Mn
(3)

with Ni representing the number of moles of polymer species and Mi the MW of the polymer species.
The degree of polymerization (DP) was calculated as follows:

DP =
Mn

M0
(4)

with M0 representing the G2S-D2S,6S disaccharide unit MW set at 579 Da.

3.3. Quantification of the Sulfation Degree of λ-CO

The DS was monitored using (7-aminophenothiazin-3-ylidene)-dimethylazanium chloride (Azure
A), which binds the sulfated groups on the sugar backbone to form a colored complex [64]. In a 96-well
plate, 20 μL of three dilutions (0.03, 0.04 and 0.05 mg·mL−1) of λ-CO samples were added to 200 μL of a
10 mg·L−1 aqueous Azure A solution. Absorbance was measured at 640 nm after 10 min of incubation.
DSs were calculated from a calibration curve constructed using absorbance values obtained from a
serial dilution (0–0.03 mg·mL−1) of a dextran sulfate standard with a known sulfur content of 17%.

3.4. Anti-Heparanase Activity of λ-CO

The inhibition of HPSE activity was assessed using the heparanase assay toolbox (Cisbio
Assay, Codolet, France) and heparanase purchased from R&D systems (HPSE-1 human recombinant
heparanase). Briefly, upon excitation at 337 nm, a HS substrate labeled with both biotin and Eu3+
cryptate can produce a fluorescent emission at 665 nm by fluorescence resonance energy transfer (FRET)
to streptavidin-XL665 (SA-XL665), which is added during the detection step. During hydrolysis,
HPSE cleaves the substrate, resulting in a loss of possible energy transfer and thus, a reduction
in SA-XL665 emissions. The enzymatic reaction was performed in white 96-well half-area plates
(Corning® #3693) and was monitored using a spectrofluorometer (BMG Labtech FLUOstar Omega,
Champigny-sur-Marne, France) with a high time resolved fluorescence (HTRF) module. First, 15 μL of
λ-CO or heparin solutions in Milli-Q water were added into the wells followed by 15 μL of heparanase
solution (HPSE-1, 400 ng·mL−1 in Tris-HCl at pH 7.5, 0.15 M NaCl and 0.1% CHAPS). After a 10-min
pre-incubation at 37 ◦C, an enzyme reaction was initiated by adding 30 μL of a Biotin-HS-Eu(K)
solution (1.0 ng·μL−1 in 0.2 M sodium acetate buffer, pH 4.5) and the plate was incubated at 37 ◦C for
15 min. At the end of the reaction, the detection step consisted of adding 30 μL of streptavidin-XL665
solution (SA-XL665, 10 ng·μL−1 in NaPO4 0.1 M buffer, pH 7.4, 0.8 M KF, 0.1% BSA, 1 mg·mL−1

heparin). The fluorescence was measured after 5 min at λem1 = 620 nm and λem2 = 665 nm, after 60 μs
of excitation at λex = 337 nm. The Delta F (%) was calculated using the following equation according
to the manufacturer’s instructions:

Delta F (%) =
(F665/F620) sample − (F665/F620) blank

(F665/F620) blank
× 100 (5)

with F665 and F620 representing the fluorescence signals measured at 665 nm and 620 nm, respectively.
The percentage of inhibition was calculated based on the Delta F(%) of the maximum heparanase
activity measured in the absence of inhibitor. The HPSE activity of each λ-CO was measured at
a final concentration of 1.25 × 10−3 mg·mL−1. For the IC50 calculations, a curve-fitting tool from
SigmaPlot software (Systat Software Inc, San Jose, CA, USA) was applied using a sigmoidal, logistic
three-parameter equation.

3.5. Anticoagulant Activity of λ-CO

For anti-Xa and anti-IIa activity assays, 25 μL of λ-CO solution in Milli-Q water were incubated
with anti-thrombin III (25 μL, 0.625 μg·μL−1) at 37 ◦C in 96-well plates for 2 min. Then, factor Xa or
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factor IIa was added at a final concentration of 11.25 nKat·mL−1 (25 μL). After 2 min of incubation,
3.25 nM (25 μL) of factor Xa chromogenic substrate (CBS 31.39; CH2SO2-D205 Leu-Gly-Arg-pNA,
AcOH) for the anti-Xa activity assay or 1.4 nM (25 μL) of factor IIa chromogenic substrate (CBS 61.50;
EtM-SPro-Arg-pNA, AcOH) for the anti-IIa activity assay were added. Absorbance of the reaction
mixture was read for 3 min at 405 nm every 8 s with an absorbance reader (FLUOstar Omega BMG
Labtech, Champigny-sur-Marne, France). The initial velocity was determined as the slope of the linear
segment of the kinetics curve and the % of inhibition was calculated based on the initial velocity of an
inhibitor-free blank (Milli-Q water). Anti-Xa and anti-IIa activities of each λ-CO were measured at a
final concentration of 0.025 mg·mL−1 and 0.125 mg·mL−1, respectively. Controls used to assess a direct
inhibition of Factors Xa or IIa were performed with the same protocol, however the anti-thrombin III
solution was replaced by a vehicle solution (Milli-Q water). Native heparin at the same concentrations
has been used as a positive control for 100% inhibition to validate the assay.

3.6. MDA-MB-231 Cell Migration Assay

A total of 1 × 105 MDA-MB-231 or MCF-7 breast tumor cells were seeded in serum-free DMEM
medium in the upper chambers of a transwell plate (8-μm pore size; Stardest). After 24 h, the medium
was replaced by fresh serum-free DMEM medium treated with the polysaccharides candidates at
concentration between 25 and 100 μg·mL−1 or the vehicle (Milli-Q water); meanwhile, a complete
DMEM medium with 10% FBS was added to the lower chambers. After a 24 h culture at 37 ◦C, the
cells that had migrated to the lower chambers were fixed with cold ethanol and stained with 0.1%
crystal violet. Then, the non-migrating cells were removed from the upper chambers by wiping the
membrane with cotton swabs. The remaining cells were photographed and eluted with 10% acetic
acid solution. The absorbance of the resulting dilution was measured at 600 nm with an absorbance
reader (FLUOstar Omega BMG Labtech, Champigny-sur-Marne, France). The percentage of inhibition
was calculated by the following equation:

Inhibition (%) = (1 − Asample

Ablank
)× 100 (6)

with Asample representing the absorbance of 10% acetic acid solutions obtained from the cells treated
with the polysaccharides candidates and Ablank representing the absorbance obtained from the cells
treated with the vehicle.

4. Conclusions

We developed a radical hydrolysis method for an easy large-scale production of structurally
varied low MW λ-carrageenan derivatives. According to the depolymerisation temperature and time,
λ-CO with distinct Mn and DS can be obtained. This is relevant for structure/activity relationship
studies since previous studies have only focused on the Mn of the derivatives without really discussing
the role of the sulfate substitutions of λ-carrageenans. HPSE inhibition was assessed and it was mainly
correlated with the DS of λ-CO without a clear correlation with the Mn. It also appeared that one of
the three sulfates of the λ-carrageenan disaccharide unit may not be essential for HPSE inhibition.
Further experiments are needed to assess not only the effect of the overall DS of species, however
also the specific role of each sulfate substitution. The development of λ-carrageenan-based anticancer
candidates could be limited by unexpected anticoagulant properties, which were therefore assessed.
Unlike HPSE inhibition, interactions between λ-CO and coagulation factors Xa and IIa were correlated
with both the Mn and the DS. Moreover, while most species inhibited factors Xa and IIa through their
interaction with AT-III, the smallest desulfated λ-CO was identified as a direct thrombin inhibitor. It
would be interesting to screen other bioactivities of λ-carrageenans that could be related to adverse
effects in oncology, including their pro-inflammatory properties.

We identified a suitable anticancer drug candidate with an anti-heparanase activity, the 5.9 kDa
λ-CO produced after 36 h at 60 ◦C. At 60 ◦C, its production was more rapid than at 40 ◦C and its size
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is small enough to be appropriated for in vivo applications. Although its DS is slightly below the
threshold DS for effective HPSE inhibition, at the same time, its partial desulfation (17%) and size
guarantee not to fall within specifications for optimum λ-CO anticoagulant properties. Moreover, in a
preliminary anticancer biological assessment, it showed very promising activity against MDA-MB-231
cell migration. To complete this finding, the study should be extended to other targets involved
in tumor development and that are likely to interact with λ-CO, in particular the HS-sequestered
molecules, such as growth factors.
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Appendix A

 
Figure A1. SEC-HPLC analysis with refractive detector of λ-CO produced along time. The SEC (size
exclusion chromatography) separation was performed on a TSK-GEL G5000PW column in series with
a TSK-GEL G4000PW at a flow rate of 0.5 mL/min using 0.1 M sodium nitrate (NaNO3) as the eluent.

 

Figure A2. SEC-HPLC analysis with a refractive detector of pullulan standards of different molecular
weights to construct the calibration curve. The SEC separation was performed on a TSK-GEL G5000PW
column in series with a TSK-GEL G4000PW at a flow rate of 0.5 mL/min using 0.1 M sodium nitrate
(NaNO3) as the eluent.
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Figure A3. (A) Correlation between the DS of λ-CO produced at 40 ◦C and 60 ◦C and their inhibitory
activity against Factor Xa and (B) Correlation between the DS of λ-CO produced at 40 ◦C and 60 ◦C
and their inhibitory activity against Factor IIa.

Figure A4. (A) Images showing the effects and (B) the inhibition activity of the λ-CO candidate 5.9 KDa
prepared at 60 ◦C compared with native heparin (at 100 μg·mL−1) on the migration ability of human
breast MCF-7 cells. The migration ability was assessed in a transwell assay after 24 h, as described in
Materials and Methods. For Heparin, the data are representative as the mean (±SEM of the errors mean)
from three independent experiments, with at least four replicates. For λ-CO, the data are representative
as the mean ± SD of one experiment, with at least four replicates.
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Abstract: Tetracenomycin X (Tcm X) has been reported to have antitumour activity in various cancers,
but there have not been any studies on its activity with respect to lung cancer to date. Therefore,
this study aims to investigate the anti-lung cancer activity of Tcm X. In this study, we found that
tetracenomycin X showed antitumour activity in vivo and selectively inhibited the proliferation of
lung cancer cells without influencing lung fibroblasts. In addition, apoptosis and autophagy did not
contribute to the antitumour activity. Tetracenomycin X exerts antitumour activity through cell cycle
arrest induced by the downregulation of cyclin D1. To explore the specific mechanism, we found that
tetracenomycin X directly induced cyclin D1 proteasomal degradation and indirectly downregulated
cyclin D1 via the activation of p38 and c-JUN proteins. All these findings were explored for the first
time, which indicated that tetracenomycin X may be a powerful antimitotic class of anticancer drug
candidates for the treatment of lung cancer in the future.

Keywords: tetracenomycin X; cell cycle arrest; cyclin D1; proteasomal degradation; p38; c-JUN

1. Introduction

Lung cancer is one of the fastest growing malignancies with respect to morbidity and mortality
worldwide. It is estimated that lung cancer caused 1.59 million deaths across the world in 2012,
and the number of lung cancer deaths is forecasted to increase to 3 million in 2035 [1,2]. Traditional
radiotherapy and chemotherapy do not have a successful impact on many lung cancer patients. Recent
studies have found that there was only a 16% survival rate in lung cancer patients over the last five
years [3,4]. Therefore, new drugs are urgently needed to treat lung cancer.

Tetracenomycinsare, a discrete group of aromatic polyketide antibiotics produced by the
Streptomyces and Nocardia species, shows antibacterial activities mainly against Gram-positive bacteria
and moderate antitumour activities [5,6]. The representative members of this group of antibiotics
consist of tetracenomycins C and X and elloramycins A–F. As part of our screening program for new
antibiotics from marine-derived microorganisms, tetracenomycin X with a high yield (31.8 mg/L),
together with the novel seco-tetracenomycin analogues, saccharothrixones A–I, from the marine-derived
rare actinomycete Saccharothrix sp. 10-10 were isolated [7–9]. In the previous work, tetracenomycin X
was found to show significant in vitro cytotoxic activities in leukaemia and liver and breast cancer cell
lines [7,9]. Although tetracenomycins showed cytotoxic activities in many kinds of cancer cells, there
have been few studies that have investigated their in vivo activity. To the best of our knowledge, the
only member reported to have in vivo antitumour activity was tetracenomycin C, which displayed
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antitumour effects against leukaemia cells (P388) in mice [10]. However, their in vivo activities against
lung cancer and antitumour mechanisms have not been investigated thus far. This has encouraged us
to further explore the anti-lung cancer and antitumour mechanisms of tetracenomycins.

In the current study, we examine the antitumour activity of tetracenomycin X in lung cancer cells
and further explored its anticancer mechanisms.

2. Results

2.1. Tetracenomycin X Exerts Antitumour Activity in H460 Xenografts in BALB/c Nude Mice

Because there have been few studies investigating the antitumour activity of tetracenomycin X
in vivo, we first detected its antitumour activity in nude mice. As shown in Figure 1A, there were
no deaths or significant weight changes in the two study groups, which suggested that the dose
of tetracenomycin X was tolerated. Compared to the control group, tetracenomycin X significantly
inhibited the growth of H460 xenografts (Figure 1B). The antitumour rate of the tetracenomycin X
group was 42%.

Figure 1. Tetracenomycin X exerts antitumour activity in H460 xenografts in BALB/c nude mice.
(A) The body weight of H460 xenograft-bearing nude mice (n = 6). (B) The volume of H460 xenografts
in nude mice (n = 6). # p < 0.05 compared with the control group.

2.2. Tetracenomycin X Selectively Inhibits Human Lung Cancer Cell Proliferation

Tetracenomycin X, an aromatic polyketide antibiotic, was identified from the marine-derived
actinomycete Saccharothrix sp. 10-10 by Professor Maoluo Gan at our institute [9]. Its structure is shown
in Figure 2A. As tetracenomycin X is similar to Adriamycin in structure, Adriamycin was selected as a
positive drug with which to compare the antitumour activity of tetracenomycin X. The anti-proliferative
activity of tetraccenomycin X and Adriamycin were tested against five lung cancer cells (H157, H1975,
HCC827, H460 and A549) and one lung fibroblasts (MRC-5). As shown in Figure 2B, tetracenomycin
X hardly inhibited the proliferation of MRC-5 compared with the other lung cancer cells, whereas
it significantly inhibited the growth of the A549 cells and H460 cells in a dose-dependent manner
among the five lung cancer cells. The half-inhibitory concentration (IC50) upon 24-h treatment was
6.41 ± 0.87 μmol/L and 5.42 ± 1.17 μmol/L in the A549 and H460 cells, respectively. Adriamycin,
on the other hand, showed good anti-proliferation activity not only in the four types of lung cancer
cells, but also in the normal lung MRC-5 fibroblasts. The IC50 upon 24-h treatment of Adriamycin
was 7.58 ± 2.21 μmol/L and 0.60 ± 0.26 μmol/L in the A549 and H460 cells, respectively. It was
obvious that tetracenomycin X selectively targeted lung cancer cells without inducing cytotoxicity in
normal cells, but this advantage was not available to Adriamycin. Furthermore, we found that there
was no change in the A549 and H460 cell morphology, while the cell density decreased clearly as the
concentration of tetracenomycin X increased (Figure 2C).
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Figure 2. Tetracenomycin X selectively inhibits the cell proliferation of lung cancer cells. (A) The structure
of tetracenomycin X. (B) The proliferative activity of the five lung cancer cells and lung fibroblasts
after being treated with tetracenomycin X and Adriamycin (0.1563, 0.3125, 0.625, 1.25, 2.5, 5, 10 and
15 μmol/L) for 24 h was assessed by sulforhodamine B (SRB) assay. The survival rates were calculated
as a ratio compared with the control group (untreated cells). The values represent the mean ± SD of
three independent samples. Each experiment was repeated three times under each condition. (C) The cell
morphology of the A549 and H460 cells under a 4 *0.1 microscope after treatment with tetracenomycin X
for 24 h.

2.3. The Antitumour Activity of Tetracenomycin X Is Independent of Apoptosis and Autophagy

Annexin V-FITC/PI (Annexin V-fluoresceine isothiocyanate/Propidium Iodide) staining and flow
cytometry analysis were performed to detect apoptosis. As shown in Figure 3A, the apoptosis rate
in the A549 cells was (4.13 ± 0.94)% in the control group and (5.43 ± 0.21)% in the tetracenomycin X
(10 μmol/L) group. Similarly, the apoptosis rate in the H460 cells was (10.28 ± 2.05)% in the control
group and (15.39 ± 3.34)% in the tetracenomycin X (10 μmol/L) group. The apoptosis rate was too
low in the tetracenomycin X group in two cells. Furthermore, western blotting was used to examine
the changes in the protein levels involved in the apoptosis (PARP (poly ADP-ribose polymerase),
p53, DR4/5 (death receptor 4/5), Bcl-2 (B-cell lymphoma-2) and Bax (Bcl-2 Associated X Protein) and
autophagy (p62 and LC-3B) pathways. As shown in Figure 3B, tetracenomycin X at a concentration
of 2.5 or 5 μmol/L did not induce the cleavage of PARP in the A549 and H460 cells and increased
the expression of p53 and DR4 in the A549 cells, which were decreased in the H460 cells. In addition,
the expression of the DR5, Bcl-2 and Bax proteins also showed different changes in these two cells
under the tetracenomycin X treatment. Interestingly, tetracenomycin X reduced the expression of the
LC-3B protein but had no effect on the p62 protein (Figure 3C). Tetracenomycin X induced different
changes or no change in the expression of the same protein in different cells, indicating that this protein
was not the key effector protein in the antitumour activity of tetracenomycin X.
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Figure 3. The antitumour activity of tetracenomycin X is independent of apoptosis and autophagy.
(A,C) The A549 and H460 cells were treated with tetracenomycin X (2.5 and 5 μmol/L) for 8 h.
The expression levels of the proteins were determined using western blotting. (B) The A549 and H460
cells were treated with tetracenomycin X (10 μmol/L) for 24 h. Apoptosis was detected by annexin
V-FITC/PI staining and flow cytometry analysis.

2.4. Tetracenomycin X Induces Cell Cycle Arrest in the G0/G1 Phase and Decreases the Expression Levels of
Cell Cycle-Related Proteins in Lung Cancer Cells

To elucidate the antitumour mechanism of tetracenomycin X in lung cancer cells, flow cytometry
analysis was used to observe the cell cycle distribution in different groups. We found that the
percentage of the G0/G1 phase in the control and tetracenomycin X (5 μmol/L) groups in the A549
cells was (55.51 ± 5.71)% and (65.94 ± 2.24)%, respectively. Additionally, the percentage of the
G0/G1 phase in the H460 cells was (52.25 ± 7.38)% in the control group and (64.48 ± 7.66)% in the
tetracenomycin X (10 μmol/L) group (Figure 4A). We next performed western blotting to assess the
expression levels of the cell cycle-related proteins. As shown in Figure 4B, doses of tetracenomycin X
at 2.5 and 5 μmol/L abated the levels of cyclin D1 and CDK4 (cyclin-dependent kinase 4) in the five
lung cancer cells. Furthermore, tetracenomycin X (5 μmol/L) decreased the expression of cyclin D1
and CDK4 in 4–16 h in the A549 and H460 cells.
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Figure 4. Tetracenomycin X-induced cell cycle arrest in the G0/G1 phase and decreased the expression
levels of cell cycle-related proteins in the lung cancer cells. (A) the A549 and H460 cells were treated
with tetracenomycin X (5 or 10 μmol/L) for 16 h. The cell cycle was detected by flow cytometry analysis.
(B) The A549 and H460 cells were treated with tetracenomycin X for the indicated times or treated with
various concentrations of tetracenomycin X for 8 h. The expression levels of proteins were determined
using western blotting.

2.5. Tetracenomycin X Induces the Proteasomal Degradation of Cyclin D1

To verify whether the downregulation of cyclin D1 by tetracenomycin X is mediated by
suppression at the mRNA level or by proteasomal degradation, we first used real-time PCR to
assess the mRNA level of cyclin D1 in the A549 cells and H460 cells. However, the cyclin D1 mRNA
relative expression was increased under doses of the tetracenomycin X treatment (Figure 5A). Then,
MG132 and cycloheximide (CHX) were used to investigate the proteasomal degradation of cyclin D1.
MG132 is a proteasome inhibitor, and CHX is usually used to inhibit protein synthesis by inhibiting
peptidyl transferase activity in eukaryotic cells [11]. As shown in Figure 5B, we found that MG132
at the concentration of 10 μmol/L attenuated the tetracenomycin X-mediated downregulation of
cyclin D1, and the combination of tetracenomycin X and CHX enhanced the degradation of cyclin D1
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compared with the CHX-added DMSO group. All of these indicated that tetracenomycin X induced
the degradation of cyclin D1 through the proteasomal degradation pathway rather than through the
suppression of the mRNA level.

Figure 5. Tetracenomycin X induces the proteasomal degradation of cyclin D1. (A) RT-PCR analysis
of the gene expression of cyclin D1 in the A549 cells and H460 cells. (B) The A549 cells and H460
cells were pre-treated with MG132 at the indicated concentration for 2 h and then co-treated with
tetracenomycin X (5 μmol/L) for 12 h. The A549 cells and H460 cells were pre-treated with DMSO
or tetracenomycin X (5 μmol/L) and then co-treated with 10 μg/mL of cycloheximide (CHX) for the
indicated times.

2.6. Tetracenomycin X Decreases the Expression of Cyclin D1 by the Activation of p38 and c-JUN

Studies have showed that the changes in the expression of cyclin D1 are associated with Erk1/2,
p38 and Akt [12–14]. To further elucidate the antitumour mechanism of tetracenomycin X, we tested its
impact on the MAPK and Akt signalling pathways. As shown in Figure 6A, tetracenomycin X activated
the phosphorylation of Akt in the A549 cells but inactivated it in the H460 cells. We found that doses
of tetracenomycin X elevated the phosphorylation levels of the p38 and c-JUN proteins in the five lung
cancer cells, and tetracenomycin X (5 μmol/L) also active the p38 and c-JUN proteins in 4–16 h in the
A549 and H460 cells. Accordingly, we used SP600125 (a JNK inhibitor) and SB203580 (a p38 MAPK
inhibitor) in combination with tetracenomycin X to treat the A549 and H460 cells. The western blotting
results showed that both the inhibitors reversed the tetracenomycin X-induced degradation of cyclin
D1, while they did not increase the expression of CDK4 (Figure 6B).
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Figure 6. Tetracenomycin X decreases the expression of cyclin D1 by the activation of p38 and c-JUN.
(A) The A549 and H460 cells were treated with tetracenomycin X for the indicated times or treated
with various concentrations of tetracenomycin X for 8 h. The expression levels of the proteins were
determined using western blotting. (B) The viability of the A5459 and H460 cells was determined
after a 4-h pre-treatment with SP600125 or SB203580 and an 8-h treatment with tetracenomycin X.
The expression levels of the proteins were determined using western blotting.

3. Discussion

Tetracenomycins, a family of tetracyclic haphthacenequinones, have large anti-Gram-positive
effects and significant antitumour activity. Tetracenomycin X, as a member of this family, was
only reported to have antitumour activity in leukaemia cells, liver cancer cells and breast cancer
cells [6–9,15,16]. This study is the first to show that tetracenomycin X possesses antitumour activity
in H460 xenografts in BALB/c nude mice, so we studied the antitumour mechanism in depth.
Experiments in vitro showed that tetracenomycin X selectively attenuates the proliferation of lung
cancer cells without inhibiting the lung fibroblasts, while this inhibitory effect was significant in
the A549 cells and H460 cells. At the same time, there was no obvious difference in the effect of
Adriamycin on the anti-proliferation activity between the lung cancer cells and normal lung fibroblasts.
Furthermore, few studies have described the antitumour mechanism of tetracenomycin X, so we
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needed to examine the cell death pathways one by one. First, we tested the changes in apoptosis and
autophagy. The results showed that neither apoptosis nor autophagy was involved in the antitumour
mechanism. Then, we performed flow cytometry analysis to observe cell cycle distribution. We finally
found that tetracenomycin X could increase cell cycle arrest at the G0/G1 phase, which suggested that
the induction of cell cycle arrest was the major antitumour mechanism in the lung cancer cells.

The cell cycle, which includes four phases (G1, S, G2 and M), is the basic process to guarantee cell
proliferation. The four phases transition in sequence under exogenous and endogenous regulations [14].
Exogenous regulation is mainly caused by cytokines, and endogenous regulation is induced by
the cyclin–CDK network. Cyclins and cyclin-dependent kinases (CDKs) are sensitive to oncogenic
stimulation, and their excessive activation can make cancer cells grow strongly [17]. Cyclin D1 together
with CDK4 plays an important role in promoting the cell cycle from the G0/G1 phase to the S phase.
Accordingly, changes in the complex of cyclin D1 and CDK4 may be responsible for the tetracenomycin
X-induced cell cycle arrest. As expected, decreases in cyclin D1 and CDK4 were found in the lung
cancer cells after the tetracenomycin X treatment.

Recent studies have shown that cyclin D1 expression can be regulated through transcription
and proteasomal degradation, and the proteasomal degradation of cyclin D1 has been thought
to be an important antitumour pathway [18]. The current study shows that tetracenomycin X
increases the mRNA level of cyclin D1, while MG132 attenuates tetracenomycin X-induced cyclin D1
downregulation and CHX enhances the degradation of cyclin D1 after tetracenomycin X treatment.
These findings suggest that cyclin D1 proteasomal degradation may be one of the important molecular
targets for the antitumour activity of tetracenomycin X.

It has been reported that cyclin expression is regulated by upstream kinases, such as p38, Akt and
JNK [13,19]. Our results show that tetracenomycin X only activates the phosphorylation levels of p38
and c-JUN proteins in lung cancer cells, which leads to the downregulation of cyclin D1. It appears
that p38 and c-JUN activation by tetracenomycin X, at least in part, contributes to tetracenomycin
X-mediated cyclin D1 downregulation.

In conclusion, tetracenomycin X selectively exerts high anti-proliferation activity in lung cancer
cells without inhibiting normal cells. Cyclin D1 proteasomal degradation-mediated cell cycle arrest at
the G0/G1 phase may be the important antitumour mechanism of tetracenomycin X in lung cancer cells.
In addition, p38 and c-JUN activation by tetracenomycin X partly results in cyclin D1 downregulation
(Figure 7). Thus, tetracenomycin X may have the potential to become an antimitotic class of drugs
against lung cancer.

Figure 7. Schematic presentation of the antitumour mechanism. In lung cancer cells, tetracenomycin X
directly induces cyclin D1 proteasomal degradation and indirectly downregulates cyclin D1 via the
activation of p38 and c-JUN. The decrease in cyclin D1 results in cell cycle arrest at the G0/G1 phase
and eventually inhibits the proliferation of lung cancer cells.
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4. Materials and Methods

4.1. Cell Culture

The human lung cancer A549, H460, H157, HCC827 and H1975 cell lines were kept in our laboratory
and maintained in RPMI-1640 medium (ThermoFisher Scientific, Waltham, MA, USA) supplemented
with 10% foetal bovine serum (Gibco, Carlsbad, CA, USA) and penicillin (100 U/mL)/streptomycin
(100 μg/mL) (National China Pharmaceutical Inc., Beijing, China) at 37 ◦C in a 5% CO2 incubator.
The human embryonic lung MRC-5 fibroblasts were purchased from National Institutes for Food and
Drug Control (Beijing, China) and cultured in MEM-EBSS (Minimum Essential Medium-Earle’s Balanced
Salts Solution) medium supplemented with 10% bovine serum and penicillin (100 U/mL)/streptomycin
(100 μg/mL).

4.2. Reagents and Antibodies

Tetracenomycin X (Tcm X) was isolated from the marine-derived actinomycete Saccharothrix sp.
10-10 by Professor Maoluo Gan at our institute. The molecular weight of Tcm X was 486
Da, and it was dissolved in dimethyl sulfoxide (DMSO). The anti-p53, anti-PARP, anti-Bcl-2,
anti-Bax, anti-p38 MAPK, anti-phospho-p38 MAPK, anti-cJUN, anti-phospho-cJUN, anti-cyclin
D1 and anti-CDK4 antibodies were purchased from Cell Signaling Technology (Danvers, MA,
USA). The anti-LC3B antibody was obtained from Sigma (St. Louis, MO, USA). The anti-Human
CD261 Azide Free (DR4) antibody was obtained from Diaclone (Besancon, France), and the DR5
antibody was purchased from ProSci (San Diego, CA, USA). β-Actin (6G3), β-tubulin and GAPDH
(glyceraldehyde-3-phosphate dehydrogenase) (1C4) mouse monoclonal antibodies were obtained from
AmeriBiopharma (Wulmington, DE, USA). For the second antibodies, peroxidase-conjugated affiniPure
goat anti-mouse IgG (H + L) and anti-rabbit IgG (H + L) were obtained from ZSGB-BIO (Beijing, China).
MG132, cycloheximide (CHX), SB203580 and SP600125 were purchased from Selleck.cn (Houston, TX,
USA). Sulforhodamine B (SRB) was obtained from Sigma (St. Louis, MO, USA). Trichloroacetic acid
(TCA) was obtained from Solarbio (Beijing, China).

4.3. Cell Survival Assay

A sulforhodamine B (SRB) method was used to detect cell survival. The tested cell lines were
seeded in 96-well plates at 4 × 103 cells/well in 100 μl of culture medium for 24 h. Different
concentrations of tetracenomycin X were then added to the 96-well plates and incubated for 24 h.
The SRB method was described previously [20]. The cell survival was calculated as the ratio of the
experimental groups to control group.

4.4. Western Blot Analysis

The cells were seeded in 6-well plates and exposed to drugs for specific times. The preparation of
cell samples and western blot analyses were described previously [20].

4.5. Annexin V-FITC/PI Staining

The tested cells were plated on 6-well plates overnight and treated with drugs for 24 h. Then, cell
apoptosis was examined by an Annexin V-FITC/PI apoptosis detection kit (Bio Friend, Beijing, China),
according to the manufacturer’s instructions. The Annexin V-FITC/PI staining was detected by flow
cytometry analysis.

A schematic plot was applied to analyse the results, in which the lower left quadrant represented
live cells, the lower right and upper right quadrants represented early and late apoptotic cells,
respectively, and the upper left quadrant represented necrotic cells. The cell apoptosis rate was
the sum of the percentages of the early and late apoptotic cells.
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4.6. Cell Cycle Analysis

The A549 cells and H460 cells were plated on 6-well plates and grown overnight. Then, the cells were
treated with tetracenomycin X for 16 h. The cell cycle was determined using a PI (including RNase A)
cell cycle detection kit (Bio Friend, Beijing, China) according to the manufacturer’s instructions and then
analysed by a flow cytometer COULTER EPICS XL (Beckman Coulter, Inc., Brea, CA, USA).

4.7. Reverse Transcriptase-Polymerase Chain Reaction

The A549 cells were plated on 6-well plates and exposed to tetracenomycin X for 12 h. The total
RNA was extracted by a RNA fast 200 Kit (FASTAGEN, Shanghai Fastagen Biotechnology, Shanghai,
China), and 1 μg of RNA was used with a Prime ScriptTM RT reagent kit with a gDNA Eraser (TaKaRa,
Tokyo, Japan) according to the manufacturer’s instructions for cDNA synthesis. RT-PCR was carried
out using a qPCR Mix Kit (TOYOBO, Osaka, Japan) with human primers for cyclin D1 and β-actin as
follows: cyclin D1: forward 5′-aactacctggaccgcttcct-3′ and reverse 5′-ccacttgagcttgttcacca-3′, β-actin:
forward 5′-agcgagcatcccccaaagtt-3′ and reverse 5′-gggcacgaaggctcatcatt-3′.

4.8. Lung Cancer Xenograft

The animal experiments were performed in the Experimental Animal Center of our institute and
in accordance with all the relevant guidelines and regulations. First, the H460 cells (5 × 106 cells in
200 μL of PBS) were injected into the right armpits of 6-week-old female BALB/c nude mice (Anikeeper,
Beijing, China). Then, 21 days after inoculation, tumours were removed and cut into 2 mm × 2 mm ×
2 mm prisms and transplanted into the right armpits of mice. On the 8th day, the mice were randomly
divided into two groups: one was a control group and the other was a group given tetracenomycin
X (30 mg/kg/day, dissolved in 10% alcohol) via intraperitoneal injection for 3 consecutive days in a
week. The tumour volumes and body weights were monitored once every 2 days. The tumour volume
was calculated by the following formula: V = ab2/2, where a represents the length and b represents
the width. The animal experiment lasted for a total of 24 days.

4.9. Statistical Analysis

All the experiments were repeated at least 2 times. The data are expressed as the mean ± SD.
The statistical analysis was performed via Student’s t test for the independent samples.
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Abstract: Marine animals and plants provide abundant secondary metabolites with antitumor activity.
Itampolin A is a brominated natural tyrosine secondary metabolite that is isolated from the sponge
Iotrochota purpurea. Recently, we have achieved the first total synthesis of this brominated tyrosine
secondary metabolite, which was found to be a potent p38α inhibitor exhibiting anticancer effects.
A fragment-based drug design (FBDD) was carried out to optimize itampolin A. Forty-five brominated
tyrosine derivatives were synthesized with interesting biological activities. Then, a QSAR study was
carried out to explore the structural determinants responsible for the activity of brominated tyrosine
skeleton p38α inhibitors. The lead compound was optimized by a FBDD method, then three series of
brominated tyrosine derivatives were synthesized and evaluated for their inhibitory activities against
p38α and tumor cells. Compound 6o (IC50 = 0.66 μM) exhibited significant antitumor activity against
non-small cell lung A549 cells (A549). This also demonstrated the feasibility of the FBDD method of
structural optimization.

Keywords: itampolin A; FBDD; antitumor; p38α; novel inhibitor

1. Introduction

Sponges are the most abundant source of bioactive compounds in marine invertebrates [1]. About
half of the current FDA-approved marine drugs come from sponges or derivatives based on sponge
metabolites [2–4]. Most of the natural products isolated from sponges belong to bromotyrosine
derivatives and exhibit extensive biological activities [5–8]. Itampolin A was the first brominated
tyrosine alkaloid isolated from the sponge Iotrochota purpurea [9]. In our previous study, the total
synthesis of itampolin A was achieved for the first time. In an evaluation of the pharmacological
properties, the alkaloid showed potent concentration-dependent antitumor activity against non-small
cell lung cancer. In addition, its enantiomer (−)-itampolin A exhibited significant inhibitory activity
against non-small cell lung A549 cells. The underlying anticancer mechanism was associated with
its binding to DFG-out conformation of p38α and then decreasing the phospho-p38 expression in
a time-dependent manner [10].

In recent years, the design of more selective kinase inhibitors, targeting inactive conformations,
has been explored. Relative to type I inhibitors that compete directly with ATP, type II inhibitors
bind to the inactive DFG-out conformation of kinase induced by the conformational transition of
DFG-loop. This opened up a second hydrophobic subcavity formed by the catalytic amino acid triad
Asp168, Phe169, and Glu71. A number of studies have demonstrated the advantages of targeting the
DFG-out binding mode of kinases in general and p38 MAP kinase (p38 MAPK) in particular such as
low toxicity [11].
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Fragment-based drug design (FBDD) is now widely used in academia and industry to obtain small
molecule inhibitors for a given target. Moreover, it is established for many fields of research including
antimicrobials and oncology [12–14]. Many molecules derived from fragment-based approaches are
already in clinical trials and two—Vemurafenib and Venetoclax—are on the market [13]. Unlike other
computer aided drug design (CADD) methods, the FBDD theory maintains that the active pockets of
the drug target are made up of multiple subcavities, and the fragments are units that combine with
these subcavities. Finding these fragments and linking them together often leads to higher active
compounds [15].

For the purpose of improving the activity of itampolin A, and increasing the structural diversity
of type II inhibitors, we here reported the optimization of (−)-itampolin A as novel p38α inhibitors
by using the FBDD method. This strategy involved interrogation of structural information that was
available for different in-house chemotypes [16]. The challenge included three aspects. The first one
was deconstruction of known p38α inhibitors to identify highly efficient interactions in the binding site.
The second one was screening out suitable units that fit the second hydrophobic subcavity. The last
one was exploring the effects on the activity of some atom or fragment substitutions of the brominated
tyrosine skeleton.

2. Results

2.1. Fragment-Based Drug Design

The conformation of inactive p38α bound with type II inhibitors was screened out from the PDB
website as 3HV3, 3IW5, 3L8S, 3IW7, 3IW8, 4FA2, 2KV2, and 2PUU. The conformation of itampolin
A overlapped with BIRB-796 was obtained in a previous work. The above conformations were
superposed together after alignment (Figure 1a). An FBDD-based BREED technique was adopted
as a novel fragment-based drug design method, which was based on sets of aligned 3D ligand
structures binding to the same target or target family. The implementation comprises two steps.
Firstly, a superposition of ligands (Figure 1a). Secondly, a ligand fragmentation based on interatomic
distance and bonding angle. This was followed by a scoring scheme assigning individual scores to
each fragment, and the incremental construction of novel ligands based on a greedy search algorithm
guided by the calculated fragment scores (Figure 1b). These small molecules were then screened by
pharmacophore models and the lipinsiki rule of five. The BREED results generated by MOE software
are described in the Supplementary Materials, Table S1.

Figure 1. Workflow of the BREED method; (a) The lead compound (green) overlapped with type II
inhibitors; (b) ligand fragmentation based on interatomic distance and bonding angle.
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2.2. Synthesis

The synthesis of brominated tyrosine derivatives followed the synthetic route outlined in Scheme 1.
The chemical synthesis method to access the parent compounds (+)-itampolin A and (−)-itampolin A
were reported previously, as well as 2p, 2q and 3a–3o [10]. The other important intermediates 1a-1o
for synthesizing the brominated tyrosine derivatives were substituted benzoyl azide. Thearomatic
hydrazines were used as raw material to obtain aryl azides by diazotization. The substituted benzoyl
azides produced corresponding substituted isocyanatobenzenes through Curtius rearrangement in
DCE at 80 ◦C.

Scheme 1. Synthesis of novel brominated tyrosine derivatives. Conditions: (i) 1.1 eq. 1a–1o, DCE, 80
◦C, 39–51%; (ii) 1.05 eq. 2p, 2q, EDCI, HOBt, Et3N, DMF, rt., 52–57%.

2.3. Inhibitory Activities of (−)-Itampolin A Skeleton Brominated Tyrosine Derivatives

The capacity of the synthesized brominated tyrosine derivatives for inhibiting p38α activity was
evaluated. The evaluation results are summarized in Table 1.

Table 1. p38α MAP kinase inhibitory activity of brominated tyrosine derivatives

No. IC50 (nM) No. IC50 (nM) No. IC50 (nM)

4a – 5a 112.3 ± 12.0 6a 262.7 ± 3.3
4b 492.5 ± 46.2 5b 346.4 ± 18.4 6b 221.4 ± 4.2
4c – 5c 167.2 ± 23.9 6c 701.4 ± 7.4
4d 805.6 ± 139.4 5d 690.6 ± 38.4 6d –
4e – 5e – 6e 920.3 ± 6.1
4f – 5f – 6f –
4g 214.8 ± 64.0 5g 223.4 ± 10.3 6g 11.7 ± 3.0
4h – 5h – 6h 329.4 ± 44.2
4i 91.0 ± 11.1 5i 51.3 ± 4.5 6i 17.5 ± 2.4
4j – 5j 447.7 ± 64.1 6j 71.2 ± 4.5
4k 832.1 ± 12.1 5k 90.3 ± 2.7 6k 169.0 ± 2.6
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Table 1. Cont.

No. IC50 (nM) No. IC50 (nM) No. IC50 (nM)

4l 617.7 ± 87.7 5l 110.4 ± 18.8 6l 21.5 ± 4.6
4m 78.6 ± 59.2 5m 71.4 ± 19.6 6m 13.6 ± 3.0
4n – 5n 278.6 ± 28.9 6n 299.6 ± 11.7
4o 137.5 ± 13.6 5o 134.2 ± 26.3 6o 7.9 ± 1.7

BIRB-796 11.3 ± 0.2

In the assay of inhibiting p38α activity, the compound 6o exhibited the best activity. The
compoundwas selected for further cell proliferation inhibition experiments by MTT assay. Because the
lead compound (−)-itampolin A showed an inhibitory effect on A549, this cell line was still selected
to evaluate 6o activity. Compound 6o inhibited A549 cell proliferation in a concentration-dependent
manner with IC50 = 0.66 μM. The experimental results are shown in Figure 2.

Figure 2. Dependence of concentration versus the activity of compound 6o.

2.4. 3D-QSAR Study

In order to clarify the structure–activity relationship between the bromine tyrosine derivatives
and antitumor activity, a 3D-QSAR study on the derivatives was carried out using the CoMFA and
CoMSIA method in Sybyl-X2.0.

The statistical results of the Topomer CoMFA model were as follows: q2 value of 0.700; r2 value
of 0.954, with five optimum components. With the optimal number of components being 4 in the
CoMSIA model, q2, r2, and SEE were found to be 0.615, 0.897, and 0.124 respectively. The statistical
results proved that the QSAR model of Topomer CoMFA and CoMSIA has precise predictability.
The experimental and predicted activities of both the training set and test set are shown in Figure 3.
The Topomer CoMFA and CoMSIA models gave the correlation coefficient (r2) value of 0.9271 and
0.909, respectively, which demonstrated the internal robustness and external high prediction of the
QSAR models.

A 3D-QSAR contour map was utilized to exhibit the Topomer CoMFA model and CoMSIA model
properties in 3D-space, as well as to obtain information in ligand-receptor conformation. After the
visualization of favorable and unfavorable regions of fields in a 3D-QSAR contour map, several fields
(steric fields, electrostatic fields, hydrophobic fields, hydrogen bond donor atom fields, and hydrogen
bond acceptor atom fields) were used to realize the relationship between the biological activities and
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structures. Steric and electrostatic contour maps of the Topomer CoMFA QSAR model are shown in
Figure 4a,b respectively. HBA and hydrophobic contour maps of the CoMSIA QSAR model are shown
in Figure 4c,d respectively. Compound 6o has the most complex chemical structure for the visual
clarity of analyzing the QSAR, hence it was chosen as the reference structure for the generation of the
Topomer CoMFA and CoMSIA contour map.

Figure 3. Experimental versus predicted activity of the training and test set based on the Topomer
CoMFA model (A) and CoMSIA model (B).

Figure 4. (A) Steric contour maps of Topomer CoMFA around the brominated tyrosine skeleton. Green
contours refer to sterically favourable regions and yellow contours refer to sterically unfavorable
regions. (B) Electrostatic contour maps of Topomer CoMFA around the brominated tyrosine skeleton.
Red contours refer to regions where electropositive groups were favorable and blue contours refer
to regions where electropositive groups were unfavourable. (C) Hydrophobic field contour maps
for CoMSIA. Yellow contours represent regions where hydrophobic substituents were favorable,
white contours represent regions where hydrophilic substituents were unfavourable. (D) H-bond
donor field contour maps for CoMSIA. Cyan contours indicate regions where hydrogen bond donor
substituents increase activity, and purple contours indicate the unfavorable regions for hydrogen bond
donor groups.

3. Discussion

Based on the aligned 3D ligand structures binding to p38α, a novel skeleton was generated
based on the structure of (−)-itampolin A (Figure 5). The carbon atom of 14-position was changed to
a nitrogen atom, making the amide unit (12-position, 13-position) convert to a disubstituted urea group.
As a result, the new skeleton was capable of binding Glu71 residue. It stabilized the conformation of the
molecule in the active site. This binding was crucial, because the interaction between the urea unit and
Glu71 ensured that bromoaromatic groups enter the second hydrophobic pocket unique to DFG-out
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conformation. The atoms between 23-position and 26-position were replaced with a morpholine unit
(there were also other units such as fluorine-substituted aromatic ring that are listed in Table S1).
The urea group probably came from the inhibitors which contained the urea unit. The morpholine
unit came from BIRB-796. The fluorine-substituted aromatic came from the inhibitor of 3IW5 or 4FA2.
Most inhibitors supported the change to the urea unit. However, each inhibitor supported different
changes in the atoms between 23-position and 26-position (Figure 5 shows a more active one with the
morpholine unit). Therefore, it was suggested that it is necessary to explore more units to replace the
atoms between 23-position and 26-position. The results of molecular docking showed that most of the
brominate tyramine fragment was exposed outside the active pocket. Moreover, excessive hydrophobic
fragments might hinder the binding of the molecule to Glu71 (Figure 5a). After the discovery of defects
in the skeleton, a filter was added to iterate the process of FBDD. This filter included the Lipinski’s rule
of five and a structure-based pharmacophore, worked out by MOE 2015. The screening results showed
that cutting off the fragment can further improve the activity of the compounds with a novel skeleton.

Figure 5. Structural optimization of (−)-itampolin A; (a) the conformation of (−)-itampolin A docked
to p38α; (b) the conformation of compound 5o docked to p38α; (c) the conformation of compound 6o

docked to p38α.
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In the case of CoMFA analysis, the contour maps around 6o (Figure 4a,b) were generated from
the CoMFA model. The steric contour map of 6o is shown in Figure 4a. Two green regions near the
N-substituents of the morpholine proved that this length of hydrocarbon chain preferred sterically
favorable functional groups. In contrast, a yellow region over the 11-C showed that a large group
such as segment II leads to a decrease in activity. Consistent with this result, after cutting off the
brominate tyramine fragment, the activities of compounds 3a–3o were found to be improved. This may
be attributable to the excessive volume of the fragment. It was exposed to the outside of the active site
pocket, when (−)-itampolin A was docked into p38α, as shown in Figure 5a. The electrostatic contour
map of 6o is shown in Figure 4b. The red region over the benzene ring revealed that substituents on
the benzene ring preferred electronegative groups, such as halogen atoms. The blue region around the
14-N showed that electropositive groups possessed good anticancer activity. Consistent with the QSAR
analysis result, the molecular docking study showed that the urea group forms one more hydrogen
bond to Glu71 than the amide group (Figure 5b). These results explained the fact that almost all of the
compounds in the second series exhibited more potent inhibitory effects than those in the first series
after the 14-position carbon atom was changed to a nitrogen atom.

The CoMSIA contour hydrophobic map is shown in Figure 4c. The yellow contour map in
the morpholine indicated the region where addition of the hydrophobic groups would increase the
inhibitory activity while the white contour map over the 11-C proved that segment II in this position
will decrease the inhibitory activity. The contour map of the CoMSIA hydrogen bond donor (HBD)
is shown in Figure 4d; the purple region above 11-C represents the HBD atom substitution which
was adverse to the activity. This might be attributed to the hydroxyl of segment II. The cyan region
around the 14-N atom indicates that the addition of the HBD atom was conducive to the activities.
The CoMSIA HBD contour map can be validated by the fact that almost all of the compounds in the
second series exhibited more potent inhibitory effects than those in the first series after the 14-position
carbon atom was changed to a nitrogen atom.

Finally, we combined the ligand-based 3D-QSAR analysis with the structure-based molecular
docking study, to identify the necessary moiety of the brominated tyrosine derivatives (Figure 6).

Figure 6. Important structural requirements of the novel brominated tyrosine skeleton by means of the
ligand-based 3D-QSAR and structure-based molecular docking study.

In conclusion, (−)-itampolin A, as a lead compound, was optimized by the FBDD method
based on the interaction between type II inhibitors and p38α. The 14-position carbon atom was
changed to a nitrogen atom, making the amide group change to a diaryl urea unit. The brominate
tyramine fragment and the substituent groups on the benzene ring were also modified. Thus, 45
brominated tyrosine derivatives of three series were designed and synthesized. Not all the compounds
were reported in previous studies, and their structures were confirmed by 1H-NMR and 13C-NMR.
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Through the analysis of 3D-QSAR, it was found that the conversion of the 14-position carbon atom to
a nitrogen atom contributed to improving the activity of the derivatives. Cleavage of the brominate
tyramine fragment helped to improve the activities of 6a–6o. The groups on the benzene ring preferred
electron-withdrawing groups, followed by meta-substituted halogen atoms. The alkane chains on
the aromatic ring were not beneficial to increasing inhibitory activity. Moreover, we discovered that
a novel derivative, 6o (IC50 = 0.66 μM), exhibited significant antitumor activity against A549.

4. Experimentation

4.1. Fragment-Based Drug Design

Fragment-based drug design was performed using the BREED module in Molecular Operating
Environment package (MOE 2015.1001.). Eight molecules (ligands in 3HV3, 3IW5, 3L8S, 3IW7, 3IW8,
4FA2, 2KV2, 2PUU) after alignment were set as novel bond producers. (−)-Itampolin A was set
as the parent compound. During the generation, a filter included the Lipinski’s rule of five and
a structure-based pharmacophore was toggled ON. The novel compounds were generated based on
candidate bonds.

4.2. Molecular Docking

Molecular docking was performed using MOE. The ligands were docked into p38α after energy
minimization. Their conformations were generated with the bond rotation method. In order to
validate the docking protocol, a self-docking of BIRB-796 into the binding pocket was firstly performed.
The triangle matcher was selected as the ligand placement method, the London dG was selected as the
scoring function, the rigid receptor was used as the type of post-placement refinement, the GBVI/WSA
dG was used as the refinement scoring function. The one with the best docking conformation was
selected from 30 poses according to E-strain. The RMSD value between the docking conformation and
actual conformation was 0.9695, as shown in Figure S1.

4.3. The p38α MAP Kinase Activity Based on the Rate of Phosphorylation of ATF-2

Kinase reaction buffer composition: 50 mM HEPES (pH 7.5), 10 mM MgCl2, 0.01% BRIJ-35 and
1 mM EGTA. Titration MAPK14/p38α at 90 μM ATP: Prepare MAPK14/p38α in kinase buffer at
a concentration of 500 ng/mL. Perform two-fold serial dilution using kinase buffer from 500 ng/mL,
16 dose points. Add 5 μL of the serially diluted MAPK14/p38α into the 384-well plate in triplicate.
Prepare 1 mL of 0.8 μM substrate GFP-ATF2 (19–96) and 180 μMATP in kinase reaction buffer.
The reaction was carried out by adding 5 μL of the substrate GFP-ATF2 (19–96) and ATP solution
into each well of the assay plate. Seal the assay plate and incubate for 1 h at room temperature (RT).
Add 10 μL of the antibody solution prepared in TR-FRET dilution buffer (20 mM EDTA and 4 nM
Tb-antipATF2 (pThr71), and mix gently. The final EDTA and Tb-antipATF2 (pThr71) concentrations
were 10 mM and 2 nM, respectively. Seal the assay plate and incubate for 30 min at RT. Read the
TR-FRET signal on the Envision 2104 plate reader.

Determination of IC50 values of inhibitors: add 2 μL/well of inhibitor in 0.5% DMSO at five-fold
the final assay concentration to the 384-well assay plate. For the first cycle inhibitor screening, the final
concentrations of inhibitors were 1117, 279.25, 69.81, 17.45, and 4.36 nM (three-fold dilution, five dose
points, two replicates for each dose). Adjust the inhibitor concentration based on the results of the
first cycle. An amount of 4 μL MAPK14/p38α was added to each well of the 384-well assay plate.
Incubate for 15 min at RT. Finally, 4 μL substrate GFP-ATF2 (19–96) and ATP in kinase reaction buffer
were added to start the reaction. The final concentrations of MAPK14/p38α, Substrate, and ATP were
1 ng/mL, 0.4 μM, and 90 μM, respectively. Incubate for 1 h at RT. Add 10 μL/well of antibody solution.
The final concentrations of EDTA and antibody were 10 mM and 2 nM respectively. Incubate for 30 min
at RT. Read the TR-FRET signal on the Envision 2104 plate reader.
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4.4. MTT Assay

The A549 cell lines were cultured using DMEM and RPMI, respectively, in standard humidified
incubation conditions at 37 ◦C in 5% CO2. Then, the cancer cells (1000/well) were placed on 96-well
plates in triplicate. After 24 h incubation, cells were treated with a series of concentrations of the
brominated tyrosine derivatives (1, 10, 20, 80 μmol/L). The positive control contained the same
concentrations of BIRB-796, and the negative control received the same volume of DMSO. After 48h
incubation, cells were stained with 5% MTT, and the optical density was recorded at an absorbance
wavelength of 570 nm.

4.5. 3D-QSAR Study

The SKETCH function of Sybyl-X2.0 was utilized for drawing the structure and charges were
calculated by the Gasteiger–Huckel method, and tripos force field was utilized for energy minimization
of these molecules. These 45 synthetic molecules were divided into the training set and test set in the
ratio of 80:20. The training set was used to build the 3D-QSAR model, and the test set was used to
test the predictions of the model [17,18]. In the case of building the Topomer CoMFA QSAR model,
a carbon sp3 probe was applied for calculating steric and electrostatic parameters. The database
alignment was used to build the CoMSIA QSAR model [19].

4.6. Chemsitry

1H-NMR and 13C-NMR spectra were recorded on Varian NMR spectrometers operating at
600 MHz for 1H, and 150 MHz for 13C. All chemical shifts were measured in DMSO-d6 as solvent.
All chemicals were purchased from Sinoreagent Chemcal Reagent (Beijing, China) and were used
as received, unless stated otherwise. Analytical TLC was performed on Haiyang (Qingdao Haiyang
Chemcal Co., Ltd. (Qingdao, China)) silica gel 60 F254 plates and visualized by UV and potassium
permanganate staining. Flash column chromatography was performed on Haiyang (Qingdao
Haiyang Chemcal Co., Ltd.) gel 60 (40–63 mm). HPLC was performed on Agilent 1260 Infinity
II. Chromatographic separation was performed on a C18 column (3.0 × 50 mm, 1.7 μm) and the
column temperature was maintained at 25 ◦C. The mobile phase consisted of methanol (50%) and
water (50%).

The synthesis methods of the derivatives are described in the Supplementary Materials.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/17/1/
53/s1. Figure S1: Comparison of the BIRB-796 molecular docking conformation (green) with the actual
conformation (blue).
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Abstract: Non-small cell lung cancer (NSCLC) is among the leading causes of human mortality due to
a lack of effective treatments. Conventional chemotherapies affect healthy cells and cause multidrug
resistance, while tumors may eventually develop resistance to less-toxic targeted therapies. Thus,
the need to develop novel therapies for NSCLC is urgent. Here, we show that Nile tilapia-derived
Tilapia piscidin (TP) 4 is cytotoxic to a panel of NSCLC cells with different genetic profiles.
We observed that TP4 triggers NSCLC cell death through the necrosis and combining TP4 with potent
Epidermal growth factor receptor (EGFR)- tyrosine kinase inhibitors (TKI)s, Erlotinib, and Gefitinib,
improved drug responses in EGFR-mutated NSCLC cells, but not in EGFR-wild-type NSCLC cells.
This work provides novel insights into potential NSCLC treatments, which may utilize antimicrobial
peptide TP4 as monotherapy or in combination with EGFR-TKIs.

Keywords: Antimicrobial peptide (AMP); Tilapia piscidin 4 (TP4); non-small cell lung cancer (NSCLC)

1. Introduction

Lung cancer is the leading cause of cancer mortality worldwide [1]. Most lung cancer patients die
within one year of diagnosis, and the five-year-survival rate is around 18.6% [2]. Among these patients,
over 85% are diagnosed with non-small cell lung cancer (NSCLC), while 15% have small cell lung cancer
(SCLC). About 50% of NSCLCs are phenotypically characterized as adenocarcinomas (ADCs), of which
gene expression profiles are consistent with a distal lung cell origin. Meanwhile, about 40% of NSCLCs
are squamous cell carcinomas (SCCs), which are thought to arise from proximal tracheal basal cells in
the lung [3,4]. Chemotherapies are routinely used for NSCLC treatment; however, chemotherapeutic
drugs can cause serious side-effects and multidrug resistance. Advanced transcriptome analyses
unveiled several gene mutations that are associated with NSCLC, including Epidermal growth factor
receptor (EGFR) [5–8]. Constitutively activating EGFR mutations have been observed in 10% and
35% of NSCLC patients in the U.S. and East Asia, respectively [9,10]. Due to the tumorigenic nature
of these mutations, EGFR-directed tyrosine kinase inhibitors (TKIs) have become valuable tools for
the treatment of NSCLC [6–8,11–14]. The first and second-generation EGFR-TKIs (e.g., Erlotinib,
Gefitinib, and Afatinib) were developed to target proteins derived from exon 19 deletions or a point
mutation in exon 21 (L858R) [9]. These early EGFR-TKIs have produced remarkable results in the
clinic; however, the median progression-free survival (PFS) is still less than 12 months due to the
occurrence of drug-resistant cancer cells [15,16]. One critical secondary mutation that confers drug
resistance is a gatekeeper point mutation in exon 20 (T790M) of EGFR, which is observed in about
50%–60% of all patients [11,17–19]. The third-generation EGFR-TKIs (e.g. Osimertinib) were developed
to selectively target mutants (particularly the T790M mutation) and show low affinity to wild-type
EGFR, thereby significantly reducing toxicity [13,20]. Unfortunately, other novel mutations may still
occur in TKI-treated tumors, leading to drug resistance [21,22]. In order to overcome this resistance,
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combinations of EGFR-TKIs with chemotherapy or other targeted agents are recommended [20,23,24].
Thus, alternative strategies and novel drugs for treatment of NSCLC are urgently needed.

Antimicrobial peptides (AMPs) are evolutionarily conserved peptides that function to combat
microbial infections [25] and have been suggested as potential anti-cancer agents [26–28]. The defensive
utility of cationic AMPs is derived from a structural amphipathic property, which enables electrostatic
interactions with anionic molecules on the plasma membrane of microbes or cancer cells [26–28].
Unlike chemotherapeutic drugs, which damage healthy cells, AMPs selectively target cancer cells
with lower toxicity to non-cancerous cell types [26–28]. We previously found that the Nile tilapia
(Oreochromis niloticus)-derived cationic AMP, tilapia piscidin (TP4) [29], binds to the negatively charged
membrane of breast cancer cells and subsequently triggers cancer cell death [27]. NSCLC cells are also
good candidate targets for TP4 because extensive glycosylation and low cholesterol levels enhance the
negative charge of the membrane [30,31].

In this study, we aimed to investigate the therapeutic potential of TP4 in NSCLC. We show that
TP4 is highly cytotoxic to multiple NSCLC cell lines with different EGFR status. Moreover, NSCLC
cells with wild-type EGFR were equally susceptible to TP4 alone and in combination with EGFR-TKIs,
but combined treatment of TP4 with EGFR-TKIs showed enhanced cytotoxicity over TKIs or TP4
alone in EGFR-mutated NSCLC cells. Furthermore, TP4 was found to induce necrotic death in NSCLC
cells. Combining TP4 with EGFR-TKIs enhanced necrosis in NSCLC cells with EGFR mutations.
These findings support the notion that TP4 is a promising candidate drug for treatment of various
NSCLC types.

2. Results

2.1. Cationic TP4 is Toxic to NSCLC Cells

Cancerous cells with negatively charged membranes might be attacked by AMPs [26–28].
To investigate whether NSCLC cells are potential targets for TP4, cytotoxicity was evaluated in a
panel of NSCLC cell lines. Control cell lines, BEAS-2B and MRC-5, treated with a range of TP4
concentrations (0.838 to 6.710 μM) showed limited cytotoxicity, with 50% inhibitory concentrations
(IC50) of over 15.48 and 26.50 μM, respectively (Figure 1A,B, Table 1). Notably, low TP4 concentrations,
from 0.830 to 6.710 μM, enhanced cell proliferation in normal BEAS-2B cells, as evidenced by the
gradual increase in relative adenosine triphoshapte (ATP) level of TP4-treated cells compared to
mock-treated controls at 12 and 24 h post-TP4 treatment (Figure 1B). The IC50 values among NSCLC
cells at different time points after TP4 treatment were 1.922–27.62 μM in A549 cells, 3.769–14.17 μM in
NCI-H661 cells, 1.241–5.472 μM in NCI-H1975 cells, and 10.61–18.52 μM in HCC827 cells (Figure 1C–F,
and Table 2).

Table 1. IC50 values for TP4 in normal cells at various treatment times. Results are presented as mean ± SD.

Treatment IC50 (μM) 95% Confidence Interval

BEAS-2B
3 h 33.100 ± 1.032 31.11 to 35.22
6 h 32.040 ± 1.048 29.21 to 35.15

12 h 29.760 ± 1.074 25.88 to 34.22
24 h 26.500 ± 1.086 22.53 to 31.17

MRC-5
3 h 46.440 ± 1.049 42.32 to 50.96
6 h 28.000 ± 1.068 24.65 to 31.80

12 h 18.220 ± 1.079 15.67 to 21.17
24 h 15.480 ± 1.063 13.72 to 17.46
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Figure 1. Broad cytotoxicity of Tilapia piscidin (TP) 4 toward non-small cell lung cancer (NSCLC)
cells. (A–F) Cell viability in BEAS-2B (A), MRC-5 (B), and NSCLC cells (C–F) was determined by an
adenosine triphosphate (ATP) assay, following treatment with varying doses of TP4 (0.83–20.12 μM) at
the indicated time-points (3–24 h). The x-axis shows the logarithm of the TP4 concentration. Multiple
wells were analyzed for each assay and compiled with other independent assays. Quantitative results
represent the mean ± SD (statistical analyses are shown in Supplementary Tables S1 and S2). (G) The
α-helical (left) and three-dimensional structures (right) of TP4. Relative position of each amino acid
residues along the helix are numbered and connected with lines. Diamonds are presented as the
hydrophobic residues; circles are hydrophilic residues. Triangles and pentagons are presented as
residues with negatively charged and positively charged, respectively. Hydrophobicity is color-coded.
The most hydrophobic residue is shown in green and the most hydrophilic residue is shown in red.
Amino acid with zero hydrophobicity is shown in yellow.

2.2. Combining TP4 with Potent EGFR Tyrosine Kinase Inhibitors (TKIs) Enhances Toxicity

We next evaluated whether combining TP4 with EGFR-TKIs improves cytotoxicity in NSCLC cells.
Cell lines with different EGFR status (EGFR-wild-type A549, EGFR-mutated NCI-H1975, and HCC827)
were used to test the efficacy of combined treatments. In A549 cells, a combination of 10 μM
Erlotinib (Erlo) or Gefitinib (Gef) with a range of TP4 concentrations (3.35–6.71 μM) showed enhanced
cytotoxicity (Figure 2A). In NCI-H1975 cells, combinations of 10 μM of TKIs with TP4 (3.35–6.71 μM)
showed enhanced cytotoxicity compared to TKI or TP4 treatments alone (0.11 ± 0.04, 0.06 ± 0.01,
and 0.02 ± 0.01 fold in the Erlo + TP4 group; 0.14 ± 0.04, 0.06 ± 0.03, and 0.03 ± 0.01 fold in the Gef +
TP4 group; and 0.32 ± 0.03, 0.07 ± 0.01, and 0.05 ± 0.02 fold in the TP4 alone group) (Figure 2B). In the
HCC827 cells, a combination of 1 μM of TKIs with TP4 (3.35–6.71 μM) showed enhanced cytotoxicity
compared to TKIs or TP4 treatment alone (0.32 ± 0.03, 0.15 ± 0.02 and 0.03 ± 0.01 fold in the Erlo +
TP4 group; 0.26 ± 0.02, 0.14 ± 0.02 and 0.04 ± 0.01 fold in the Gef + TP4 group; and 0.65 ± 0.07, 0.47 ±
0.08 and 0.24 ± 0.07 fold in the TP4 alone group) (Figure 2C). These results showed that combination
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treatment markedly improved cytotoxicity in EGFR-mutated cells. However, combination treatment
did not show better efficacy than TP4 alone in NSCLC cells with wild-type EGFR.

Table 2. IC50 values for TP4 in NSCLC cells at various treatment times. Results are presented as mean ± SD.

Treatment IC50 (μM) 95% Confidence Interval

A549
3 h 27.620 ± 1.402 14.25 to 53.55
6 h 17.080 ± 1.236 11.27 to 25.89

12 h 4.089 ± 1.130 3.216 to 5.200
24 h 1.922 ± 1.112 1.560 to 2.367

NCI-H661
3 h 14.170 ± 1.169 10.44 to 19.24
6 h 11.890 ± 1.102 9.824 to 14.38

12 h 5.276 ± 1.111 4.289 to 6.489
24 h 3.769 ± 1.113 3.054 to 4.652

NCI-H1975
3 h 5.472 ± 1.112 4.445 to 6.737
6 h 3.262 ± 1.143 2.513 to 4.236

12 h 2.755 ± 1.202 1.920 to 3.954
24 h 1.241 ± 1.174 0.9065 to 1.698

HCC827
3 h 18.520 ± 1.304 11.00 to 31.16
6 h 18.370 ± 1.153 13.89 to 24.29

12 h 16.070 ± 1.154 12.12 to 21.29
24 h 10.610 ± 1.146 8.118 to 13.86

Figure 2. Combining TP4 and EGFR-TKIs enhances cytotoxicity. (A–C) Cell viability of A549 (A),
H1975 cells (B), and HCC827 (C) were determined by the ATP assay 24 h after treatment with varying
doses of EGFR-TKIs, TP4, or combinations thereof. At least six wells were analyzed for each condition
in a single repeat (n = 3). Quantitative results represent the mean ± SD (One-way ANOVA: * p < 0.05;
*** p < 0.001 versus control, ns: Not significant).
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2.3. TP4 Induces Necrotic Death in NSCLC Cells

We next examined the cell death pathway triggered by TP4 in NSCLC cells. Treatment of TP4 for
six and 24 h induced lactate dehydrogenase (LDH) release from NSCLC cells (Figure 3A,B), suggesting
the occurrence of necrotic death. To evaluate whether apoptotic death may also be induced at early
time-points after TP4 treatment (6.71 μM), we assayed caspase three activation and Lamin cleavage
at 1.5 and three hours post drug treatment. The results showed no obvious changes in the levels of
cleaved Lamin A/C, Lamin B1 or caspase three upon TP4 treatment (Supplementary Figure S1A,B).
Moreover, treatment of cells with Necrox-2 (10 μM, Necrosis inhibitor) but not Z-VAD-FMK (50 μM,
pan-caspase inhibitor) blocked TP4-induced cell death (Figure 3C). Together, these results indicate that
TP4 robustly induces necrotic cell death in NSCLC cells. Furthermore, we asked whether combined
TP4/TKI treatments also induce necrosis in NSCLC cells. The results showed that no significant
difference in LDH production was observed in A549 cells after combined treatment (10 μM TKIs +
6.71 μM TP4); while a significant increase of LDH level was measured in H1975 or HCC827 cells with
combined treatment (10 μM or 1 μM TKIs + 6.71 μM TP4) (Figure 4A–C). These results are consistent
with the findings showing improved cellular toxicity of combination treatments in EGFR-mutated cells
but not in EGFR-wild-type cells.

Figure 3. TP4 triggers NSCLC death by necrosis. (A,B) lactate dehydrogenase (LDH) release in A549
(A) and NCI-H1975 (B) cultures was determined 6 h or 24 h after treatment with varying doses of
TP4 (1.68−13.42 μM). t-Octylphenoxypolyethoxyethanol (Triton-X) was used as a positive control.
Each independent replicate was measured at least in triplicate (n = 3). Quantitative results represent
the mean ± SD (One-way ANOVA:* p < 0.05; *** p < 0.001 versus control, ns: not significant). (C) Cell
viability of A549 and H1975 cells were determined by the ATP assay 24 h after treatment with Dimethyl
sulfoxide (DMSO), Necrox-2 (10 μM, Necrosis inhibitor), Z-VAD-FMK (50 μM, pan-caspase inhibitor),
TP4 (6.71 μM), or combinations thereof. At least six wells were analyzed for each condition in a single
repeat (n = 3). Quantitative results represent the mean ± SD (two-tailed Student’s t-test: *** p < 0.001
versus control, ns: Not significant).

Figure 4. Combining TP4 with EGFR-TKIs enhances necrosis in EGFR-mutated NSCLC cells. (A–C) LDH
release in A549 (A), NCI-H1975 (B), and HCC827 (C) cultures was determined 24 h after treatment with
Triton-X, DMSO, EGFR-TKIs, TP4, or combinations thereof. Triton-X was used as a positive control.
Each independent replicate was measured at least in triplicate (n = 3). Quantitative results represent
the mean ± SD (two-tailed Student’s t-test: * p < 0.05; *** p < 0.001 versus control, ns: Not significant).
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3. Discussion

In this work, we show that the antimicrobial peptide, TP4, shows excellent cytotoxicity toward
NSCLC cells with different EGFR status, and combining TP4 with potent EGFR-TKIs enhanced
cytotoxicity in EGFR-mutated cells. The ratio of surviving EGFR-mutated H1975 cells and HCC827
cells was decreased from 17.6−25.6% (10 μM TKIs) to 1.7%−13.6% (10 μM TKIs + 3.35−6.71 μM of
TP4) and 47.1−50.7% (1 μM TKIs) to 3%−25.5% (1 μM TKIs + 3.35−6.71 μM of TP4) (Figure 1E,F),
suggesting that these combinations may be considered as a potential therapeutic strategy for
EGFR-mutated NSCLC. Similar responses were not observed in EGFR-wild-type A549 cells, where TP4
alone was sufficient to cause maximal cell death (Figure 1C). Furthermore, enhanced necrosis was
observed in EGFR-mutated NSCLC cells after combination treatment (Figure 4B,C). While TKIs are
known to induce apoptosis in cultured NSCLC cells, it has been reported that combined SU11274
(c-Met inhibitor) with Erlotinib resulted in tumor necrosis [22]. Dual effects induced by AMP in
cancer cells have been reported [32]. High concentrations of AMPs may directly lyse membranes,
while low concentrations of AMPs can induce controlled cell death (i.e., apoptosis, necroptosis,
or others). Here, we found that TP4 mainly induced necrosis in NSCLC cells and not apoptosis
(Figure 3A,B, and Supplementary Figure S1), since TP4-induced death was blocked by Necrorex-2 but
not Z-VAD-FMK (Figure 3C). This result is similar to our earlier findings showing that TP4 induces
necrotic death in triple-negative-breast-cancer (TNBC) cells [27]. Interestingly, combining EGFR-TKIs
with TP4 enhanced cytotoxicity to EGFR-activated NSCLC cells (Figure 1E,F), suggesting that blockage
of EGFR signaling contributes to TP4-mediated cytotoxicity. However, it remains unclear whether TP4
can modulate EGFR signaling in NSCLC cells. The neutrophil antimicrobial peptide LL37/hCAP-18
was shown to induce DNA breaks in A549 cells [33], with low concentrations (1 μg/mL) inducing
EGFR transactivation to promote keratinocyte migration [34]. Thus, our study suggests a link between
AMP action and EGFR activity.

The mechanism of TP4-mediated cytotoxicity may differ depending on the cancer cell type,
transcriptome, or regulation of specific genes. For example, TP4 was found to induce FBJ murine
osteosarcoma viral oncogene homolog B (FOSB) activation in all tested TNBC cells. Interestingly,
in MDA-MB-231 and MCF7 cells, full-length FOSB is induced by TP4, while the alternatively spliced
form (truncated) of FOSB (FOSΔB) is not; conversely, TP4 mainly induces FOSΔB in MB453 cells [27].
Moreover, either FOSB or FOSΔB overexpression triggered cell death in all tested breast cancer cells,
and FOSB knockdown attenuated TP4-mediated cytotoxicity [27]. TP4 induction of FOSB (or FOSΔB)
requires Ca2+ signaling and mitochondrial dysfunction to trigger necrotic death [27], suggesting that
Ca2+-dependent FOSB signaling is involved in TP4-induced cytotoxicity. In addition, TP4 was shown
to induce apoptosis in an osteosarcoma cell-line, MG63, through activation of extrinsic Fas/FasL- and
intrinsic mitochondria-mediated pathways [35]. Pretreating these cells with Z-IETD-FMK (caspase-8
inhibitor) or Z-LEHD-FMK (caspase-9 inhibitor) significantly attenuated caspase-3 activation and
prevented apoptosis [35]. These findings indicated that TP4 stimulates distinctive cytotoxic pathways
among different cancer types. In NSCLC, we observed TP4-induced necrotic but not apoptotic death
(Figure 3, Figure 4, and Figure S1), which is similar to what was previously found in TNBC cells.
Whether FOSB signaling and Ca2+ homeostasis are also involved in TP4-mediated cytotoxicity in
NSCLC cells remains to be further addressed.

The therapeutic efficacy of some AMPs, such as Xenopus skin-derived hymenochirin-1B and
magainin, has been studied in lung cancer [36,37]. Hymenochirin-1B shows potent cytotoxicity in
A549 cells with a lethal concentration (LC)50 of 2.5 μM. Meanwhile, magainin analogs (magainin A
and G) were shown to exhibit antitumor activity in SCLC cell lines but were less-toxic to normal
human fibroblast cell lines [38]. The average IC50 of MAG A and G in the SCLC cell lines were 8.64
and 8.82 μM, respectively, while the average IC50 of MAG A and G against normal human fibroblast
cell lines were 21.1 and 29.2 μM, respectively. In addition, two sequence-modified magainin analogues
(MSI-136 and MSI-238), which were designed to enhance the amphiphilic structure, showed more
toxicity to A549 cells compared to magainin 2 [39]. The hymenochirin-1B and magainin analogues
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harbor seven positively charged amino acid residues, while TP4 contains ten positive charged residues.
The positively charged residues of cationic AMPs electrostatically interact with anionic molecules on
the cell membrane [40]. In addition, the number of positively charged residues has been correlated with
amphipathicity and antimicrobial activity [40]. The in vitro cytotoxicity (IC50) of all L-form MSI-136
and all D-form MSI-238 to the A549 cells are 6 μg/mL (2.44 μM) and 10 μg/mL (4.06 μM), respectively.
The all L-form of TP4 has an IC50 value about 1.922 μM (Table 2), indicating that TP4 is a more potent
peptide drug than the magainin analogues and hymenochirin-1B. Intratumoral injection of TP4 in
TNBC cell-xenotransplanted mice showed no adverse side-effects [27], however, strong hemolytic
activity has been described for the molecule [29]. D-form amino acid-modified MSI-238 has been used
to enhance proteolytic stability and to extend the survival of P388 tumor-bearing mice in vivo [40],
providing a feasible approach for the development of modified TP4 isoforms for NSCLC therapy.

Overall, this study suggests that the tilapia-derived AMP, TP4, as a highly potent peptide drug
that may be useful for NSCLC treatment. TP4 monotherapies can be used in NSCLC with wild-type
EGFR, and combination therapies of TP4 with EGFR-TKIs may be applicable in EGFR-mutated NSCLC.

4. Material and Methods

4.1. Reagents and Peptide Sequence Analysis

TP4 (FIHHIIGGLFSAGKAIHRLIRRRRR) were synthesized and purified by GL Biochem Ltd.
(Shanghai, China) as previously described [27]. Necrosis inhibitor, Necrox-2, and pan-Caspase
inhibitor, Z-VAD(OMe)-FMK, were purchased from Santa Cruz Biotechnology Inc. (Dallas, TX, USA)
N-(3-Chloro-4-fluoro-phenyl)-7-methoxy-6-(3-morpholin-4-ylpropoxy)quinazolin-4-amine (Gefitinib)
and N-(3-ethynylphenyl)-6,7-bis(2-methoxyethoxy)-4-quinazolinamine hydrochloride (Erlotinib) were
purchased from Sigma-Aldrich (St.Louis, MO, USA). Primary antibodies were purchased from the Cell
Signaling (Danvers, MA, USA) (Lamin A/C, clone 4C11; Lamin B1, clone D4Q4Z; Caspase 3; cleaved
Caspase 3) and EMD Millipore (GAPDH, clone 6C5) (Temecula, CA, USA). The Structural model and
the helical projection of TP4 were generated, as previously described [41].

4.2. Cell Culture and Cell Viability Assay

Cell-lines (A549 (BCRC 60074), NCI-H661 (BCRC 60125), NCI-H209 (BCRC 60123), NCI-H1975
(ATCC CRL-5908), BEAS-2B (ATCC CRL-9609), and MRC-5 (BCRC 60023)) were purchased from the
Bioresource Collection and Research Center (BCRC) (Taipei, Taiwan) and the American Type Culture
Collection (ATCC) (Manassas, VA, USA) and cultured as suggested by BCRC and ATCC. For the cell
viability assay, 4–5 × 103 cells were seeded into the wells of a 96-well plate and cultured overnight.
During the drug treatment assay, inhibitors were added 30 minutes prior to TP4, and cell viability
was determined at indicated time-points. LDH release was quantified with a Cytotoxicity Detection
KitPLUS (LDH) (Roche Applied Science, Basel, Switzerland), as previously described [27].

4.3. Western Blotting

For Western blots, sample preparations were performed, as previously described [28], and were
electrophoresed and transferred onto polyvinylidene fluoride (PVDF) membrane. The membranes
were incubated in blocking buffer (0.1 M PBS, 5% non-fat milk, 0.2% Tween-20) for 1 hour at room
temperature and then incubated in the same solution with primary or secondary antibodies (GE
Healthcare Life Science, Buckinghamshire, UK). Signals were detected by enhanced chemiluminescence
(Immobilon Western Chemiluminescent HRP substrate, Merck Millipore, Billerica, MA, USA) on an
imaging system (UVP, BioSpectrumTM 500 (Upland, CA, USA)).

4.4. Statistical Analysis

Cells were plated at least in quadruplicate for the multi-well based assay. Data were collected
from repeated experiments (n ≥ 3) and were analyzed by Prism5 software (GraphPad Inc., (La Jolla,
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CA, USA)). Statistical significance was determined by two-tailed Student’s t-test or one-way analysis of
variance (ANOVA) with Bonferroni post hoc test. Differences were considered statistically significant
at p < 0.05.

Supplementary Materials: Supplementary Figure S1, Table S1, and Table S2 are published online alongside
the manuscript. Figure S1: TP4 does not induce caspase 3 activation and Lamin cleavage. (A, B) Total lysates
from A549 (A) and NCI-H1975 (B) without (M) or with TP4 treatment (T) for 1.5 and 3 h were analyzed by
Western blot using antibodies against GAPDH, caspase 3, and cleaved-caspase 3. Red dotted lines demarcate
samples collected from three independent assays. Table S1: TP4 toxicity in normal BEAS-2B and MRC-5 cells
was evaluated by the ATP assay. Statistical test results related to Figure 1A and B are shown. Eight wells were
analyzed for each experiment (n = 24 per dose). Results represent the mean ± SD from independent experiments.
Statistical comparisons between mock and each dose of TP4 were performed using one-way ANOVA analysis with
Bonferroni post hoc test: ns, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001. Table S2: TP4 toxicity in lung cancer
cells was evaluated by the ATP assay. Statistical test results related to Figure 1C−F are shown. Multiple wells
were analyzed for each experiment (n = 24 per dose in A549, H661, H1975 cells and n ≥ 17 per dose in HCC827
cells, respectively). Results represent the mean ± SD from independent experiments. Statistical comparisons
between mock and each dose of TP4 were performed using one-way ANOVA analysis with Bonferroni post hoc
test: ns, not significant; * p < 0.05; ** p < 0.01; *** p < 0.001.
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Abstract: Cystatins are a family of cysteine protease inhibitors which are associated with a variety
of physiological and pathological processes in vivo. In the present study, the cDNA sequence of
a cystatin F homologue called Lm-cystatin F was cloned from the buccal glands of Lampetra morii.
Although Lm-cystatin F shares a lower homology with cystatin superfamily members, it is also
composed of a signal peptide and three highly conserved motifs, including the G in the N-terminal,
QXVXG, as well as the PW in the C-terminal of the sequence. After sequence optimization and
recombination, the recombinant protein was expressed as a soluble protein in Escherichia coli with a
molecular weight of 19.85 kDa. Through affinity chromatography and mass spectrometry analysis,
the purified protein was identified as a recombinant Lm-cystatin F (rLm-cystatin F). Additionally,
rLm-cystatin F could inhibit the activity of papain. Based on MTT assay, rLm-cystatin F inhibited
the proliferation of human umbilical vein endothelial cells (HUVECs) dose dependently with an
IC50 of 5 μM. In vitro studies show that rLm-cystatin F suppressed the adhesion, migration, invasion,
and tube formation of HUVECs, suggesting that rLm-cystatin F possesses anti-angiogenic activity,
which provides information on the feeding mechanisms of Lampetra morii and insights into the
application of rLm-cystatin F as a potential drug in the future.

Keywords: Lampetra morii; buccal gland; cystatin F; anti-angiogenesis; cystatin superfamily

1. Introduction

Cystatins are a group of inhibitors, which could suppress the activity of C1 cysteine proteases
and play important roles in a variety of physiological process to protect our tissues from inappropriate
proteolysis [1,2]. Regarded as inhibitors, cystatins would also cooperate with cathepsins to regulate
a series of events, including the maturation of dendritic cells, antigen processing and presentation,
phagocytosis, as well as the expression of cytokines [1,3–6]. At any moment, cystatins are expressed
or secreted to control the activity of cathepsin B, L, C, S, H, or other C1 cysteine proteases strictly.
Once the dynamic equilibrium between the levels of cystatins and their substrates is destroyed, people
might suffer diseases, such as malignant tumor, neurodegenerative diseases, cardiovascular disease,
and chronic kidney disease [1,7–10].

In bloodsucking animals, such as ticks, cystatins are usually expressed in their salivary glands or the
midgut, which suggests that cystatins might participate in the feeding process of bloodsuckers [11–15];
while in snakes, the cystatins usually exist in their venom glands, which have been reported to suppress
the growth, invasion, and metastasis of B16F10 cells and MHCC97H cells, as well as to inhibit tumor
angiogenesis [16–19]. At present, more cystatins have been identified from venomous insects, snakes,
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fishes, or mollusks through gene cloning, and transcriptomic and proteomic approaches [20–24].
Regrettably, their biological functions still need further studies.

In our previous study, the protein components of the buccal gland secretion from the fasting
and feeding Lampetra morii (L. morii), which also suck the blood of fishes to survive, were compared
through proteomic assays [25]. Among the diverse proteins emerged, a cystatin F homologue (also
called as Lm-cystatin F), was identified in the buccal gland secretion of L. morii that had been fed on
the blood of a catfish for 60 min, which suggests that Lm-cystatin F is closely related to the parasitic
mechanisms of the L. morii (Figure S1).

To date, cystatin F from the other vertebrates and invertebrates was extensively studied [6,26].
However, little is known about the cystatin F from the buccal glands of L. morii, which are one of the
most primitive vertebrates still alive. In the present study, a cystatin F homologue from the buccal glands
of L. morii was cloned, recombined, and expressed. Additionally, its effects on the activity of papain
and the endothelial cells (human umbilical vein endothelial cells, HUVECs) were also investigated.

2. Results

2.1. A Cystatin F Homologue was Identified from the Buccal Glands of L. morii

As shown in Figure 1, the open reading frame (ORF) sequence of Lm-cystatin F is 459 bp,
which encodes 152 amino acids. The predicted molecular weight and theoretical isoelectric point
of Lm-cystatin F are 17.1 kDa and 10.31, respectively. Noticeably, the sequence of Lm-cystatin F
contains eight rare codons, including four codons for arginines (AGG, AGA, CGA), three for prolines
(CCC), and one for leucine (CTA). Based on the analysis on the website (http://www.cbs.dtu.dk/
services/SignalP/), the signal peptide sequence of Lm-cystatin F is MSRVASLSLLLCGLCYFCCEA,
which indicated that Lm-cystatin F might be secreted extracellularly (Figure 1, green). Similar to
the cystatin F from the other species, Lm-cystatin F also contains three highly conserved motifs,
which could interact with the cysteine proteases, including the G in the N-terminal, QXVXG, as well as
the PW in the C-terminal of the sequence (Figures 1 and 2). Furthermore, the amino acid sequence
of Lm-cystatin F possesses eight cysteines, and four cysteines located at the signal peptide region
(Figure 1). The nucleotide sequence of Lm-cystatin F has been submitted to the GenBank database
(accession number: MG902948). Based on the three-dimensional structure of human cystatin F reported
in the previous study, the mimetic structure of Lm-cystatin F was performed and it contains three α

helixes, 5 β sheets, two loops (L1 and L2), and two disulfide bonds (Figure 2b) [27].

 

Figure 1. The ORF sequence of Lm-cystatin F and its deduced amino acid sequences. The upper lines
show the ORF sequence of Lm-cystatin F, and the lower lines show its deduced amino acid sequence.
The sequences are numbered from methionine, and terminated with stop codon. The signal peptide
is shown in green; while the three conserved motifs are shown in purple, respectively. Except the
cysteines in the signal peptide, the other four cysteines are indicated with orange.
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Figure 2. A schematic diagram of Lm-cystatin F and its predicted three-dimensional structure.
(a) The diagrammatic structure of Lm-cystatin F. The signal peptide and the three conserved motifs
are shown in green and purple, respectively. Except the cysteines in the signal peptide, the other
four cysteines are labeled with orange. (b) The spatial structure of Lm-cystatin F was simulated with
the three-dimensional structure of human cystatin F reported in the previous study [27]. The three α

helixes and five β sheets are shown with red and blue, respectively. The two disulfide bonds are shown
with orange.

2.2. Sequence Alignment and Phylogenetic Tree

As shown in Figure 3, multiple sequence alignment showed that the three motifs of Lm-cystatin F
are highly conserved. In addition to the three conserved motifs, the homology between Lm-cystatin
F and cystatin F from the other species is not very high. As shown in Table 1, Lm-cystatin F shares
26–38% homology with the cystatin F from nematodas, fishes, amphibians, reptiles, aves, and mammals.
Phylogenetic tree showed that the cystatin F from the 20 species is mainly clustered into two groups
(Figure 4). One is from the invertebrates, while the other is mainly from the vertebrates (Figure 4).
Furthermore, cystatin F in the vertebrate cluster is classified into two groups (Figure 4). One group is
from fishes, amphibians, reptiles, aves, and mammals, and the other group is from agnathans (Figure 4).
Phylogenetic analysis showed Lm-cystatin F was clustered as the out group of the cystatin F from
fishes, amphibians, reptiles, aves, and mammals.
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Figure 3. Sequence alignment of 20 cystatin F from the species mentioned previously. Except
Lm-cystatin F, the sequences of 19 cystatin F were obtained from the EXPASY database and their accession
numbers are listed as followed: Homo sapiens, CAD52872.1; Mus musculus, NP_034107.2; Hipposideros
armiger, XP_019488972; Gallus gallus, NP_001186323; Columba livia, PKK20598.1; Buceros rhinoceros
silvestris, XP_010137948.1; Xenopus laevis, NP_001091281; Alligator mississippiensis, KYO18358.1;
Chrysemys picta bellii, XP_005293586; Pelodiscus sinensis, XP_006136954; Eublepharis macularius, JAC94872;
Python regius, JAC94922; Oncorhynchus mykiss, XP_021420522.1; Salmo salar, NP_001134364.1; Esox lucius,
NP_001297968.1; Danio rerio, NP_001082882; Takifugu rubripes, XP_011601516; Necator americanus,
ETN77353.1; Ancylostoma duodenale, KIH58790.1. Additionally, the nucleotide sequence of Lm-cystatin
F from L. morii was submitted to Genbank (accession number: MG902948). Dashes (-) indicate gaps
inserted into the alignment. Asterisks (*) indicate the identical residues. The highly conserved motifs
and cysteines are covered with purple and yellow frames, respectively.

Table 1. The sequence identity of Lm-cystatin F with the other cystatin F.

Category Amino Acids Species Accession Number Identity (%)

Mammals 145 Homo sapiens CAD52872.1 33
Mammals 144 Mus musculus NP_034107.2 32
Mammals 145 Hipposideros armiger XP_019488972 31

Aves 147 Gallus gallus NP_001186323 32
Aves 147 Columba livia PKK20598.1 31

Aves 147 Buceros rhinoceros
silvestris XP_010137948.1 30

Amphibians 149 Xenopus laevis NP_001091281 32

Amphibians 145 Alligator
mississippiensis KYO18358.1 38

Amphibians 145 Chrysemys picta
bellii XP_005293586 35

Amphibians 145 Pelodiscus sinensis XP_006136954 31

Reptiles 145 Eublepharis
macularius JAC94872 32

Reptiles 154 Python regius JAC94922 31

Fishes 143 Oncorhynchus
mykiss XP_021420522.1 35

Fishes 143 Salmo salar NP_001134364.1 34
Fishes 133 Esox lucius NP_001297968.1 38
Fishes 128 Danio rerio NP_001082882 36
Fishes 140 Takifugu rubripes XP_011601516 32

Agnathans 152 Lampetra morii MG902948 100
Nematodas 136 Necator americanus ETN77353.1 27

Nematodas 141 Ancylostoma
duodenale KIH58790.1 26
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Figure 4. Phylogenetic tree of 20 cystatin F, including Lm-cystatin F. A phylogenetic tree was constructed
according to the amino acid sequences of cystatin F listed in Figure 3. The number at each node
indicates the percentage of bootstrapping after 1000 replications. The scale bar indicates the average
number of amino acid substitutions per site.

2.3. Lm-cystatin F was Expressed as a His-Tag Fusion Protein

In order to further reveal the functions of cystatin F in L. morii, Lm-cystatin F was recombinant and
expressed in the present study. After cloning the optimized sequence into a pCold I vector, Lm-cystatin F
was expressed with the induction of 0.5 mg/mL L-Arabinos and 0.1 mM isopropyl-β-d-thiogalactoside
(IPTG). As shown in Figure 5, the recombinant protein was detected in both the supernatant and
precipitate of the chaperone competent cells. Additionally, the recombinant protein was further
identified as a recombinant Lm-cystatin F (rLm-cystatin F) through the analysis from matrix-assisted
laser desorption/ ionization time of flight (MALDI-TOF/TOF) mass spectrometry (Figure S2). Due
to the His-tag, the rLm-cystatin F was purified through an affinity column and migrated as a single
band on 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) (Figure 5).
Bicinchoninic Acid (BCA) detection showed the concentration of the rLm-cystatin F was 1 mg/mL.
Additionally, the residual endotoxin (lipopolysaccharide, LPS) in the 3 and 7 μM rLm-cystatin F was
about 0.2 EU/mL (0.08 ng) and 0.42 EU/mL (0.17 ng), respectively. Furthermore, we also obtained a
recombinant protein in Escherichia coli (E. coli) named rLj-26, which is a mutant of rLj-RGD3, and it also
migrated as a single protein band on 16.5% Tricine SDS-PAGE [28]. The residual LPS in 7 μM rLj-26
was about 0.35 EU/mL. This protein was used as a control protein to exclude the effects of the His-tag
and residual LPS in rLm-cystatin F.
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Figure 5. The expressed rLm-cystatin F was detected by 12% SDS-PAGE. After recombination,
the rLm-cystatin F was expressed in the presence of pTf16. The expressed rLm-cystatin F was purified
through an affinity chromatography column and detected by 12% SDS-PAGE. M, low molecular weight
protein standard; 1, the chaperone competent cells were not induced with L-Arabinose (0.5 mg/mL)
and IPTG (0.1 mM); 2, the chaperone competent cells were induced with L-Arabinose (0.5 mg/mL)
and IPTG (0.1 mM) at 15 ◦C for 24 h; 3, after ultrasonication and centrifugation, the supernatant
of the induced cells; 4, after ultrasonication and centrifugation, the precipitate of the induced cells;
5, the purified rLm-cystatin F.

2.4. rLm-cystatin F Blocked the Activity of Papain and the Proliferation of HUVECs

In order to detect whether rLm-cystatin F has biological functions, we firstly analyzed the
inhibitory effect of rLm-cystatin F on the activity of papain with casein as a substrate. As shown in
Figure 6, the degradation of casein catalyzed by papain was inhibited in a dose-dependent manner
as the concentration of rLm-cystatin F increased. As the concentration of rLm-cystatin F reached
160 μg/mL, the papain activity was almost not detected. As previously reported, recombinant snake
venom cystatin (sv-cystatin) from Taiwan cobra (Naja naja atra) showed anti-angiogenic activity [18,29].
Whether Lm-cystatin F is also capable of disturbing the angiogenic process has not been reported yet.
In the present study, various concentrations (0, 1.9, 3.8, 5.7, 7.5, 9.4, and 11.3 μM) of rLm-cystatin F
were incubated with HUVECs at 37 ◦C for 24 h. According to our 3-(4,5-dimethylthiazol-2-yl)-2,
5-diphenyltetrazolium bromide (MTT) assay, rLm-cystatin F showed inhibitory effects on the
proliferation of HUVECs dose-dependently (Figure 7). The half inhibitory concentration (IC50) of
rLm-cystatin F on HUVECs’ proliferation was 5 μM (Figure 7). Compared with the phosphate buffered
saline (PBS, negative control) group, less than 10% HUEVCs were alive after treating with 11.3 μM
rLm-cystatin F (Figure 7). Furthermore, 0.08 and 0.17 ng LPS, which are, respectively, equal to the
content of the residual endotoxin in the 3 and 7 μM rLm-cystatin F, did not inhibit the proliferation
rate of HUVECs at the same conditions (Figure S3).
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Figure 6. rLm-cystatin F inhibited the activity of papain. Different concentrations of rLm-cystatin F
(0, 20, 40, 60, 80, 100, 120, 140, 160, and 180 μg/mL, final concentration) were respectively added into
the casein solution in the presence of papain. Residual papain activity was calculated based on the
formula mentioned in the methods.

 

Figure 7. MTT assay showed the inhibitory effects of rLm-cystatin F on the HUVEC’s proliferation. PBS
was used as a negative control. The same volume of rLm-cystatin F (0, 1.9, 3.8, 5.7, 7.5, 9.4, and 11.3 μM,
final concentration) was added into the HUVECs in the 96-well plates at 37 ◦C for 24 h. Relative to the
PBS group, * p < 0.05; ** p < 0.01, and *** p < 0.001.

2.5. rLm-cystatin F Suppressed the Adhesive, Migrated, and Invasive Processes of HUVECs

Besides properties that caused inhibitory effects on the proliferation of endothelial cells,
other anti-angiogenic factors were also reported to affect the adhesive, migrated, and invasive
abilities of the endothelial cells [30]. Therefore, we used three extracellular matrix proteins, MTT,
and Transwells, the classic assays to detect whether rLm-cystatin F is also able to affect the adhesive,
migrated and invasive activities of HUVECs. In the presence of rLm-cystatin F, the HUVECs
that were adhered to the three extracellular matrix proteins were thwarted significantly (Figure 8).
When fibronectin was used as an adhesive molecule, the inhibitory rates of 3 and 7 μM rLm-cystatin
F on HUVECs adhesion were 25 ± 7% (p < 0.05) and 38 ± 9.8% (p < 0.01), respectively. Similarly,
3 and 7 μM rLm-cystatin F suppressed HUVECs adhered to laminin by 27 ± 5.6% (p < 0.01) and
45 ± 7.6% (p < 0.01), respectively, and thwarted HUVECs adhered to collagen IV by 12 ± 4.3% (p < 0.05)
and 31 ± 3.5% (p < 0.01), respectively. Furthermore, 0.1 and 0.2 ng LPS did not affect the adhesion rate
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of HUVECs when collagen IV, fibronectin, and laminin were used as adhesive molecules (Figure S3).
Even though the lower chambers of the Transwells were full of RPMI 1640 medium with 15% fetal
bovine serum (FBS) in order to stimulate the cell migration or invasion, rLm-cystatin F reduced the
number of the migrated and invasive HUVECs on the polycarbonate filter of the Transwells (Figure 9).
The inhibitory migration rates were 39.3 ± 1.9% (p < 0.05) and 75.6 ± 3.6% (p < 0.01) in the 3 and 7 μM
rLm-cystatin F treating groups, respectively (Figure 9a); while the inhibitory invasion rates were
51.4 ± 3.2% (p < 0.05) and 78.2 ± 2.8% (p < 0.01) in the 3 and 7 μM rLm-cystatin F treating groups,
respectively (Figure 9b). Furthermore, 0.1 and 0.2 ng LPS did not inhibit the migration and invasion
of HUVECs (Figure S4). The above results suggested that rLm-cystatin F decreased the abilities of
HUVECs on their adhesion, migration, and invasion in a dose-dependent manner.

Figure 8. MTT assay showed that rLm-cystatin F thwarted HUVECs adhered to fibronectin, laminin,
and collagen IV. PBS (0 μM rLm-cystatin F) was used as a negative control. Relative to the PBS group,
* p < 0.05 and ** p < 0.01.

 

Figure 9. Transwell assays showed the inhibitory effects of rLm-cystatin F on the HUVEC’s migration
(a) and invasion (b). PBS was used as a negative control. Relative to the PBS group, * p < 0.05 and
** p < 0.01.
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2.6. rLm-cystatin F Reduced the Abilities of Tube Formation from HUVECs

In the present study, the anti-angiogenic activity of rLm-cystatin F was analyzed in the classic tube
formation assay in vitro. As shown in Figure 10, the HUVECs were able to form tube-like structures on
the Matrigel obviously. However, after treating with rLm-cystatin F, the abilities of HUVECs to form
the tube-like structures decreased in a dose-dependent manner (Figure 10). The inhibitory rates on the
surface of the formed tubes were 23.1 ± 6% (p < 0.01) and 58.2 ± 6.23% (p < 0.001) in the 3 and 7 μM
rLm-cystatin F treating groups, respectively (Figure 10). Furthermore, 0.1 and 0.2 ng LPS did not affect
the tube formation of HUVECs in vitro (Figure S5). Similarly, the control protein, rLj-26, which was
also expressed in E. coli and contained a His-tag as well as the residual LPS, did not inhibit the tube
formation of HUVECs in vitro (Figure S6).

 
Figure 10. The inhibitory effects of rLm-cystatin F on the tube formation from HUVECs in vitro. PBS
was used as a negative control. Relative to the PBS group, ** p < 0.01 and *** p < 0.001.

3. Discussion

In the present study, a cystatin F homologue was cloned from the buccal gland secretion of L. morii
for the first time. Based on the characterization, cystatins are usually classified into three groups,
including stefins (family 1), cystatins (family 2), and kininogens (family 3) [1]. As the amino acid
sequence of Lm-cystatin F contains a signal peptide and two disulfide bonds at the carboxyl terminal,
which are the classic characterizations of family 2, Lm-cystatin F should be classified into the family 2 in
the cystatin superfamily [1]. Although sequence alignments displayed that Lm-cystatin F has relatively
lower sequence identity with the cystatin F from the other species, Lm-cystatin F still possesses the
highly-conserved motifs, which indicated that Lm-cystatin F might also exert the typical functions
of the cystatin superfamily. Furthermore, phylogenetic analysis showed Lm-cystatin F was clustered
as the out group of the cystatin F from the other vertebrates. This is also in accordance with the
evolutional pattern, as agnathans (L. morii) are one of the most primitive vertebrates. Actually, lots of
proteins identified from agnathans are clustered as a single group, which is located at the bottom of
the phylogenetic tree [31].

To date, previous studies used affinity chromatography, reverse-phase chromatography,
and ion-exchange chromatography to purify the native cystatin from the venom of the snakes to
reveal its biological functions [29,32]. The shortcomings of this method are that a lot of venom from
the snakes is required to be collected and the relatively lower yield of the proteins, as well as the
multiple steps. At present, the cystatins are usually expressed in the Pichia pastoris (P. pastoris) or
insect cells probably due to the relatively complex structures, which might affect their expression and
folding [13,16]. Actually, cystatins were usually expressed as inclusion bodies in the E. coli [33,34].
Although some studies used pEGX-4T-1, pSmart-I, or pET32a vector to obtain the soluble cystatins in
the E. coli, the recombinant cystatins usually contain a tag with a relatively larger molecular weight
that needs to be removed or set in an empty plasmid control to eliminate its effects on the functions
of the recombinant cystatins [35–37]. At first, we subcloned the Lm-cystatin F into a pCold I vector,
however, the expressed rLm-cystatin F was hardly detected in the E. coli (our unpublished data).
As Lm-cystatin F contains eight rare codons in its cDNA sequence, we speculated that the rare codons
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might lead to the difficult expression of Lm-cystatin F in E. coli. Thus, we optimized the sequence of
Lm-cystatin F to replace the rare codons without changing its amino acid sequence. With the help of a
plasmid named pTf16, which would help the recombinant protein form correct folding, rLm-cystatin F
was obtained as a soluble protein with only a His-tag. Importantly, the yield of rLm-cystatin F was
also improved and it showed inhibitory effects on papain activity and angiogenesis. This method
helped us acquire the rLm-cystatin F in a relatively simple step, which provided novel information
for the expression of the other members in the cystatin superfamily in the E. coli system. Actually,
the expression of recombinant proteins in E. coli usually encounters aggregation or degradation due
to their inability to form correct folding [38]. At present, the synergetic expression of trigger factor
(TF) with the target proteins would help solve this problem [38]. In the future, we would also try to
use virus or eukaryotic systems to express Lm-cystatin F and compare its activity with rLm-cystatin F
expressed in E. coli to check whether rLm-cystatin F formed the same folding as that expressed in virus
or eukaryotic systems.

In the present study, the His-tag in rLm-cystatin F was not removed. According to the previous
studies, a recombinant protein named rLj-GRIM19, which was identified in the buccal glands of
Lampetra japonica, was expressed in E. coli with a His-tag (unpublished data). Additionally, rLj-GRIM19
was proved not to be able to inhibit novel blood vessel generation in chorioallantoic membrane (CAM)
models, suggesting that rLj-GRIM19 did not possess anti-angiogenic activity [39]. In our present study,
a control protein (rLj-26), which was also expressed in E. coli and contained a His-tag, was also proved
not to suppress tube formation of HUVECs in vitro. This further indicated that the His-tag would not
affect the functions of rLm-cystatin F. Furthermore, the residual imidazole in the purified rLm-cystatin
F was removed through ultrafiltration as the molecular weight of imidazole is only 68 Da, which is
far smaller than that of rLm-cystatin F (19.85 kDa). During the expression in E. coli, LPS might be
accompanied with the production of recombinant proteins. Additionally, it needs to be removed in
extremely special conditions. In the present study, we did not remove the residual LPS in the purified
rLm-cystatin F, as LPS was reported to promote angiogenesis, which was contrary to the functions of
rLm-cystatin F [40,41]. Furthermore, the residual LPS in rLm-cystatin F did not inhibit the proliferation,
adhesion, migration, invasion, and tube formation of HUVECs. In addition, the residual LPS was also
not removed from the purified rLj-26, and rLj-26 did not possess anti-angiogenic activity. This further
confirmed that the residual LPS did not affect the functions of rLm-cystatin F. In the future, we would
remove residual LPS to meet the criterion of genetic engineering drugs.

According to the previous studies, cystatins participate in a variety of physiological activities
and are closely related to the initiation of several diseases in abnormal conditions [1–10]. Besides,
lots of studies also focused on the cystatins in the venom glands of snakes, as well as the cystatins
in the salivary glands and the midgut of bloodsuckers. In snakes, cystatins have been extensively
identified from a variety of snake species, including the African puff adder (Bitis arietans), Japanese
Habu (Trimeresurus flavoviridis), Taiwan cobra (Naja naja atra), pit viper (Bothrops jararaca), Brown
Treesnake (Boiga irregularis), elapid, etc. [21,29,32,42–44]. Additionally, some of the cystatins have
been reported to inhibit the activity of cysteine proteases in the papain family [29]. In the present
study, rLm-cystatin F was found to inhibit the activity of papain, which is a classic cysteine protease
(EC 3.4.22.2), suggesting that rLm-cystatin F possessed the basic functions of cystatins [45]. At the
similar conditions, rLm-cystatin F showed a better inhibitory effect on the activity of papain when
compared with rEsCystatin, which was a recombinant protein identified from the Chinese mitten crab
(Eriocheir sinensis) [34]. In 2011, Xie and colleagues showed that sv-cystatin from Naja naja atra was able
to suppress the growth, invasion, and metastasis of B16F10 cells and MHCC97H cells by reducing the
activity of cathepsin B, matrix metalloproteinase-2 (MMP-2), and matrix metalloproteinase-9 (MMP-9),
and inhibition of epithelial-mesenchymal transition [16,17]. Two years later, the same authors put
forward that sv-cystatin was also able to suppress tumor angiogenesis by reducing the level of vascular
endothelial growth factor (VEGF)-A165, basic fibroblast growth factor (bFGF), and fms-related tyrosine
kinase 1 (Flt-1) [18]. The authors concluded that family 2 cystatins, such as sv-cystatin, might target
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papain-type cysteine proteases and MMPs to suppress angiogenesis [18]. This is coincident with our
observations, as cystatin F from the buccal glands of L. morii was also able to repress angiogenesis based
on our in vitro studies. Although Lm-cystatin F shares 29% identity with sv-cystatin, it also suppressed
crucial steps of angiogenesis, including the proliferation, adhesion, migration, invasion, and tube
formation of endothelial cells (HUVECs), probably due to the highly-conserved motifs in its amino
acid sequence. In addition, previous studies have reported that papain and some cysteine proteases
could promote angiogenesis [46,47]. This suggests that rLm-cystatin F might inhibit angiogenesis by
interaction with papain or other cysteine proteases probably due to its inhibitory effects on papain
activity. As a member of family 2 cystatins, rLm-cystatin F might also affect the activity of MMPs to
block angiogenesis. During the bloodsucking period, the anti-angiogenic activity of Lm-cystatin F
might help L. morii inhibit the wound healing process of the host fishes. However, further studies are
still required to clarify the detailed mechanisms of Lm-cystatin F on anti-angiogenesis. In addition,
previous studies have shown that angiogenesis is closely related to tumor progression as novel blood
vessels would provide nutrition for the tumor cells, thus, rLm-cystatin F might also affect the activity
of tumors [30]. However, further studies of the effects of rLm-cystatin F on tumor cells are still required
in the near future.

4. Materials and Methods

4.1. Cloning of a Cystatin F Homologue (Lm-cystatin F) from the Buccal Glands of L. morii

The handling of live animals was approved by the Animal Welfare and Research Ethics Committee
of the Institute of Dalian Medical University (Permit Number: SYXK2004—0029). In the present
study, the L. morii were captured in December of 2015 in Yalu River in Liaoning province of China.
After collecting the buccal glands of L. morii in an RNase-free tube, total RNA was immediately
extracted through a TakaRa MiniBEST Universal RNA extraction Kit (TaKaRa, Dalian, China).
According to the instructions of the manufacturer, the total RNA was used to synthesize cDNA
templates by a PrimeScriptTM RT-PCR Kit (TaKaRa, Dalian, China). Bases on the ORF sequence
(Accession number: ENSPMAP00000007215) in the Ensembl database (www.ensembl.org), the primers
for Lm-cystatin F, were designed and listed as follows: 5’-ATGTCCCGTGTGGCATCGTTGTC-3’;
5’-TTAGGCGTTTGGCATGGTAGAAGGT-3’. After PCR amplifications, Lm-cystatin F was subcloned
into a pMD® 19-T Vector and sequenced by a PRISMTM 3730XL DNA Analyzer (ABI, Carlsbad,
CA, USA).

4.2. Sequence Analysis, Alignment, and Phylogenetic Tree Construction

The amino acid sequence and bioinformatic analysis of Lm-cystatin F were performed on the
website listed in Table S1. Except Lm-cystatin F, additional 19 cystatin F sequences were obtained from
the nematodas, fishes, amphibians, reptiles, aves, and mammals on ExPASy (http://www.expasy.ch/
tools/blast). The multiple sequence alignments of cystatin F were performed by ClustalX 1.83 software.
A neighbor-joining tree was constructed by MEGA 4.0 software based on the pair-wise deletion of
gaps/missing data and a p-distance matrix of an amino acid model with 1000 bootstrapped replicates.

4.3. Expression, Purification, and Identification of rLm-cystatin F

Firstly, the sequence of Lm-cystatin F was synthesized by substituting the rare codons in the
original sequence of Lm-cystatin F (TaKaRa, Dalian, China). Then, the primers with EcoR I and
Pst I restriction sites were designed based on the optimized sequence of Lm-cystatin F and listed
as follows: 5’-GGAATTCCTGCCGGAAACCCGTTG-3’; 5’-AACTGCAGTTAAGCGTTCGGCATGG
TAG-3’. Subsequently, the optimized sequence of Lm-cystatin F was subcloned into a pCold I
vector and transformed into chaperone competent cells with a plasmid named pTf16 (Chaperone
Competent Cell BL21 Series Kit, TaRaKa, Dalian, China) at the same time. After induction with
0.5 mg/mL L-Arabinose and 0.1 mM IPTG at 15 ◦C for 24 h, the cells were collected through
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centrifugation at 4 ◦C and washed with 10 mM Tris-HCl buffer containing 25 mM NaCl and 10
mM imidazole. The rLm-cystatin F was purified through a HisTrap affinity column (GE, Boston, MA,
USA) equilibrated with the above Tris-HCl buffer and eluted with the 40–400 mM imidazole in a
gradient concentration. Next, 30 mL rLm-cystatin F was firstly concentrated to 2 mL rLm-cystatin F
through Amicon® Ultra-15 10K Centrifugal Filter Devices (Millipore, Billerica, MA, USA). Then, 10 mL
PBS was added into the above filter and further ultrafiltrated to 2 mL. This step was repeated for
three times. After ultrafiltration, the concentration and the purity of rLm-cystatin F were, respectively,
detected by a BCA Protein Assay kit (Thermo SCIENTIFIC, Waltham, MA, USA) and 12% SDS-PAGE.
The protein band of rLm-cystatin F on 12% SDS-PAGE was digested in-gel by trypsin (25 mM, Promega,
Madison, WI, USA) and analyzed by MALDI-TOF/TOF mass spectrometry (Bruker, Billerica, MA,
USA). Furthermore, a control protein, rLj-26, was obtained based on the methods reported in the
previous study [28]. The residual endotoxin in rLm-cystatin F and rLj-26 was, respectively, detected
according to the instructions of the manufacturer (ToxinSensorTM Chromogenic LAL Endotoxin Assay
Kit, Nanjing, China).

4.4. Enzyme Activity Assay

Based on the previous studies, the inhibitory effect of rLm-cystatin F on the activity of cysteine
proteases was analyzed by using casein as a substrate [34]. Briefly, casein (5 mg/mL, final concentration)
was firstly dissolved in 50 mM Tris-HCl buffer (pH 7.6) in the presence of 2 mM cysteine-HCl and
0.1 mM EDTA, and then incubated at 37 ◦C for 10 min. Subsequently, papain (0.1 mg/mL, final
concentration) and rLm-cystatin F with various concentrations (0, 20, 40, 60, 80, 100, 120, 140, 160,
and 180 μg/mL, final concentration) were, respectively, added into the above reactions and further
incubated at 37 ◦C for 10 min. After mixing with coomassie brilliant blue G250 for 20 min at room
temperature, the absorbance at 595 nm was detected. The residual papain activity was calculated
based on the following formula:

[1 − (OD595 − OD595’)/OD595’] × 100% (1)

OD595 indicated the absorbance of the reactions which contained casein, papain, and rLm-cystatin
F; while OD595’ indicated the absorbance of the reaction, which contained only casein and papain.
Triplicate experiments were performed independently.

4.5. HUVECs’ Culture and MTT Assay

HUVECs were obtained from Dr. Jihong Wang in Liaoning Normal University. HUVECs were
cultured in the medium named RPMI 1640 (GIBCO, Grand Island, NY, USA) in the presence of 10%
FBS (GIBCO, Grand Island, NY, USA) in a CO2 incubator (Thermo, Waltham, MA, USA). After trypsin
digestion, the HUVECs were put into 96-well plates and cultured in the incubator for 24 h. rLm-cystatin
F was diluted to different concentrations from 0–11.3 μM with the above medium without FBS.
The same volumes of PBS and rLm-cystatin F were incubated with the HUVECs in the incubator
for 24 h. Then, 5 mg/mL MTT solution was put into the above HUVECs for 4 h. After removing
the medium without drawing the formazan, 100 μL dimethyl sulfoxide (DMSO) was added into the
HUVECs and incubated at 37 ◦C for 10 min. The absorbance at 492 nm of the HUVECs in the presence
of PBS and rLm-cystatin F was recorded by a microplate reader (Thermo SCIENTIFIC, Waltham,
MA, USA). The proliferative rate of HUVECs was calculated according to our previous studies [30].
At the same conditions, the effects of LPS on the proliferation rate of HUVECs were also detected by
MTT assay.

4.6. Adhesion, Migration, and Invasion Assays

After digestion, the HUVECs were collected and resuspended with the FBS-free 1640 medium.
PBS, 3, and 7 μM rLm-cystatin F were then added into the HUVECs. During the adhesive assays,
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fibronectin, laminin, as well as collagen IV, were dissolved in PBS buffer with final concentration
of 0.1 mg/mL and then were, respectively, used to coat the 96-well plates at low temperatures.
After removal of the extracellular matrix proteins, the pretreated HUVECs were put into the above
96-well plates and incubated in the CO2 incubator for 2 h (collagen IV) or 3 h (fibronectin and laminin).
Subsequently, the HUVECs without adhesion were washed with PBS buffer and the adhesive HUVECs
were measured with MTT assay. During the migration assays, the pretreated HUVECs were put into
the upper chamber of the Transwells. Meanwhile, the 1640 medium with 15% FBS was added into the
lower chamber of the Transwells. Twenty hours later, the polycarbonate filters were fixed with the
fixative. After removal from the Transwells, the filters were put onto the slides and stained with the
Wright-Giemsa solution according to the previous studies [48]. Four views were randomly selected
and captured with an inverted fluorescence microscope (Nikon, Tokyo, Japan). The migrated HUVECs
were counted with the NIS-Elements D software and analyzed according to the method reported by
Qi Jiang and colleagues [30]. In addition, the first step in the invasion assays was to add 4 mg/mL
Matrigel (BD Bioscience, New York, NY, USA) in the upper chamber of the Transwells. After incubation
at 37 ◦C for 30 min, the upper and lower chambers of the Transwells were, respectively, added with the
PBS or rLm-cystatin F (3 and 7 μM) treated HUVECs and 1640 medium with 15% FBS. The subsequent
procedures were similar to the migration assays. The time for invasion assays was 36 h. At the same
conditions, the effects of LPS on the adhesion, migration, and invasion rate of HUVECs were also
detected by MTT and Transwell assays.

4.7. Anti-Angiogenic Activity Assay

Firstly, both the 96-well plates and tips were put at 4 ◦C overnight. Subsequently, the Matrigel
(4 mg/mL, final concentration) was diluted with the 1640 medium in the absence of FBS and then
added into the 96-well plates. After incubation at 37 ◦C for 40 min, the PBS, 3, and 7 μM rLm-cystatin F
were, respectively, mixed with the HUVECs and then added into the above 96-well plates. After 10 h,
the inverted fluorescence microscope was used to observe the tube formation from the HUVECs.
Four views were randomly selected and captured. The total area of the tubes was analyzed by the
NIS-Elements D software. At the same conditions, the effects of LPS and rLj-26 on the tube formation
ability of HUVECs were also observed with PBS as a control according to our previous studies [30].

4.8. Statistical Analysis

The experiments were performed three times, each in triplicate. Student’s t-test was used to
analyze the differences between the PBS and rLm-cystatin F treating groups. A statistical significance
was shown as followed: * p < 0.05; ** p < 0.01, and *** p < 0.001.

5. Conclusions

This is the first report to show the characterization of a cystatin F homologue (Lm-cystatin F)
identified from the buccal glands of L. morri. After cloning and recombination, Lm-cystatin F was
successfully expressed as a soluble protein in the E. coli system with a His-tag. Although Lm-cystatin
F shares low sequence identity with the members from the cystatin superfamily, rLm-cystatin F still
inhibited papain activity and showed anti-angiogenic activity, which suggested that Lm-cystatin F
might be an important protein to suppress the wound healing process of host fishes and might be used
as a potential anti-angiogenic drug in the future.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/12/477/
s1, Figure S1: The identification of a cystatin F homologue from the buccal glands of feeding L. morii. Figure S2:
The expressed rLm-cystatin F was identified by mass spectrometry. Figure S3: LPS did not inhibit the proliferation
and adhesion rate of HUVECs. Relative to the PBS group, * p < 0.05. Figure S4: LPS did not inhibit the migration
and invasion rate of HUVECs. Relative to the PBS group, * p < 0.05. Figure S5: LPS did not affect the tube
formation of HUVECs in vitro. Figure S6: rLj-26 did not inhibit tube formation of HUVECs in vitro. Table S1:
The websites and softwares were used to analyze the amino acid sequence and bioinformatic information of
Lm-cystatin F.
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Abstract: Lung cancer is a leading cause of tumor-associated mortality. Fascaplysin, a bis-indole
of a marine sponge, exhibit broad anticancer activity as specific CDK4 inhibitor among several
other mechanisms, and is investigated as a drug to overcome chemoresistance after the failure of
targeted agents or immunotherapy. The cytotoxic activity of fascaplysin was studied using lung
cancer cell lines, primary Non-Small Cell Lung Cancer (NSCLC) and Small Cell Lung Cancer (SCLC)
cells, as well as SCLC circulating tumor cell lines (CTCs). This compound exhibited high activity
against SCLC cell lines (mean IC50 0.89 μM), as well as SCLC CTCs as single cells and in the form of
tumorospheres (mean IC50 0.57 μM). NSCLC lines showed a mean IC50 of 1.15 μM for fascaplysin.
Analysis of signal transduction mediators point to an ATM-triggered signaling cascade provoked by
drug-induced DNA damage. Fascaplysin reveals at least an additive cytotoxic effect with cisplatin,
which is the mainstay of lung cancer chemotherapy. In conclusion, fascaplysin shows high activity
against lung cancer cell lines and spheroids of SCLC CTCs which are linked to the dismal prognosis
of this tumor type. Derivatives of fascaplysin may constitute valuable new agents for the treatment
of lung cancer.

Keywords: fascaplysin; lung cancer; circulating tumor cells; signal transduction; cytotoxicity;
cisplatin

1. Introduction

Among malignant diseases, lung cancer is the leading cause of mortality [1]. NSCLC constitutes
the most common subtype with approximately 85% of cases and a 5-year survival rate ranging from
50–17%, depending on the stage of the disease [2]. SCLC accounts for the rest of the cases; it is associated
with smoking and has a poor prognosis upon dissemination [3]. NSCLC tumors feature a similar
poor prognosis, except for those variants amenable to specific therapies directed to mutated epidermal
growth factor receptor (EGFR), anaplastic lymphoma kinase (ALK), and other kinases [4,5]. Targeted
therapies in the form of tyrosine kinase inhibitors (TKIs) and immunotherapy directed to checkpoint
proteins have successfully changed the treatment of NSCLC; however, patients lacking markers for
precision medicine or eventually progressing after specific regimens are nevertheless referred to
classical chemotherapy consisting of platinum-drug-based combinations [6]. Cisplatin/carboplatin
combined with either etoposide, docetaxel, or pemetrexed have limited clinical activity, and new
agents may lead to increased responses and survival. The dismal prognosis of SCLC seems to be linked
to the formation of large spheroidal aggregates, termed tumorospheres, which are difficult to eliminate
due to poor drug perfusion and to the existence of quiescent and hypoxic tumor cells in the interior
layers of the 3D-structures [7]. A host of diverse drugs have failed to provide clinical improvements
for SCLC in recent decades [3].
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The marine drug fascaplysin (12,13-Dihydro-13-oxopyrido[1,2-a:3,4-b′] diindol-5-ium chloride)
is a red bis-indole alkaloid of the Fascaplysinopsis Bergquist sp. sponge which was isolated by
Roll et al. in 1988 [8]. The structure of fascaplysin is shown in Figure 1. Novel derivatives
comprise 3-bromo-fascaplysin, 4-chloro-fascaplysin, and 7-phenyl-fascaplysin, among others.
Fascaplysin possesses antibacterial, antifungal, and antiviral properties as well as antiangiogenic and
antiproliferative activity against a range of cancer cell lines [9–11]. Cyclin-dependent kinase 4 (CDK4)
was reported as the main target of fascaplysin (IC50 of 0.35 μM), and accordingly, drug-treated cancer
cell lines arrested preferentially in the G0/1 cell cycle phase [12–14]. Minor activity of fascaplysin was
observed against other CDKs with IC50 of >100 μM for CDK1, >50 μM for CDK2 as well as 20 μM for
CDK5 [14]. In addition, fascaplysin was demonstrated to exhibit DNA-intercalating capability with an
affinity similar to those of other typical DNA intercalators [15]. Non-planar derivatives of fascaplysin
have been developed in order to possibly reduce non-CD4-mediated cytotoxic effects [16].

Figure 1. Structure of fascaplysin.

Cytotoxicity tests showed broad activity of fascaplysin towards a panel of 36 cancer cell lines
(IC50 values 0.6–4 μM) [9]. Anticancer activities of fascaplysin in cell lines in vitro resulted in
reduced expression of CDK4, cyclin D1 and downregulation of CDK4-specific Ser795 retinoblastoma
(Rb) phosphorylation in HeLa cells [17]. Fascaplysin-induced apoptosis was characterized by the
activation of effector caspases, relocalization of cytochrome c into cytosol, and reduced expression of
Bcl-2. Cytotoxicity of fascaplysin in chemosensitive promyelocytic HL-60 cancer cells activated both
pro-apoptotic events like PARP-1 cleavage/caspase activation and triggered autophagy, as shown by
the increased expression of LC3-II, ATG7 and beclin [17]. In experimental animal models, fascaplysin
suppressed tumor growth in a murine sarcoma S180 through apoptosis as well as antiangiogenesis,
and HCT-116 colon tumors showed reduced size in the absence of drug toxicity [18]. Angiogenesis was
blocked by fascaplysin by the inhibition of vascular endothelial growth factor (VEGF) and apoptosis of
endothelial cells [19].

SCLC responds to first-line chemotherapy with platinum-based drugs/etoposide, but relapses
early with topotecan remaining as the single approved therapeutic agent [3]. We have previously
assessed cytotoxic activity of fascaplysin against SCLC cell lines, not covered by the NCI60 cell line
panel, a tumor entity that accounts for a significant fraction of lung cancer deaths [20]. Fascaplysin
was found to show high cytotoxicity against SCLC cells and to induce cell cycle arrest in G1/0 at lower
and S-phase at higher concentrations, respectively. The compound generated reactive oxygen species
(ROS) and induced apoptotic cell death in the chemoresistant NCI-H417 SCLC cell line. Furthermore,
fascaplysin revealed marked synergism with camptothecines [21,22]. Fascaplysin IC50 values measured
in SCLC cell lines were found to be similar to the two chemoresistant NSCLC cell lines H1299 and
A549 and the chemosensitive H23 cell line, respectively.

In the present work, the investigation of the cytotoxic effects of fascaplysin is extended to include
single cell suspensions and spheroids of SCLC circulating tumor cells (CTCs) and several NSCLC cell
lines. Our lab has established a panel of 6 CTC SCLC cell lines derived from the blood samples of
distinct patients with extended disease SCLC [7]. Furthermore, the effects of fascaplysin on the main
pathways of cellular signal transduction and stress response were assessed employing phosphoprotein
Western blot arrays and the NCI-H526 SCLC and the A549 NSCLC cell line, respectively.
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2. Results

2.1. Fascaplysin Cytotoxicity against SCLC, NSCLC and Non-lung Cancer Cell Lines

The chemosensitivity of a range of cancer cell line to fascaplysin was measured in MTT cytotoxicity
assays. Figure 2 shows the IC50 values of breast cancer and ovarian cell lines (range: 0.48–1.21 μM),
SCLC cell lines (range: 0.2–1.48 μM) and NSCLC cell lines (range: 0.63–2.04 μM). Whereas SCLC and
breast/ovarian cancer cell lines exhibited similar mean IC50 values (0.96 ± 0.5 versus 0.89 ± 0.45 μM),
NSCLC cell lines proved to be less sensitive (1.15 ± 0.59 μM). SCLC26A and S457 are primary SCLC
cell lines derived from pleural effusions of patients before and after therapy failure, respectively.
The nonmalignant HEK293 cell line showed an IC50 value of 1.6 ± 0.42 μM. BH295 and IVIC-A are
primary NSCLC cell lines derived from pleural effusions of patients with ALK and EGFR TKI resistance.
Numrical values of the IC50 data are presented in Supplementary Table S1.

Figure 2. Fascaplysin chemosensitivity of a panel of SCLC, NSCLC and a panel of non-lung cancer
lines. IC50 values are presented as mean values ± SD. Non-lung cancer cells used for comparison are
breast and ovarian cancer cell lines and nonmalignant HEK293 cells are shown as normal tissue control.

2.2. Fascaplysin Cytotoxicity against SCLC CTC Single Cells and Tumorospheres

The SCLC CTCs form spontaneously large spheroids which are markedly chemoresistant to
cisplatin and other drugs used for the treatment of SCLC patients in comparison to CTCs in form
of single cell suspensions. The chemosensitivity of such single cell suspensions and tumorospheres
against fascaplysin were compared in MTT tests (Figure 3). With exception of BHGc26 and 27 CTC
lines, fascaplysin IC50 values of the other lines were equal or below 0.5 μM. A comparison of the ratios
of IC50 values of single cell suspensions and tumorospheres for cisplatin and fascaplysin demonstrates
that for fascaplysin, the differences in chemosensitivities between these 2D- and 3D-cultures are much
less than for the platinum drug (Table 1) indicating superior anticancer activity for spheroids.

Fascaplysin versus cisplatin showed a 1.5 fold increased cytotoxic activity for tumorospheres for
BHGc10 and BHGc27, 2.5 fold for BHGc7 and UHGc5, and 6.7 fold for BHGc16 and 26, respectively
(Table 1). The mean cytotoxicity ratios between fascaplysin and cisplatin are significantly different for
all SCLC CTC cell lines.
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Figure 3. Chemosensitivity of SCLC CTC lines for fascaplysin. The CTC lines were tested in form of
single cell suspensions and as tumorospheres. IC50 values are presented as mean values ± SD and
significant differences between 2D- and 3D-cultures are indicated by an asterisk.

Table 1. Mean values of IC50 ratios for SCLC CTC tumorospheres versus single cell suspensions for
fascaplysin and cisplatin, respectively (mean values ± SD). All ratios for fascaplysin, cisplatin, and the
CTC lines are significantly different.

CTC Cell Line
Fascaplysin Cisplatin

Mean Ratio (TS/SC) SD Mean Ratio (TS/SC) SD

BHGc7 1.83 0.1 4.31 0.2
BHGc10 1.63 0.2 2.32 0.4
BHGc16 1.06 0.1 7.22 0.3
BHGc26 0.77 0.1 5.20 0.3
BHGc27 1.39 0.5 2.17 0.2
UHGc5 0.99 0.1 4.8 1.0

2.3. Alterations of Selected Phosphoproteins of NCI-H526 and A549 in Response to Fascaplysin

Figure 4 shows the first part of the phosphoproteins assayed with the ARY003 human proteome
profiler kit for fascaplysin-treated NCI-H526 and A549, respectively. In contrast to the cytotoxicity
assays, incubation time for phosphoprotein analysis was reduced to 72 h to prevent cell death.
In NCI-H526 SCLC cells fascaplysin induced significantly increased phosphorylation of src kinases
(Hck, Fyn, Yes and Fgr), CHK-2 and FAK, whereas phosphorylation of mTOR, CREB and p38α was
significantly decreased compared to untreated controls. In contrast, A549 NSCLC cells revealed
increased phosphorylation of CHK-2 in combination with CREB, HSP27, and STAT5b, with decreased
phosphorylation of src kinases (except Fgr) and FAK.
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Figure 4. Relative phosphorylation (ratio of treatment:control) of selected components (part A of the
array) of the signal transduction system (mean ± SD) of NCI-H526 and A549 cells treated with 0.5 μM
fascaplysin for 72 h (NCI-H526: significantly different to controls, except for HSP27 and STAT2; A549
significantly different to controls, except Fgr and STAT3).

Analysis of the second part of phosphoproteins of the ARY003 kit yielded decreased
phosphorylation of Akt, p53(S46/S392) and increased phosphorylation of STAT4, eNOS, c-Jun, and
p27(T157) in the case of fascaplysin-pretreated NCI-H526, and numerous increases of phosphorylation
in A549 cells, with the exception of decreases in p70 S6 kinase, STAT4, and p53(S392) (Figure 5).
Phosphoproteins of the ARY003 blots which exhibited no significant changes for NCI-H526 or A549
cells in response to treatment with fascaplysin were not included in these figures.

Figure 5. Relative phosphorylation (ratio treatment: control) of selected components (part B of the
array) of the signal transduction system (mean ± SD) of NCI-H526 and A549 cells treated with 0.5 μM
fascaplysin for 72 h (NCI-H526: significantly different to controls, except forp70 S6 kinase and p27;
A549 significantly different to controls, except Akt, p53/S46, and eNOS).
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2.4. Signaling Pathways Affected by Fascaplysin in NCI-H526 and A549 Lung Cancer Cells

The signal transduction mediators related to fascaplysin-induced alterations in NCI-H526 and
A549 cells are depicted schematically in Figure 6. The schemes start with fascaplysin-induced DNA
damage (left) and receptors/src kinases (right), respectively. Chk2 is activated by upstream DNA
damage-sensing ATM and modulate functions of CREB, p53, CDC25, and stress kinases (left). Src
kinases are activated by a number of connected membrane receptors (X) or oncogenic mutation, and
regulate the activities of Stat5, FAK, and the Akt–mTOR axis (right).

Figure 6. Schematic presentation of the signaling pathways involved in fascaplysin treatment of
NCI-H526 and A549 lung cancer cells.

2.5. Combination of Cisplatin/Etoposide with Fascaplysin in Cytotoxicity Assays for NCI-H526 and A549
Cell Lines

Combination indices (CI) were calculated using the Chou-Talaly method, indicating synergy at
values <1 [23]. For NCI-H526, CIs < 0.49 were found for cisplatin concentrations 0.625–5 μg/mL and
0.125–1 μM fascaplysin (fixed ratio of 2.5:1), similar to A549 with CI < 0.62 for cisplatin concentrations
1.25–10 μg/mL and 0.25–2 μM fascaplysin (fixed ratio of 5:1). For the NSCLC lines PC-9 and A549,
the synergistic effects of fascaplysin with cisplatin or etoposide are shown in Figure 7.

Figure 7. Cytotoxicity tests investigating fascaplysin combinations with chemotherapeutics.
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For the NSCLC cell lines PC-9 and A549, combinations of fascaplysin and cisplatin or etoposide
were tested in cytotoxicity tests. For both tests, IC50 values for the combinations using the
concentrations as indicated revealed synergistic interactions. The CI values ranged from 0.26–0.76 for
PC-9 fascaplysin-cisplatin and from 0.1–0.94 for A549 fascaplysin-etoposide, respectively. Data are
shown as mean ± SD, the initial concentrations were titrated in 9 two-fold dilution steps.

3. Discussion

Lung cancer is the leading cause of cancer-related mortality in both men and women
worldwide [1]. Targeted therapy is applicable to a minor fraction of NSCLC patients [4]. Patients
with advanced lung cancer exhibit low survival rates and novel modes of chemotherapy need to
be developed [2]. Deregulated proliferation of tumor cells is accomplished by alterations of the cell
cycle and checkpoint controls amenable to inhibition by targeting of cell cycle and checkpoint kinases
(CDKs) [24]. In particular, CDK4/6 inhibitors seem to present suitable targets in a majority of patients
with advanced cancer [25,26]. Besides CDK4/6 inhibitors palbociclib and LY2835219, which have
shown high activity in breast cancer, a host similar drugs are under development, and fascaplysin
and derivatives share the same target [27]. Proteins in this cell proliferative pathway include p16, an
endogenous suppressor of CDK4/6, cyclin D1, the regulatory subunit of CDK4/6, and retinoblastoma
(Rb) protein, a tumor suppressor [28]. Both CDK4 and CDK6 encode cyclin-dependent kinases which
complexed with cyclines of the D-type phosphorylate the Rb protein. Rb in turn triggers the expression
of gene products for G1-S phase cell cycle progression. Rb inactivation is a common event in lung cancer,
and is more frequent in SCLC than in NSCLC [29]. In SCLCs, Rb alterations can be found in a high
percentage of cases, i.e., from 88% to 100% of the biopsy samples [30]. Therefore, in the present study
we compared the effects of fascaplysin in the A549 Rb-wildtype NSCLC cell line to the Rb-mutated
NCI-H526 SCLC cell line. Although, both cell lines have a similar chemosensitivity to fascaplysin,
analysis of the intracellular signal transduction by Western blotting of selected phosphoproteins
revealed marked differences in response to this drug.

DNA damage response is triggered when sensor proteins ATM (ataxia telangiectasia mutated)
and ATR (also called ataxia telangiectasia and Rad3-related protein) detect structural distortions
or breaks [31]. After DNA damage, CHK2 is phosphorylated by ATM on the priming site T68,
and in turn, phosphorylates more than 24 proteins to induce apoptosis, DNA repair, or tolerance
of the damage [32]. In wildtype cells, CHK2 phosphorylates Rb which enhances the formation of
the transcriptionally-inactive pRb/E2F-1 complex causing G1/S arrest and suppression of apoptosis.
Pronounced activation of CHK-2 in NCI-H526 and A549 cells indicates direct damage of DNA by
fascaplysin and activation of the corresponding cellular responses in both cell lines. The cyclic AMP
response element-binding protein (CREB) initiates transcriptional responses associated with cell
survival to a wide variety of stimuli following its phosphorylation on Ser-133. Whereas fascaplysin
treatment resulted in decreased phosphorylation of CREB in NCI-H526 cells, this transcription
factor is hyperphosphorylated in A549 cells, possibly indicating anti- and pro-survival signaling,
respectively [33,34]. Furthermore, cisplatin-induced activation of FAK has been linked to increased
chemoresistance in ovarian cancer cells and FAK inhibitors induce tumor cell apoptosis [35]. Activated
FAK forms a complex with Src family kinases and seems to provide a prosurvival signal in NCI-H526
cells, in contrast to fascaplysin-treated A549 cells [36]. In addition, overexpression of Src in cancer
accelerates metastasis and is responsible for chemoresistance via multiple downstream signaling
pathways, concerning Akt, MAPKs, STAT3, cytokines, etc. [37]. Therefore, activation of a number of
Src kinases in NCI-H526 cells (Hck, Fyn, Yes and Fgr) may counteract fascaplysin toxicity and retard
cell death; possibly contributing to the observed slower rate of loss of viability in the presence of
increasing doses of fascaplysin in these cells. The stress kinases p38 and JNK are generally activated by
inflammatory cytokines and different stressors, including DNA-damaging compounds [38]. p38 MAPK
signaling results in the phosphorylation of CREB at Ser133, which seem to occur in A549 cells,
contrary to NCI-H526 which shoes decreased p38 activity and phosphorylation of CREB [39]. Clearly,
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fascaplysin is an inhibitor of CDC25, and this pathway is expected to be inhibited in NCI-H526
cells [40].

In conclusion, fascaplysin shows marked anticancer activity in NSCLC and SCLC cells
independently of the function of the CDK4 pathway, thus pointing to direct effects on DNA and the
transcription of various proteins. The mechanisms of the antitumor effect of fascaplysin demonstrated
on several carcinoma models indicate that fascaplysin is close to some drug groups such as intercalating
agents, inhibitors of serine-threonine, and tyrosine kinases. Additionally, fascaplysin increases
phosphorylation of AKT/PKB and adenosine monophosphate-activated protein kinase (AMPK),
which feature anti-apoptotic or pro-survival functions in cancer [41]. In detail, fascaplysin abolishes
the phosphorylation of mTOR, 4EBP1, and p70S6K1, which trigger the cap-dependent translation
machinery and affect the expression of oncoproteins, such as survivin, c-myc, cyclin D1, VEGF,
and HIF-1α. Similarly, 7-chloro-fascaplysin inhibited cell survival through interference with the
PI3K/Akt/mTOR pathway, which in turn modulates HIF-1α, eNOS and MMP-2/9 in a breast
cancer cell line [42]. The cytotoxicity of 4-chlorofascaplysin (4-CF) was reversed by co-treatment
with the VEGF and Akt inhibitors or in response to neutralizing VEGF antibodies. Fascaplysin has
stronger anti-cancer effects than other CDK4 inhibitors on lung cancer cells that are wild-type or
null for Rb, indicating that unknown target molecules might be involved in the antitumor activity
of fascaplysin [43]. In good accordance with the results of Oh et al. and Sharma et al., our results
show alterations of phosphoproteins altering the Akt-mTor pathway which are triggered mainly by
upstream stress and src kinases.

Relapsed SCLC is resistant to a wide range of drugs and clinical trials have not led to
improvements in survival rates over recent decades. Chemoresistance of SCLC seems to be related
to the formation of large spheroids, termed tumorospheres, which limit drug access and contain
quiescent and hypoxic tumor cells which are less sensitive to chemotherapeutics. Such 3D-structures
were demonstrated to show increased resistance to cisplatin, etoposide, topotecan, and epirubicin when
compared to the same SCLC CTC cells in form of single cell suspensions. In particular, fascaplysin is
cytotoxic against SCLC CTC tumorospheres which exhibit high chemoresistance against a range of
commonly-administered chemotherapeutics. Fascaplysin-induced cell death of outer SCLC CTC cell
layers seems to trigger the elimination of the whole spheroid. Especially in SCLC cells, the induction of
ROS by fascaplysin is expected to exert increased damage due to the small volume of the cytoplasmic
fraction [7]. It should be noted that spheroids are similarly observed in pleural effusions of NSCLC
patients. Although the parent drug fascaplysin seems too toxic for clinical application, derivatives
such as 3-bromofascaplysin and 7-phenylfascaplysin were demonstrated to possess higher cytotoxic
efficiency and different profiles [44–46]. Furthermore, the alkaloid derivative 4-CF exhibits five times
higher cytotoxic IC50 value in normal cells, as well as no apparent toxicities in murine xenograft models
at therapeutic doses [42].

4. Cell Culture and Methods

4.1. Chemicals

Unless otherwise noted, all chemicals were obtained from Sigma-Aldrich (St. Louis, MO, USA).
Dulbecco’s phosphate buffered saline (PBS) was purchased from Gibco/Invitrogen (Carlsbad, CA,
USA). Compounds were prepared as stock solutions of 2 mg/mL in either DMSO or in 0.9% NaCl
solution (cisplatin), sterilized by filtration in case of cisplatin, and aliquots stored at −20 ◦C.

4.2. Cell Culture

The A549 NSCLC A549 (Rb/p53 wild-type) and NCI-H526 SCLC A549 (Rb protein not
expressed/p53 wild-type) cell lines were obtained from the American Type Culture Collection
(Rockville, MD, USA), as well as the other cell lines except primary lines and all SCLC CTCs established
in our lab [7]. Cells were grown in RPMI-1640 bicarbonate medium (Seromed, Berlin, Germany),
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supplemented with 10% FBS (Seromed), 4 mM glutamine, and antibiotics (final concentrations:
50 U/mL of penicillin, 50 μg/mL of streptomycin, and 100 μg/mL neomycin; Sigma-Aldrich, St.
Louis, MO, USA), and subcultivated twice a week. A549 is p53 wildtype and DNA profiling by short
tandem repeat analysis of the NCI-H526 cells proved their identity to the American Type Culture
Collection specifications, and the yeast p53 functional assay revealed expression of fully active p53
(functional assay of separated alleles in yeast FASAY; data not shown).

4.3. Phosphokinase Array

Relative protein phosphorylation levels of 38 selected proteins were obtained by analysis of
46 specific phosphorylation sites using the Proteome Profiler Human Phospho-Kinase Array Kit
ARY003 (R&D Systems, Minneapolis, MN, USA) in duplicate tests according to the manufacturer’s
instructions. Briefly, cells were rinsed with PBS, 1 × 107 cells/mL lysis buffer were solubilized under
permanent shaking at 4 ◦C for 30 min, and aliquots of the lysates were stored frozen at −80 ◦C. After
blocking, membranes with spotted catcher antibodies were incubated with diluted cell lysates at 4 ◦C
overnight. Thereafter, cocktails of biotinylated detection antibodies were added at room temperature
for 2 h. Phosphorylated proteins were revealed using streptavidin-HRP/chemiluminescence substrate
(SuperSignal West Pico, Thermo Fisher Scientific, Rockford, IL, USA) and detection with a Molecular
Imager VersaDoc MP imaging system (Bio-Rad, Hercules, CA, USA). Images were quantified using the
ImageQuant TL v2005 software (Amersham Biosciences, Buckinghamshire, UK) and Microsoft Excel
software (Microsoft, Redmond, WA, USA). The different Western blot membranes were normalized
using the 3 calibration spots included. Signaling pathways affected by fascaplysin in NCI-H526 and
A549 lung cancer cells were produced using Power Point software (Microsoft, Redmond, WA, USA).

4.4. Cytotoxicity Assay

Aliquots of 1 × 104 cells in 200 μL medium were treated for four days with twofold
dilutions of fascaplysin or cisplatin, respectively in 96-well microtiter plates in quadruplicate
(Greiner, Kremsmuenster, Austria). For SCLC CTC tumorospheres, an equivalent number
of cells in form of spheroids were tested as described [7]. The plates were incubated
under tissue culture conditions, and cell viability was measured using a modified MTT
(3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide) assay (EZ4U, Biomedica, Vienna,
Austria). Optical density was measured using a microplate reader at 450 nm with an empty well
as reference. Values obtained from control wells containing cells and media alone were set to 100%
proliferation. For the assessment of the interaction of fascaplysin with cisplatin, tests were performed
comprising the individual drugs alone and in combination, followed by analysis using the Chou-Talalay
method with help of the Compusyn software (ComboSyn, Inc. Paramus, NJ, USA).

4.5. Statistics

Statistical analysis was performed using Student’s t test for normally distributed samples
(* p < 0.05 was regarded as statistically significant). Values are shown as mean ± SD.

5. Conclusions

CDKs are a group of serine/threonine kinases which are critical in the regulation of the cell cycle.
A major role of CDK-4 is the phosphorylation of Rb, which is inhibited by fascaplysin and a range
of other compounds. Mutations in Rb, along with those of cyclin D and p16(INK4a), has been seen
frequently during tumorigenesis of cancers. Investigation of a part of the kinome of NCI-H526 SCLC
and A549 NSCLC cell lines reveals different responses to treatment with fascaplysin, most likely to
be connected to the Rb phenotype. In NCI-H526 cells, fascaplysin sensitivity is determined by the
absence of the CDK4–Rb pathway and DNA damage in combination with putative CDC25 inhibition,
whereas in A549, inhibition of CDK4 seems to be the major effect with distinct and small effects on
phosphoproteins. Fascaplysin exhibits marked anticancer activity against permanent and primary
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SCLC and NSCLC cells, with cytotoxic effects against SCLC CTC tumorospheres that are far superior
to those of other therapeutics. Therefore, fascaplysin and derivatives with a better clinical profile may
constitute valuable agents for lung cancer therapy.
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Table S1: Fascaplysin activity against a panel of cell lines.
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Abstract: Marine sponges are known to produce numerous bioactive secondary metabolites
as defense strategies to avoid predation. Manzamine A is a sponge-derived β-carboline-fused
pentacyclic alkaloid with various bioactivities, including recently reported anticancer activity on
pancreatic cancer. However, its cytotoxicity and mode of action against other tumors remain unclear.
In this study, we exhibit that manzamine A reduced cell proliferation in several colorectal cancer
(CRC) cell lines. To further investigate the manzamine A triggered molecular regulation, we analyzed
the gene expression with microarray and revealed that pathways including cell cycle, DNA repair,
mRNA metabolism, and apoptosis were dysregulated. We verified that manzamine A induced
cell cycle arrest at G0/G1 phase via inhibition of cyclin-dependent kinases by p53/p21/p27 and
triggered a caspase-dependent apoptotic cell death through mitochondrial membrane potential
depletion. Additionally, we performed bioinformatics analysis and demonstrated that manzamine A
abolished epithelial–mesenchymal transition process. Several mesenchymal transcriptional factors,
such as Snail, Slug, and Twist were suppressed and epithelial marker E-cadherin was induced
simultaneously in HCT116 cells by manzamine A, leading to the epithelial-like phenotype and
suppression of migration. These findings suggest that manzamine A may serve as a starting point for
the development of an anticancer drug for the treatment of metastatic CRC.

Keywords: manzamine A; cell cycle; apoptosis; epithelial–mesenchymal transition; colorectal cancer

1. Introduction

Colorectal cancer (CRC) is the third-most common cancer in both genders and the fourth leading
cause of cancer related mortality, responsible for 9.7% of cancer-related deaths worldwide [1–3].
Distant metastasis caused by disease recurrence and development of drug resistance is the main
cause of death in CRC patients [4,5]. In 2017, an estimated 135,430 new cases will be diagnosed with
colorectal cancer and about 50,260 people will die from this disease in the US [6].
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Accumulated evidences of genetic mutations and epigenetic instability on oncogene activation
and tumor suppressor inactivation have been reported to be central molecular and pathophysiological
events to initiate CRC [7,8]. The most frequent aberrations found in CRC patients are mutations
in adenomatous polyposis coli (APC), catenin-β1 (CTNNB1), family with sequence similarity 123B
(FAM123B; also known as AMER1), kirsten rat sarcoma viral oncogene homolog (KRAS), B-Raf
proto-oncogene, serine/threonine kinase (BRAF), erb-b2 receptor tyrosine kinase 2 E (RBB2), SMAD
family member 4 (SMAD4), phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit-α
(PIK3CA), transforming growth factor-β receptor 2 (TGFBR2), AT-rich interactive domain 1A
(ARID1A), and tumor Protein P53 (TP53). These mutations promote tumorigenesis by perturbing the
key signaling pathways, such as WNT–β-catenin, epidermal growth factor (EGF)–mitogen-activated
protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K)–AKT, and TGFβ signaling pathways,
or affecting genes that regulate fundamental processes, such as DNA repair, cell cycle progression and
proliferation [2,9].

Several therapeutic strategies are developed to overcome CRC. However, server side effects due
to drug toxicity towards normal tissues and development of drug resistance are occurred in CRC
patients receiving conventional chemotherapy. Therefore, development of novel anticancer therapeutic
alternatives for CRC is still urgently required. Manzamine A (Manz A), comprising a pentacyclic core
coupled to a β-carboline alkaloid, is isolated from sponges of the genera Haliclona sp., Xestospongia sp.
and Pellina sp. [10–12]. Manz A was first isolated from Haliclona sp. in Okinawa sea and reported to
display anticancer activity against leukemia cells [13]. It possesses a diverse range of potent bioactivities
including insecticidal, antibacterial, and antileishmaniasis effects, and anti-malarial, anti-inflammatory,
and antiviral activities [10,14–19]. A previous study demonstrated that Manz A decreased single
cell formation, abrogated cell migration, and sensitized AsPC-1 pancreatic adenocarcinoma cells
towards TRAIL induced apoptosis [20]. A recent work also reported that Manz A targeted vacuolar
ATPases and inhibited autophagy in pancreatic cancer cells, suggesting a promising strategy for
the treatment of cancer [21]. Nevertheless, the effects of Manz A on CRC and their mechanisms
remain unclear. In the present study, we attempted to investigate the anti-tumor properties of Manz
A in HCT116 human colorectal carcinoma cells. We showed that Manz A significantly inhibited
the proliferation of several CRC cell lines. By combining enrichment analysis and network analysis
on microarray data, we found that Manz A reduced the expression of genes involved in several
fundamental pathways and activated the apoptotic gene expression. The effects of MA on cell cycle
progression, apoptosis, epithelial–mesenchymal transition (EMT) process, and cell migration were
further validated.

2. Results

2.1. Manz A Inhibits Cell Proliferation in Human Colorectal Carcinoma Cells

To evaluate the effects of Manz A on the proliferation of human colorectal carcinoma cells,
we performed the MTS assay on HCT116, HT-29, and DLD-1 cells in a dose-dependent manner at
concentrations of 0, 0.5, 1, 2.5, 5, and 10 μM for 24 h. We found that Manz A significantly decreased
the cell viability of all colorectal carcinoma cells and showed a higher efficacy on HCT116 compared
with HT-29 and DLD-1 (Figure 1A). The IC50 values were 4.5 ± 1.7 μM in HCT116 cells and more than
10 μM in DLD-1 and HT-29. To determine the long-term inhibitory effect of Manz A on the proliferation
of HCT116 cells, we performed a colony formation assay. The 24-h treated cells were seeded in 6-well
plates and cultured in drug-free medium for one week. We showed that Manz A significantly reduced
the number and size of colonies without continued exposure to the drug (Figure 1B), suggesting that
Manz A caused an irreversible cell proliferation inhibition.
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Figure 1. Manz A reduced cell proliferation in colorectal cancer cells. (A) HCT116, DLD-1,
and HT-29 cells were treated with Manz A at various concentrations of 0, 0.5, 1, 2.5, and 5 μM
for 24 h. Cell viability (%) was measured using MTS cell proliferation assay and data was expressed
as percentage of absorbance from Manz A treated cells compared to DMSO treated ones; (B) Colony
formation assay was performed to determine the long-term effects of Manz A on the growth of
HCT116 cells. Cells were pre-treated with 0.1% DMSO or 5 μM Manz A for 24 h and left for 7 days to
grow. Colonies were then stained with Giemsa. The data were expressed as the mean ± SD of three
independent experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.

2.2. Manz A Reduces Gene Expressions Involved in Several Fundamental Pathways

To comprehensively elucidate the regulation of Manz A on HCT116 cells, we profiled the
expression of ~40,000 genes by microarray analysis. A total of 1574 genes were significantly
regulated (p < 0.05) and 639 of them were more than 2-fold changes (FC) with 308 upregulated
and 311 downregulated transcripts. To find out the connection between gene expression and biological
function, we used two enrichment analyses, over-representation analysis (ORA), and functional class
sorting (FCS), against pre-defined sets of gene lists. In ORA, we revealed that Manz A caused
the downregulation in several pathways including cell cycle, DNA repair, mRNA metabolism,
mitochondrial electron transport chain (ETC), and transcription (Figure S1). For FCS, we applied gene
set enrichment analysis (GSEA) and integrated the influences of Manz A in biological process and
activity of transcriptional regulation. With the consistency with ORA result, most downregulated gene
ontology terms of biological process (GOBP) were belonged to cell cycle, DNA replication, mRNA
metabolism, and DNA repair, while one upregulated GOBP term related to apoptosis was enriched
(Figure 2). In transcriptional activity analysis, we found that E2F Transcription Factor 1 (E2F) was
the most downregulated transcription factor, while cAMP response element binding protein (CREB),
activating transcription factor (ATF) and activator protein 1 (AP1) were upregulated in transcriptional
activity (Figure S2). Together, we suggest that Manz A inhibition of cell proliferation might be due to
the diminishment in cell cycle progression and the initiation of apoptotic cell death.

2.3. Manz A Induces Cell Cycle Arrest at G0/G1 Phase

According to the findings from microarray analysis, we designed a series of experiments to validate
the mode of cell death induced by Manz A. First, we performed flow cytometry analysis to measure
the changes in cell population distribution whinin cell cycle. We revealed that Manz A increased the
cell population at G0/G1 phase by 1.46 fold and decreased that at S phase by 1.65 fold simultaneously
(Figure 3A,B), indicating that Manz A markedly induced cell cycle arrest at G0/G1 phase.

Aberrant cell division and uncontrolled proliferation are often associated with deregulation of cell
cycle kinases in cancer cells. Cell cycle progression is regulated by several cyclin-dependent kinases (CDKs)
that act in complex with cyclins. Cyclin Ds–CDK4/6 complexes drive cell cycle progression from G0 or
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G1 phase into S phase, in which DNA replication occurs. The complex sequester CDK inhibitors (CKIs),
p21CIP1 and p27KIP1, bind to and prevent activation of cyclin E–CDK2 kinase, driving cell cycle progression
from G0 or G1 phase into S phase. While DNA damage occurs, p21 is activated by p53 to arrest cell
cycle progression [22]. To determine the effect of Manz A on protein expression of cell cycle regulators,
we conducted western blot analysis and found that Manz A obviously decreased the protein expression of
CDK2, CDK4 and cyclin D1 and increased levels of CKIs including p21CIP1, p27KIP1, and p53 (Figure 3C).
We imply that cell cycle arrest was involved in Manz-A-inhibited cell proliferation.
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Figure 2. The enrichment map of gene ontology biological processes (GOBPs) enriched in GSEA result.
GSEA was performed on microarray data to enrich terms in GOBP. Enrichment results were visualized
with Cytoscape 3.0 using Enrichment Map plugin. Each node indicates an enriched term and edges
represent overlapped genes between terms. The color of node boarder and edge were shown according
to enrichment FDR and similarity, respectively. Blue and red nodes refer to enriched functions in
DMSO vehicle control (CTL) and Manz A treatment. The size of node and edge width represents the
number of genes enriched in each term and overlapped between terms, respectively.

 

 

 

p21

ACTIN

CDK2

CDK4

Cyclin D1

p53

p27

D
M

SODMSO

Manz A

A

3.36 11.28 

39.75 

57.92 

39.09 

23.64 

17.82 11.23 

0%

20%

40%

60%

80%

100%

DMSO Manz A

%
 o

f c
el

ls 
in

 p
op

ul
at

io
n

**

**

B C

subG1 G0/G1 S G2/M

M
an

z
A

D

**

***

***

**

**

*

-6 0 6

CDK2

CDK4

Cyclin D1

p53

P21

p27

log2(Manz A/DMSO)

Figure 3. Manz A induced G0/G1 phase arrest. (A) HCT116 cells were treated with 5 μM Manz A for
24 h and then subjected to DNA content analysis by flow cytometry. The cell cycle distribution was
quantified with model fitting in FlowJo; (B) Cell cycle distributions from three independent experiments
is shown. * p < 0.05, ** p < 0.01, *** p < 0.001; (C) Representative western blot analyses of the cell cycle
regulator levels in response to Manz A treatment in HCT116 cells. ACTIN was used as an internal
control; (D) Relative expression level of each protein was densitometrically estimated and normalized
to that of ACTIN under the same treatment. Data is presented in log2 ratio of the protein level in Manz
A treated cells to that in DMSO treated ones from three independent results.
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2.4. Manz A Induces Caspase-Dependent Apoptotic Cell Death

We next examined whether Manz A induced apoptosis in HCT116 cells. FITC-conjugated annexin
V and PI double stained assay by flow cytometry was conducted. We found that Manz A significantly
increased the early apoptotic cell population (annexin V positive cells) from 2% to 16% (Figure 4A).
Mitochondrial membrane potential (MMP) is an important indicator for mitochondrial integrity and
widely used to study apoptosis. Here, we used JC-1 staining and flow cytometry to detect the MMP.
Tetraethylbenzimi-dazolylcarbocyanine iodide (JC-1), a lipophilic cationic dye, enters and accumulates
in the electronegative interior of mitochondria where the probe aggregated and its fluorescent property
changes. The dye forms complexes known as aggregates that yield a red fluorescence in healthy cells.
During the early stage of programmed cell death, mitochondrial membrane potential decreases due
to the opening of the mitochondrial permeability transition pores. This mitochondrial disruption
results in the release of cytochrome c into the cytosol, which in turn triggers the downstream apoptotic
cascades. Due to the loss of MMP, JC-1 remains as monomer which exhibits green fluorescence. In the
present results, we showed that Manz A significantly reduced the fluorescence ratio of red to green,
indicating that depolarization of MMP occurred during apoptosis (Figure 4B).

We then examined whether caspase cascade was triggered in the Manz A induced apoptosis.
We applied a DNA fluorescent dye containing caspase 3/7 cleaved sequence DEVD to specify the
activation of caspase-3/7 in apoptotic cells. We demonstrated that Manz A treatment caused a
significant increase in fluorescent positive cells, showing that caspase-3/7 was activated by Manz
A (Figure 4C). Collectively, our findings suggest that Manz A induce apoptotic cells death through
mitochondria- and caspase-dependent pathways in HCT116 cells.

Figure 4. Manz A induced apoptosis in HCT116 cells. Cells were treated with 5 μM Manz A for 24 h.
(A) Cells were harvested and stained with Annexin V-FITC and propidium iodide (PI). The fluorescent
signal was measured by flow cytometry. A representative result is shown in the left panel and statistics
analysis is at the right panel; (B) Cells were subjected to mitochondrial membrane potential detection by
JC-1 and flow cytometry; (C) Cells were subjected to caspase 3/7 activity assay by DNA fluorescent dye
containing caspase 3/7 cleavage site. Values are expressed as the mean ± SD from three independent
experiments. * p < 0.05, ** p < 0.01, *** p < 0.001.
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2.5. Epithelial–Mesenchymal Transition (EMT) Is Inactivated in Manz A Treated HCT116 Cells

The migratory capacity of cancer cells is necessary for metastasis and the acquisition of metastatic
capability is associated with EMT in cancer cells. During the process of EMT, epithelial cells lose
cell-to-cell contacts and gain expression of mesenchymal factors, enabling migration and invasion
into surrounding stroma to facilitate metastasis. Because epithelial-like changes in cell morphology
was observed during Manz A treatment, we performed an enrichment analysis on EMT regulators to
evaluate whether Manz A also altered the EMT at gene expression levels. We divided the EMT-related
genes according to their function into two portions, the activating and inactivating genes. By applying
GSEA, we revealed that genes involved in EMT inactivation was significantly enriched in Manz A
treated condition (Figure 5A, FDR = 0.02) and genes for activating EMT was unchanged (FDR = 0.84).
We subsequently compared the mean expression of genes involved in EMT regulation and found that
genes inactivating EMT were significantly higher than those activating EMT (Figure 5B), implying
that Manz A inhibited the EMT process through gene expression regulation and might cause the cells
to lose their migratory ability. Additionally, we compared the expression of EMT regulating genes
in clinical subjects. The genes inactivating EMT were enriched in healthy controls (Figure 5C) and
in lower expression than genes activating EMT in CRC patients (Figure 5D), suggesting that CRC
patients who exhibiting lower expression in EMT inactivating genes are potent responders to Manz A
treatment due to the effect that Manz A activates these genes.
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Figure 5. EMT was inactivated in Manz A treated HCT116 cells and normal colorectal tissues.
Genes involved in EMT inactivation and activation were collected as two gene sets for GSEA to
test the gene expression pattern between (A) MA-treated and DMSO-treated HCT116 cells or (C) the
pattern between CRC and healthy control clinical tissues. Relative gene expression was ranked in
descending order and colored from red to blue in response to MA (A) or occurrence of disease (C).
Green line indicates the profile of running ES score and black lines represent the positions of gene set
members on the rank ordered list according to their relative levels in Manz A (MA) compared to DMSO
vehicle control (CTL) or CRC tumors (CRC) compared to biopsies from healthy controls (Normal).
Relative expression levels of genes involved in EMT inactivation and activation were compared in
(B) MA-treated HCT116 and (D) clinical tissues. Data is shown in mean expression of Z-transformed
expression level. * p < 0.05.
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2.6. Manz A Suppresses EMT Markers and Migration of Colorectal Carcinoma Cells

Loss of epithelial cadherin (E-cadherin) is considered to be a critical molecular feature
of EMT. E-cadherin acts as a tumor suppressor which inhibits invasion and metastasis.
Several signaling pathways including TGFβ, PI3K/AKT, and WNT signaling promote EMT by
inhibiting glycogen synthase kinase-3β (GSK3β) to stabilize β-catenin, which translocates to the
nucleus to regulate the transcription factors and promote a gene expression profile that favors
EMT [23]. Therefore, we assessed the effects of Manz A on cell migration and EMT makers in
HCT116 cells. We found that Manz A significantly reduced the migratory ability (Figure 6A).
Subsequently, we revealed that Manz A increased E-cadherin expression and inhibited the nuclear
translocation of β-catenin (Figure 6B). Moreover, Manz A induced the protein expression of several
epithelial markers including E-cadherin and Zona occludens-1 (ZO-1) and reduced that of β-catenin,
tight junction protein claudin-1, and EMT transcriptional regulators Snail, Slug, and Twist1/2
(Figure 6C). Simultaneously, CDH1 (encoding E-cadherin), SNAI1, TWIST1, and CTNNB1 (encoding
β-catenin) were consistently regulated at the mRNA levels (Figure 6D). Collectively, these results
demonstrate that Manz A reverses EMT and drives an epithelial-like phenotype, thereby suppressing
the migration of colorectal carcinoma cells.
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Figure 6. Manz A reversed epithelial-mesenchymal transition (EMT) and decreased cell mobility in
HCT116 cells. (A) Transwell assay of HCT116 cells. Cells were pre-treated with 5 μM Manz A or
DMSO for 24 h before seeded onto 24-well transwells. Migrated cell were stained and counted after
8 h; (B) Immunofluorescence of stained E-cadherin and β-catenin in HCT116 cells were monitored
in the presence or absence of Manz A. Bars indicate 40 μm (C) Western blot analyses of the EMT
regulator levels in response to Manz A treatment in HCT116 cells. ACTIN was used as an internal
control. Relative expression level of each protein was densitometrically estimated and normalized
to that of ACTIN under the same treatment; (D) Relative mRNA expression of EMT-related genes in
HCT116 cells in response to Manz A treatment. The mRNA level of GAPDH was used as an internal
control. ** p < 0.01, *** p < 0.001.
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3. Discussion

Manz A was reported to exhibit anticancer activities in pancreatic cancer cells [13,20,21], yet the
role of Manz A in CRC remains poorly understood. Consistent with prior studies, we demonstrated
that Manz A significantly inhibited the proliferation of colorectal carcinoma cells (Figure 1).
To comprehensively understand the molecular mechanism induced by Manz A, we obtained gene
expression profile using microarray analysis and implemented a series of bioinformatics analyses.
Using functional enrichment analysis on the transcriptome data, we revealed that Manz A caused
downregulation in several fundamental pathways including cell cycle, DNA repair, and mRNA
metabolism, and triggered apoptosis to inhibit the cell survival of CRC cells (Figure 2). Manz A caused
cell cycle arrest and apoptosis was subsequently confirmed (Figures 3 and 4). Based on the results
from GSEA, we found that genes involved in EMT inactivation was significantly enriched in Manz A
treated condition, explaining the epithelial-like phenotype we observed in cells treated with Manz
A (Figure 5). We further validated the results by assessing the expression of EMT markers at both
transcriptional and translational levels and showed the evidence of EMT reversal at molecular level
which lead to diminishment of cell migration (Figure 6).

In mammalian cells, G1–S transcription depends on the transcription factor E2F family and
their heterodimerization partner proteins during cell cycle process. Dysregulation of E2F function
is frequently observed in cancer. In addition to E2F proteins, phosphorylation of their pocket
proteins such as RB by cyclin D–CDK4/6 induces the transcription of G1–S target genes, such as
the gene encoding cyclin E. Then cyclin E–CDK2 phosphorylates their pocket proteins, thus generating
a positive feed ward loop to ensure the progression of cell cycle [24,25]. In the present study,
we performed transcriptional activity analysis and found that E2F was downregulated by Manz
A treatment (Figure S2). We further verified that Manz A induced cell cycle arrest at G0/G1 phase
and downregulated the expression of CDK2, CDK4 and cyclin D1 through p53/p21 and p27 pathway
(Figure 3).

Here, we also found that CREB, ATF and AP-1 were enriched in transcriptional activity analysis
under Manz A treatment (Figure S2). AP-1 transcription factor can exert both oncogenic and
tumor suppressive effects by regulating genes involved in cell proliferation, apoptosis, angiogenesis,
and tumor invasion. Forming a dimeric complex, AP-1 interacts with JUN, FOS, ATF, or MAF
(musculoaponeurotic fibrosarcoma) protein families. JUNB and JUND can repress crucial regulators
of cell-cycle progression including gene encoding cyclin D1 [26]. Accumulating evidence indicates
that increased AP-1 activity leads to apoptosis. c-Jun and c-Fos regulate the gene encoding Fas ligand,
which triggers apoptosis [27], suggesting that Manz A not only activate mitochondria-mediated
apoptosis (Figure 4) but also trigger an extrinsic apoptotic pathway through TRAIL activation as
previously reported [20]. Inactivation of JunB in myeloid cells leads to reduced apoptosis with increased
expression of the anti-apoptotic Bcl2 and Bcl-xl genes [28]. The activating transcription factor/cyclic
AMP response element binding (ATF/CREB) family is involved in various cellular processes including
cell stress responses, cell survival, and cell growth in cancer. Similar to AP-1, the ATF/CREB family
also play roles as both a tumor suppressor and oncogene. ATF3, an adaptive-response gene, exhibits
tumor suppressor function in the development of human colorectal cancer [29]. ATF3 can enhance the
activation of p53 [30] and down-regulate cyclin D1 [31]. ATF3/CREB activation induces apoptosis in
HCT116 human colorectal cancer cells [32,33]. Collectively, our results indicate that Manz A might
induce apoptosis by upregulating transcriptional activities of AP-1 and ATF (Figure 2, Figure 4 and
Figure S2). Nevertheless, the precise role of Manz-A-upregulated ATF and CREB in human colorectal
cancer needs to be investigated further in the future.

In CRC patients, metastases are the main cause of cancer-related mortality. Approximately half of
CRC patients will develop liver or lung metastasis during disease progression [34–36]. By comparing
the expression pattern of EMT regulators in CRC patients and healthy controls, we revealed that
inactivation of EMT in healthy control subjects is significantly enriched and might be critical to
prevent the disease occurrence (Figure 5C,D). EMT has been considered to be a fundamental event
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in cancer metastasis. We showed that Manz A markedly induced E-cadherin expression with
surface-surrounding localization, decreased EMT transcriptional regulators such as Snail, Slug,
and Twist1/2, and prevented the nuclear translocation of β-catenin. Furthermore, a decreased
expression of Claudin-1 was observed. The claudins are a family of integral membrane proteins forming
the tight junction to maintain the barrier function that exists between epithelial cells. Claudin-1 is
one of the most dysregulated claudins in human cancers and functions as a cancer promoter and
tumor suppressor depending on cancer type [37]. Claudin-1 has been reported to overexpress in
colon cancer, in particular in metastatic cells with mislocalization from the cell membrane to the cell
nucleus and cytoplasm, and regulate cellular transformation and metastasis in xenograft tumor model
through its effects on E-cadherin and β-catenin/Tcf signaling [38]. As a result, we hypothesized that
Manz A might disrupted the EMT upstream signaling through preventing nuclear localization of
β-catenin to diminish the activity of EMT transcription factors and reestablish the tight junction and
adherent junction between epithelial cells. Based on the effects on activation of genes inactivating
EMT, we assumed that CRC patients with tumors appearing in poor histological differentiation are
potentially benefit from Manz A treatment. Tumors with dedifferentiated phenotypes are known to
have the acquired capability for metastasis through the induction of epithelial–mesenchymal transition
(EMT) [39]. Our results suggest that Manz A could be expected to have a potential role in a personalized
selectivity in CRC treatment, for patients experienced recurrence and distal metastasis.

4. Materials and Methods

4.1. Reagents and Chemicals

Manzamine A (Manz A), with a purity of more than 98%, was obtained from Enzo Life Sciences
(Farmingdale, NY, USA). The stock solution of Manz A was prepared at a concentration of 10 mM in
dimethyl sulfoxide (DMSO, Sigma-Aldrich, St. Louis, MO, USA) and stored at −20 ◦C. Manz A was
diluted in culture medium to obtain the desired concentration. DNase-free RNase A, propidium iodide
(PI), and Triton X-100 were purchased from Sigma-Aldrich. Annexin V: FITC Apoptosis Detection Kit I
was purchased from BD Biosciences (San Diego, CA, USA). 0.05% trypsin-EDTA (1X) were purchased
from Caisson Labs (Smithfield, UT, USA). Trypan blue, M-PER™ Mammalian Protein Extraction
Reagent, Halt™ Protease and Phosphatase Inhibitor Cocktail, and Electrochemiluminescence (ECL)
HRP substrate were purchased from Thermo Fisher Scientific (Boston, MA, USA). CellTiter 96®

AQueous One Solution Cell Proliferation (MTS) assay was purchased from Promega (Madison, WI,
USA). Bicinchoninic acid (BCA) assay kit was purchased from T-Pro Biotechnology (New Taipei
County, Taiwan). Antibodies against E-cadherin, β-catenin, Snail, Slug, Claudin-1, and ZO-1 were
purchased from Cell Signaling Technology (Beverley, MA, USA). Antibodies against Cyclin D1, p21cip1,
p27kip1, and Twist1/2 were purchased from GeneTex (Irvine, CA, USA). Antibodies against p53 and
ACTIN were purchased from EMD Millipore (Billerica, MA, USA). Antibodies against CDK2 and
CDK4, and the goat anti-rabbit/mouse antibody IgG were purchased from Abcam (Cambridge, UK).
TRI Reagent was purchased from Invitrogen (Carlsbad, CA, USA). TURBO DNA-free™ Kit was
purchased from Ambion (Austin, TX, USA). Low Input Quick-Amp Labeling kit and CyDye Cy3 were
purchased from Agilent Technologies (Santa Clara, CA, USA).

4.2. Cell Culture

Human colorectal carcinoma cell lines HCT116, HT-29, and DLD-1 were obtained from the
American Type Culture Collection (ATCC, Manassas, VA, USA). All cell lines were cultured in RPMI
1640 supplemented with 10% fetal bovine serum in a humidified atmosphere containing 95% air and
5% CO2 at 37 ◦C.
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4.3. Cell Proliferation Analysis and Colony Formation Assay

The effects of Manz A on cell proliferation were assessed by using the MTS assay (CellTiter
96 Aqueous One Solution cell proliferation assay; Promega, Madison, WI, USA). Briefly, HCT116,
DLD-1, and HT-29 cells were seeded onto 96-well plates at a density of 7000 cells/well with 100 μL of
complete medium/well for 24 h prior to Manz A treatment. MTS reagent was added to each well at
the indicated incubation times and incubated at 37 ◦C for 90 min in the dark. The spectrophotometric
absorbance of colored formazan dye generated by viable cells was measured on an Epoch Microplate
Spectrophotometer (BioTek, Winooski, VT, USA) at 490 nm. The relative cell viability is defined as the
ratio of the absorbance at 490 nm of Manz A treated cells to that of DMSO treated ones. All assays
were performed in at least three independent experiments.

To evaluate the long-term inhibitory effects of Manz A on cell proliferation, a colony formation assay
was performed as described previously [40] with modifications. HCT116 cells were seeded onto 6-well
plates at a density of 2.5 × 105 cells/well. After attachment, cells were treated with 5 μM Manz A for 24 h.
The cells were then detached, reseeded onto 6-well plates at a density of 1000 cells/well, and cultured with
drug-free medium. Cells were cultured for 7 days to allow the colonies to form. Culture medium was
changed every two days to ensure the supplement of nutrients. Formed colonies were fixed in methanol,
stained with 1:10 Giemsa stain (Sigma-Aldrich), photographed under a microscope and counted.

4.4. Microarray Analysis

Total RNA was isolated using the TRI Reagent according to the manufacturer’s instructions and
treated with the TURBO DNA-free™ Kit to remove genomic DNA contamination. 0.2 μg of total RNA was
amplified by a Low Input Quick-Amp Labeling kit and labeled with Cy3 during the in vitro transcription
process. 0.6 μg of Cy3-labled cRNA was fragmented to an average size of about 50–100 nucleotides by
incubation with fragmentation buffer at 60 ◦C for 30 mins. Correspondingly fragmented labeled cRNA is
then pooled and hybridized to Agilent SurePrint G3 Human GE 8 × 60 K Microarray (Agilent Technologies)
at 65 ◦C for 17 h. After washing and drying by nitrogen gun blowing, microarrays are scanned with an
Agilent microarray scanner (Agilent Technologies) at 535 nm for Cy3. Scanned images are analyzed by an
image analysis and normalization software Feature extraction 10.5.1.1 software (Agilent Technologies) to
quantify signal and background intensity for each feature.

4.5. Functional Enrichment Analysis and Data Visualization

To interpret the results from the microarray analysis, we applied functional enrichment analysis in
two ways, over-representation analysis (ORA) and functional class sorting (FCS). For ORA, significantly
regulated genes (p < 0.05) with more than 2-fold changes were functionally enriched using DAVID
(https://david.ncifcrf.gov) [41]. Data from Reactome pathway database [42] was used for interpreting
the involved pathways. In parallel, we utilized gene set enrichment analysis (GSEA, http://software.
broadinstitute.org/gsea/index.jsp) [43] for FCS according to online documentation. In brief, raw signal data
from microarray was used as the input expression file. The genes were ranked according to the expression
difference between MA-treated and DMSO control cells using the signal to noise parameter. 615 gene
lists from C3 (TFT: transcription factor targets) in MSigDB was assign as the gene set. A non-parametric
running sum statistic termed the enrichment score (ES) was measured to obtain the association between
gene set and expression ranking. Permutation testing was applied to assess the statistical significance of
the maximum ES, which is calculated as the fraction of the 1000 random permutations on the gene
set. The unadjusted nominal p value estimates the statistical significance of a gene set and the false
discovery rate (FDR) statistic adjusting for gene set size and multiple hypothesis testing were reported.
A FDR of 0.25 was selected as a threshold as recommended. To visualize the functional enrichment
results, a Cytoscape [44] plugin Enrichment Map [45] was applied using default setting of p-value
cutoff = 0.005, FDR cutoff = 0.1, and overlap coefficient = 0.5. For tissue expression data (GSE9348 [46]),
the genes were ranked according to the expression difference between CRC patients and healthy
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controls and the enrichment analysis in EMT genes were analyzed by GSEA with the same parameters
for Manz A dataset.

4.6. Flow Cytometry Analysis

HCT116 cells were seeded onto 6-well plates at a density of 2.5 × 105/well for 24 h and treated
with 5 μM Manz A for 24 h. Cells were then washed with PBS and harvested with trypsin-EDTA
solution. For the cell cycle analysis, cells were fixed with 70% ethanol at −20 ◦C overnight, washed
with ice-cold PBS, incubated with 0.1 mg/mL DNAse-free RNAse A, and stained with 50 mg/mL PI.
DNA content of PI-stained single-cell suspensions was acquired with a FACSCalibur flow cytometer
equipped with CellQuest software (BD Biosciences, San Jose, CA, USA). For the apoptosis assay,
Annexin V: FITC Apoptosis Detection Kit I was used. The cells were suspended with 100 μL of
binding buffer (10 mM HEPES/NaOH, 140 mM NaCl, 2.5 mM CaCl2, pH 7.4) and stained with 2 μL of
FITC-conjugated Annexin V and 2 μL of PI (50 μg/mL) for 15 mins at room temperature in the dark
and analyzed with a FACSCalibur flow cytometer equipped with CellQuest software (BD Biosciences).

For flow cytometric detection of mitochondrial membrane potential (MMP, Δψm), cells were
washed with PBS once and incubated with 2 μM JC-1 in 5% CO2 incubator at 37 ◦C for 30 min after
being treated with 5 μM Manz A for 24 h. Then the stained cells were harvested with trypsin-EDTA
solution into plastic tubes fitted with the flow cytometer and centrifuged at 1200 rpm for 5 min to
remove the dye and resuspended with PBS buffer. The MMP of Manz A treated cells was quantified
by FACSCalibur flow cytometer equipped with CellQuest software (BD Biosciences) using 488 nm
excitation. Cells with red JC-1 aggregates and apoptotic cells with collapsed mitochondria containing
green JC-1 monomers were detected in FL2 and FL1 channels, respectively.

4.7. Caspases 3/7 Activities Assay

Detection of caspases 3 and 7 activation was performed by using the CellEvent™ Caspase
3/7 Green Detection Reagent which is a four-amino acid peptide (DEVD) conjugated to a nucleic
acid-binding dye. Upon the activation of caspase-3/7 in apoptotic cells, the DEVD peptide is cleaved
and the dye is released from the peptide to bind DNA and generate a bright green fluorescence in
nucleus. 105 HCT116 cells were seeded onto 12-well plates for 24 h. After attachment, cells were
treated with DMSO control or 5 μM Manz A for 24 h and then washed with PBS once. CellEvent™
Caspase 3/7 Green Detection Reagent was added to the wells at the final concentration of 5 μM.
After incubation for 30 min at 37 ◦C in the dark, cells were then imaged by a EVOS® FL Auto Cell
Imaging System (Thermo Fisher Scientific) with a FITC filter.

4.8. Transwell Migration Assay

Migratory capacity of colorectal carcinoma cells was assayed using modified Boyden chamber assay
with transwell consisting of a polycarbonate membrane at the bottom with 8 μm pore (Corning Inc.,
Acton, MA, USA). HCT116 cells were seeded overnight and treated with DMSO control or 5 μM Manz
A for 24 h. Cells were then washed and harvested. The cells suspension was diluted to an optimal
density and loaded into the transwell placed in wells of 24-well plates without touching the membrane
or introducing air bubbles. The lower chamber contained Manz A-free RPMI medium supplied by 10%
FBS as a chemoattractant. Following incubation for 8 h, cells in the upper chamber were scraped off and
the membranes were fixed in methanol for 20 min. Migrated cells remaining on the bottom surface of the
membrane were counted after stained with 0.1% crystal violet (Sigma-Aldrich) for 10 min.

4.9. Western Blot Analysis

HCT116 cells treated with DMSO or 5 μM Manz A for 24 h were lysed for 30 min in ice-cold
lysis buffer containing protease and phosphatase inhibitor cocktail. The protein concentration was
determined by Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Scientific). Thirty μg
protein was subjected to SDS-PAGE, resolved on a 7.5–15% polyacrylamide gel, and transferred
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onto a polyvinylidene difluoride (PVDF) membrane. The membrane was then blocked in 5% bovine
serum albumin (BSA) for 1 h and incubated with the appropriate primary antibody overnight at
4 ◦C. After three washes with Tris-buffered saline containing 0.05% Tween-20 (TBST), the membrane
was incubated with secondary anti-rabbit or anti-mouse IgG antibodies (1:15,000) for 1 h at room
temperature. The immunoreaction was visualized using the ECL HRP substrate and detected using
a Luminescent Image Analyzer Amersham Imager 600 (GE Healthcare Life Sciences, MA, USA).
The band intensity was quantified using ImageJ software.

4.10. RNA Isolation, Reverse Transcription and Quantitative Real-Time PCR (qPCR) Analysis

Total RNA from DMSO- or Manz-A-treated HCT116 cells was extracted using TRIzol™ Reagent
(Invitrogen) followed by purification with Direct-zol RNA MiniPrep (Thermo Scientific). cDNA was
reverse transcribed from 2 μg total RNA using RevertAid RT Reverse Transcription Kit (Thermo
Scientific). mRNA level of genes of interests was measured with gene-specific primers and Power
SYBR Green Master Mix (Thermo Fisher Scientific). In brief, 1 ng of cDNA was added to the mix
containing appropriate primer sets (400 nM) and SYBR green in a 10 μL reaction volume. All samples
were analyzed in triplicate. Real-time PCR analyses were performed with a Applied Biosystems
StepOnePlus™ Real-Time PCR System (Thermo Fisher Scientific). Amplification of all genes was
performed under the following cycling conditions: denaturation at 95 ◦C for 10 mins followed by
40 cycles for 15 s at 95 ◦C and 30 s at 60 ◦C. Synthesis of DNA product of the expected size was
confirmed by melting curve analysis and DNA electrophoresis. Relative quantification was done by
ΔΔCt method as fold change normalized to internal control GAPDH and vehicle control. Primers used
for qPCR analysis are listed in Table 1.

Table 1. Sequences of qPCR primers.

Gene Forward (5′ to 3′) Reverse (5′ to 3′)
VIM AGTCCACTGAGTACCGGAGAC CATTTCACGCATCTGGCGTTC

CDH1 ATTTTTCCCTCGACACCCGAT TCCCAGGCGTAGACCAAGA
CTNNB1 GTCTGAGGACAAGCCACAAGA TCCCTGGGCACCAATATCAAG

FN1 GGCCAGTCCTACAACCAGTAT TCGGGAATCTTCTCTGTCAGC
TWIST1 GCTGAGCAAGATTCAGACCCT TCCATCCTCCAGACCGAGAA
SNAI1 AAGGGACTGTGAGTAATGGCTG TAGTTCTGGGAGACACATCGGT
ZEB1 CAGCTTGATACCTGTGAATGGG TATCTGTGGTCGTGTGGGACT

4.11. Immunocytochemistry

HCT116 cells were cultured on sterile glass coverslips and treated with 5 μM of Manz A for 24 h.
Cells were fixed with 4% paraformaldehyde at room temperature for 15 min followed by permeablized
with 0.025% Triton X-100/PBS for 10 min. Cells were then blocked in blocking solution consisting of
5% (w/v) BSA in TBST at room temperature for 1 h and incubated with primary antibodies overnight
at 4 ◦C. After being washed three times with PBS containing 0.1% Tween-20 (PBST), cells were further
incubated with secondary antibodies (Alexa Fluor® 488 dye, LifeTechnologies, Gaithersburg, MD, USA)
for 1 h at room temperature in the dark. After three times of PBST washes, cells were mounted with
ProLong® Gold Antifade Mountant with 4′,6-diamidino-2-phenylindole (DAPI). Fluorescent images
were taken using an EVOS® microscope (Thermo Fisher Scientific).

4.12. Statistical Analysis

The data was shown as the means ± standard deviations (SD). A two-tailed Student’s t-test was
used to determine the significance of differences between DMSO control- and Manz-A-treated groups.
Statistical significance was reached when the p-value less than 0.05. Experiments were repeated
independently at least three times (n = 3).
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5. Conclusions

In summary, we demonstrated that Manz A exhibits an antiproliferative effect on human
colorectal carcinoma cells and displays broad effects on gene expression to downregulate fundamental
maintenances of cell survival and induce apoptotic cell death and EMT inactivation. We validated
that Manz A causes cell cycle arrest at G0/G1 phase through the activation of p53, p21,
and p27 CKIs and triggers caspase-dependent apoptosis via mitochondrial membrane potential
depletion. Specifically, we found that the EMT and migratory ability are inhibited, suggesting Manz A
can serve as a potential anticancer drug for CRC patients baring tumors undergoing EMT process and
developing distal metastasis.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/8/252/s1,
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Abstract: The discovery of marine-derived compounds for the treatment of cancer has seen a vast
increase over the last few decades. Bioanalytical assays are pivotal for the quantification of drug
levels in various matrices to construct pharmacokinetic profiles and to link drug concentrations to
clinical outcomes. This review outlines the different analytical methods that have been described for
marine-derived drugs in cancer treatment hitherto. It focuses on the major parts of the bioanalytical
technology, including sample type, sample pre-treatment, separation, detection, and quantification.

Keywords: marine-derived drugs; cancer; bioanalysis; chromatography

1. Introduction

For years, researchers have roamed the seas and oceans in search of organisms possessing
chemicals that could exhibit therapeutic effects. These include a wide variety of creatures, such as
tunicates, mollusks, sponges, bacteria, seaweeds, chordates, mangroves, sea hares, and sharks [1–3].
Therapeutic indications include cancer, Alzheimer’s disease, thrombosis, hypertension, psoriasis,
asthma, and pain [4–7]. Ruiz-Torres et al. (2017) have outlined the increase in manuscripts published
about marine-derived compounds, and more specifically, the substantial increase in these compounds
studied for cancer treatment over the last several years, with about 125 publications in 2016 [8].
This nicely demonstrates the increasing information and insights researchers have gathered with
regards to marine-derived anticancer drugs.

Sea-based organisms have obtained the ability to produce chemicals, of which some might be
cytotoxic, because they have learned to live under relatively bitter and hostile conditions in the marine
environment. Biological evolution has therefore enabled them to acquire and to select these chemicals
to survive [1] and to compensate for their lack of physical protection [9]. The extreme conditions involve
high salt, high pressure, lack of oxygen and light, and extremely high or low temperatures [7,10].
Furthermore, these organisms suffer fierce survival competition, and the chemicals, or secondary
metabolites, help marine organisms to survive, reproduce, and resist predators [7,10]. The therapeutic
agents derived from these chemicals can be unaltered natural products, chemically altered derivatives,
or their structure might have been inspired by natural marine products [11].

Unfortunately, the supply of organisms is not endless, and ecological constraints are often limiting
research in this field. The challenges with regard to the limited availability of the compounds in
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nature are demonstrated by the narrative of trabectedin. Despite early proof that trabectedin seemed
to be effective in cancer treatment, development delays were encountered due to its low natural
abundance, and efforts had to be made to produce sufficient amounts on a large scale [9]. In fact,
this limitation of the scaleup process has oftentimes been the reason for the discontinuation of clinical
development [12]. Drug development is in itself a long journey but even more so if having to deal with
ecological considerations when accessing the marine source of the compounds.

Many marine-derived compounds have complex molecular structures and therefore different
challenges arise. Their structural elucidation and chemical synthesis might be difficult, and the complex
molecules may include many potential bioactive moieties, which make it difficult to identify a single
mechanism of action [13,14].

Despite these challenges, the discovery of new cancer treatments originating from marine-derived
animals or plants is very much in the spotlight today. From the numerous discoveries of the new
chemical entities done so far, some compounds have progressed into clinical trials. Clinical trials
investigating safety and toxicity also require the characterization of the pharmacokinetic profile of these
potential therapeutics. In order to accurately describe the pharmacokinetic profiles in biological fluids,
such as plasma, whole blood, serum, and urine, (validated) bioanalytical methods are indispensable.

The first marine-derived compound approved by the United States (US) Food and Drug
Administration (FDA) was cytarabine (Cytosar U®) in 1969, followed by trabectedin (Yondelis®),
eribulin mesylate (Halaven®), brentuximab vedotin (Adcetris®), and midostaurin (Rydapt®) in the
years 2007, 2010, 2011, 2013, and 2017, respectively.

Most marine-derived compounds possess a few defining characteristics. First of all, often very low
doses are given to patients, and they are administered almost exclusively via intravenous infusion (i.v.).
The compounds are typically large molecules (400–1700 Da), especially the depsipeptides, and they are
often hydrophobic. These attributes make them fascinating compounds in terms of pharmacokinetics
but also from a bioanalytical point of view. For instance, the hydrophobic drugs tend to distribute
massively into peripheral tissues, which is demonstrated by high volumes of distribution. This means
that plasma levels can be rather low at all times and that bioanalytical methods to quantify the drug in
the plasma thus need to be highly sensitive.

Focus of This Review

The demands for sensitive and specific analytical technologies for the determination and
quantification of cytotoxic drugs in biological matrices are high. These methods provide the means to
construct pharmacokinetic profiles, to determine drug exposure during treatment, and to evaluate if
target concentrations are reached. Moreover, they can be used to quantify drugs and their metabolites
in excreta to investigate excretion profiles and metabolism. This information is pivotal in drug
development and clinical application but also required by regulatory agencies, such as the FDA and
the European Medicines Agency (EMA). This review outlines the available methods for analyses of
marine-derived anticancer agents in biological matrices. Furthermore, information concerning the
sensitivity capabilities of each method is provided. This review provides a comprehensive list of
analyses of marine-derived compounds in various biological matrices published over the last few
decades, which could potentially also serve as a guide for newly discovered or synthesized drugs from
marine origin.

2. Marine-Derived Anticancer Drugs

A huge number of marine-derived compounds are described in over 700 pages in the book
titled “Handbook of Anticancer Drugs from Marine Origin” (2015), which far exceeds the practicality
of this review. Instead, successful anticancer compounds, those that have progressed into clinical
development, described in three relatively recent reviews by Mudit and El Sayed (2016), Newman and
Cragg (2016), and Palanisamy et al. (2017) were used as basis of this review and cover the relevant
anticancer compounds of current interest [2,15,16].
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Bioanalysis refers to the analysis of compounds, particularly drugs, in biological matrices and
encompasses therefore a large range of applications. Manuscripts were included in this review if they
described some type of chromatography for bioanalysis, because this is the most widely applied and
available method for drug analysis. Also, compounds that have progressed into clinical trials but failed
were included in our literature search, because knowledge about the analysis of these agents might
be valuable, especially as it is not uncommon to chemically synthesize derivatives of the potentially
failed drugs. Manuscripts published before 1990 were excluded from the review. Publications were
also excluded if the method described was not applied to biological samples.

Cytarabine, although being the first identified anticancer drug of marine origin, is excluded
from the review. Cytarabine is a nucleoside analogue that is structurally very different but also
much simpler than the other marine-derived agents. The bioanalysis of this group of compounds
has been extensively reviewed elsewhere [17]. Moreover, the antibody-drug conjugates (ADCs)
with payloads (monomethyl auristatin E [MMAE]) derived from the marine-derived cytotoxic agent
auristatin were excluded as well, because bioanalysis of this class of drugs is a subject of its own. Drugs
belonging to this group are ASG-15ME, ASG-67E, brentuximab vedotin, depatuxizumab mafodotin,
denintuzumab mafodotin, enfortumab vedotin, glembatumumab vedotin, GSK2857916, indusatumab
vedotin, ladiratuzumab vedotin, lifastuzumab vedotin, pinatuzumab vedotin, polatuzumab vedotin,
tisotumab vedotin, and vandortuzumab vedotin.

Within the PubMed database, keyword searches for ‘drug name AND bioanalysis’, ‘drug name
AND quantification’, ‘drug name AND assay’, and ‘drug name AND determination’, where ‘drug
name’ included all synonyms, both generic and brand name, were applied. The careful analysis of
titles and abstracts led to a selection of manuscripts describing chromatographic bioanalytical methods
to determine marine-derived anticancer drug concentrations in biological matrices.

3. Bioanalysis of Marine-Derived Anticancer Drugs

3.1. Drugs

In total, 35 marine-derived anticancer drugs are included in the three aforementioned
reviews [2,15,16]. Table 1 lists the marine-derived drugs approved for cancer treatment or still under
investigation in clinical trials. It includes 20 compounds, of which 5 are approved, 6 are still being
investigated in phase I clinical trials at escalating doses, 6 are currently in phase II clinical trials, and 3
have entered phase III clinical trials. Some drugs mentioned in the reviews by Mudit and El Sayed [2],
Newman and Cragg [15], and Palanisamy et al. [16] have been discontinued from clinical trials or
no active clinical trials can be found in the ClinicalTrials.gov database. These compounds can be
found in Table 2, and the corresponding bioanalytical methods were still included in the present
review whenever available. Seven of these drugs are natural products (didemnin B, marizomib,
plitidepsin, PM060184, pipecolidepsin A, stellatolide A, and trabectedin); all others are derivatives or
analogues thereof.
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Of those that are still under investigation or approved for cancer treatment, all but one are
administered via i.v. Midostaurin, approved for acute myeloid leukemia in May 2017, is an oral
drug given at a dose of 50 mg twice daily, the highest dosage compared to the other selected
compounds in Table 1. This could be related to limited oral bioavailability, but unfortunately this
remains unknown [30]. Plinabulin is given at 30 mg/m2, and all other drugs are administered
at dosages between 0.5–5 mg/m2. Most compounds distribute widely to peripheral tissues, with
volumes of distribution at steady state (Vss) ranging from approximately 18–5000 L [19,24,30,34,46–58].
UCN-01 and CEP-2536 are the exceptions, with lower Vss ranging from 4 to 14.3 L and 0.35 to 44 L,
respectively [59–61].

Table 3 includes all manuscripts covering bioanalytical methods developed to quantify
marine-derived anticancer therapeutics in biological matrices. In total, 23 manuscripts describing
bioanalysis were included. Compounds that were included in the above three reviews but for which no
bioanalytical methods were found include becatecarin, CEP-2563, didemnin B, edotecarin, enzastaurin,
lestaurtinib, marizomib, pipecolidepsin A, stellatolide A, plinabulin, and PM060184.
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The compounds included in the present review can be grouped together according to their chemical
structures. Eribulin belongs to the macrolides [15] (Figure 1), marizomib is a salinosporamide [85]
(Figure 2), plinabulin is a piperazine derivative [86] (Figure 3), and PM060184 is a polyketide [15]
(Figure 4). The isoquinoline alkaloids include zalypsis, trabectedin, and its structural analogue
lurbinectedin [15] (Figure 5). The largest groups are the depsipeptides (didemnin B, elisidepsin,
pipecolidepsin A, plitidepsin, and stellatolide A) [15] (Figure 6) and the indolocarbazoles (CEP-2563,
enzastaurin, lestaurtinib, midostaurin and UCN-01), all derivatives of staurosporine [87,88], (Figure 7)
and becatecarin and edotecarin, derivatives of rebeccamycin [89] (Figure 8).
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Figure 1. Chemical structure of the macrolide eribulin [64].
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Figure 2. Chemical structure of marizomib, a salinosporamide [39].
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Figure 3. Chemical structure of the piperazine derivative plinabulin [86].
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Figure 4. Chemical structure of PM060184, a polyketide [39].
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Figure 6. Chemical structures of the depsipeptides didemnin B, elisidepsin [15], pipecolidepsin A [13],
plitidepsin [75], and stellatolide A [15].
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Figure 8. Chemical structures of the rebeccamycin derivatives becatecarin and edotecarin [92].

The chromatographic bioanalytical methods can be divided in different steps (Figure 9), starting
with the collection of a biological sample. Next, the drug, or analyte, needs to be extracted from
the biological matrix, and the sample is cleaned up to such an extent that all other (endogenous)
compounds extracted from the sample do not interfere with analysis. Thereafter, the sample is injected
onto a chromatographic system, and the mobile phase together with the stationary phase enable the
separation of the analyte of interest from the other components in the sample. Finally, the analyte is
detected by a detector. Derivatization might be necessary prior to sample cleanup if an ultraviolet
(UV) detector or a fluorescence detector (FLD) is used. The next paragraphs describe these individual
steps of the drug analysis.
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Figure 9. General set up of drug analysis.

3.2. Matrices

3.2.1. Plasma and Serum

Most bioanalytical assays have been developed for the plasma and serum matrix. Of the 23
manuscripts included, 21 cover concentration determinations in plasma or serum. Generally, this is
done to assess plasma pharmacokinetic characteristics and to link this to clinical outcomes (antitumor
efficacy and/or toxicities). Ideally, quantification of the drug is done at its site of action, but this is
(usually) not possible. Instead, blood samples are taken, plasma or serum is obtained by centrifugation,
and the drug concentrations are taken as a substitute for the concentrations at the site of action. It is
relatively simple to draw a blood sample, and although invasive, the burden of multiple venipunctures
can be reduced by placing a peripheral intravenous catheter. This way, a complete pharmacokinetic
profile could technically be constructed with a single vein puncture.

Because the only difference between plasma and serum is the presence of coagulation factors,
the concentrations in plasma and serum are usually regarded as equivalent. Serum samples are,
however, cleaner compared to plasma because of the removal of clotting factors. This could be
beneficial, because coagulants can contaminate the analysis instrumentation (i.e., the analytical
column). The downside is that it takes some time for the blood to coagulate, so sample processing
is relatively more tedious compared to obtaining plasma. On the other hand, a serum sample
is slightly more concentrated than a plasma sample, because the coagulation factors have been
removed from the sample. No bioanalytical methods were found for lestaurtinib and enzastaurin,
but pharmacokinetic studies have been published describing serum pharmacokinetics of these
compounds [93–95], indicating that assays exist but are not in the public domain as far as we know.

3.2.2. Whole Blood

Whole blood samples are less easy to process than plasma samples due to their viscosity and
need to be handled more carefully than other sample types. For instance, to homogenize and thus
distribute compounds evenly, a whole blood sample should only be shaken very gently and not
too vigorously. An advantage of whole blood can be the presence of hemoglobin in the blood,
which might have a stabilizing effect, making the analyte present less prone to photo-oxidation
compared with plasma [96]. However, hemoglobin could also interfere with analysis. Whole blood
analyses are considered when a drug is bound to red blood cells, such as plitidepsin [73–75].
Plitidepsin concentrations in whole blood are approximately fourfold higher than its plasma levels, so
red blood cells are an important distribution compartment in this case [97,98]. Quantifying the drug in
red blood cells, therefore, has added value. A bioanalytical method has been developed to quantify
eribulin mesylate in whole blood as well, but there were no significant differences in the plasma and
whole blood concentrations measured [64,99].

3.2.3. Urine

Drug concentrations are frequently measured in urine to get insight into drug and metabolite
excretory pathways. Urine collection is fairly easy: it is non-invasive, and urine quantities are large.
Drug levels can often be measured for longer periods of time after administration compared with
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blood [100]. It also adds information in terms of pharmacokinetics. By dividing the amount of drug
excreted unchanged by the dose given, the fraction of the amount entering the general circulation that
is excreted unchanged (fe) can be calculated. This provides a quantitative measure of the contribution
of renal excretion to overall drug elimination [101]. The drawbacks of urine analysis, however,
include the large variety in urine composition between patients but also between intervals/timepoints.
Furthermore, in order to obtain complete excretion data, urine collection needs to be complete, and this
is even more challenging in a clinical setting when the patients need to collect samples at home.
Another potential problem with urine analysis is non-selective adsorption of the analyte to the container
wall. Urine is an aqueous fluid, which means that hydrophobic analytes might prefer to adhere to
the container wall than to be in the aqueous solution. This specific type of nonselective adsorption
has been described for plitidepsin only [75], despite the fact that this problem would seem to be more
prevalent due to the hydrophobic nature of most of the compounds discussed here. A reason for this is
that not much urine analysis has been executed in the first place. Eribulin is less hydrophobic than,
for instance, plitidepsin, and for the UCN-01 assay, 0.5% polyoxyethylene (20) sorbitan monolaurate
was added to the tubes to prevent adsorption from taking place. Beumer et al. also briefly mentioned
the prevention of the adsorption of trabectedin to the container wall by adding bovine serum albumin
to the tubes before urine collection [90]. Mostly, urine drug analysis is done to support the monitoring
of renal excretion of the drug in (pre-)clinical studies [70,73,102] and more specifically to support
human mass balance studies, in which excretory pathways are investigated [64,75,98,99,103].

3.2.4. Saliva

It is not uncommon to measure drug concentrations in saliva. It might be preferred over
blood sampling, because it is non-invasive and collection is fairly easy, causing much less stress
and discomfort [104]. Saliva analysis could, in fact, even be used for therapeutic drug monitoring
(TDM); however, if concentrations are linked to plasma concentrations, then the risk for overestimation
owing to preferential partitioning into the saliva is high [105], and sample volumes are usually
small [100]. Moreover, oral contamination might occur and intra- and inter-patient variability in pH
can impact quantification [104]. The only publication included here that quantifies drug levels in saliva
is for UCN-01 analysis. In this case, it was believed that saliva concentrations reflected free plasma
concentrations, and this unbound fraction is responsible for the pharmacological effect [82,100,106].
Thus, the method was developed not only for plasma but for saliva as well. Dees et al. investigated the
relationship between saliva concentrations of UCN-01 and hypotension. Hypotension was the most
severe adverse event that occurred during the clinical trial with the drug [59].

3.2.5. Feces

Quantification of drugs in feces could be considered for bioanalysis as part of a mass balance
study where excretory pathways of a drug and its metabolites are investigated. However, the major
concern is that feces composition varies greatly, and this may have an effect on the sample preparation
recovery [107]. One manuscript included in the review demonstrates drug quantification in feces.
The method was validated to support a human mass balance clinical trial in which the excretion of
eribulin was investigated and hence included quantification in feces [64]. The mass balance study
had shown that the majority of eribulin and eribulin-metabolites was excreted via the feces [99],
meaning that the ability to quantify eribulin mesylate levels reliably had substantial added value.
Potential problems were overcome by diluting the feces in water, in order to obtain samples with
similar compositions [99].

3.2.6. Cells

Occasionally, drug concentrations are measured inside tissues or cells. The obvious advantage here
is that drug concentrations are measured directly in the tumor and that drug distribution in the tumor
can be determined, whereas plasma measurements are usually a surrogate for drug determination at
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the site of action. The drawbacks are that cells need to be isolated, counted and lysed, and tissues need
to be homogenized even before sample pre-treatment. One publication describes the quantification of
a drug in cells. In this case, it determined trabectedin concentrations in the liver cells and tumor cells
originating from xenograft mice to investigate the tissue distribution of trabectedin [80]. The authors
believed that the available data on plasma concentrations did not predict accurately the drug levels
achievable in tumor or tissues, hence the reason for the development of this method.

3.3. Sample Preparation and Recovery

Before analysis, samples are usually pre-treated in order to extract the analyte from the matrix
abundant with endogenous, interfering compounds. Moreover, because marine-derived drugs are
administered at low doses, the analyte most likely needs to be concentrated as well. Sample preparation
can be highly specific to extract one analyte of interest. However, when multi-drug assays are to
be developed, the sample cleanup should not be too specific, otherwise some of the analytes of
interest might be lost. Below is an overview of the sample pre-treatment methods applied to extract
marine-derived drugs from biological samples.

3.3.1. Protein Precipitation

The sample pre-treatment method generally employed most often is protein precipitation (PP).
Plasma and serum especially contain many proteins, which should be removed from the sample
before analysis, because they can interfere with or contaminate analysis, also clogging the analytical
column [108]. Precipitation of proteins is usually done with organic solvents, such as acetonitrile or
methanol (or a mixture of the two), and often contains an acid, such as formic acid (FA) or trichloroacetic
acid (TCA). In the included methods, the recovery of the analyte after PP is consistently high,
with recoveries over 80% [69,78,79,82,83]. Recoveries above 100% have been reported and could occur
for two reasons. First of all, it could be due to ion enhancement in the source of the mass spectrometer
(MS) [64]. Secondly, it could be due to adsorption of the analyte to the equipment/materials in a sample
free of matrix [78].

3.3.2. Liquid–Liquid Extraction

Liquid–liquid extraction (LLE) can occur when two immiscible solvents are used, resulting in
two phases, an organic and an aqueous phase. The separation of the analyte from other (endogenous)
compounds in the sample is based on the different distributions of these compounds in the two phases.
The advantages of LLE include the low cost and easy application. A downside, however, is the fact that
large volumes of organic solvents are often used. LLE is usually performed with ether (diisopropyl
ether, tert-butyl methyl ether, or diethyl ether), ethyl acetate, chloroform, and n-butanol, possibly with
pH modifications, and is therefore suitable for extraction of lipophilic compounds [109]. The next step
is to evaporate the organic phase, because these solvents are not compatible with LC-MS/MS, at least
when large injection volumes are used (this is generally not a problem if only 1 μL is injected onto
the analytical column). This method has been applied for the lipophilic drugs elisidepsin, eribulin,
midostaurin, plitidepsin, and zalypsis. In these cases, the analyte is removed from the aqueous plasma
layer and partitioned into the organic layer. Whenever reported, the sample pre-treatment recovery
was moderate to high (57–115%) with three exceptions: LLE with a mixture of ethyl acetate, methanol,
and ethanol resulted in an extraction recovery of 33–45.3% for eribulin, whereas this was more than
60% for another method published using the same extraction solvent. The authors claim this to be due
to matrix effects [63].

3.3.3. Solid Phase Extraction

Solid phase extraction (SPE) remains a popular cleanup method as well. The advantage is
that it often results in very clean samples, because the SPE columns are very efficient at retaining
endogenous, interfering substances. Despite this major advantage, SPE remains relatively laborious
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and costly, especially compared with PP and LLE. During SPE, the analyte is retained on a sorbent,
after which matrix interferences are removed by a washing step. Then the analyte is eluted from the
SPE column using an elution solvent. This sample pre-treatment method has been applied in four cases
included in this review [71,74,76,77]. C18 cartridges and cyano cartridges were used for plitidepsin
and trabectedin, respectively. Cleanup of samples containing trabectedin using SPE resulted in high
recoveries (>87%) [76,77]. It resulted in lower recoveries for plitidepsin (>55%) [71,74]. However,
it was found to be reproducible.

3.3.4. Supported Liquid Extraction

Supported liquid extraction (SLE) is a relatively new technique but analogous to LLE.
The difference between the two is that the two immiscible solvents are not mixed together, but instead,
they are immobilized on an inert support, and the organic phase is used to extract the analyte from
the SLE column [110]. It has been used only for the sample cleanup of lurbinectedin [65]. Despite its
presumed ability to have thorough cleanup of the samples, getting rid of most endogenous compounds,
extraction recovery was rather low and very variable (data on file). In this case, a stable isotopically
labeled (SIL) internal standard is recommended to ensure that the variable recoveries are sufficiently
corrected for. Though, the signal-to-noise ratio was quite high, with values around 7 for the lower limit
of quantification (LLOQ), meaning that SLE was able to thoroughly clean up these biological samples.

It is well known that phospholipids, proteins that are highly abundant in plasma, cause major
ion suppression effects in mass spectrometric detection and thereby influence analysis [111]. LLE and
the analogous SLE are efficient in extracting analytes from phospholipids, resulting in clean samples.
During SPE, on the other hand, efficient phospholipid removal is not a guarantee. Instead, specific types
of cartridges need to be used in order to separate the analyte from the phospholipids. These include,
for instance, strong cation exchange sorbents or hybrid SPE [111].

3.3.5. Derivatization

Some sample pre-treatment methods involve a derivatization step in order to enable ultraviolet
(UV) detection or fluorescence detection. The obvious drawback is that this extra step makes the
method more laborious and complicated. Two methods have been described to quantify plitidepsin
levels in biological fluids, by first derivatizing plitidepsin using trans-4-hydrazino-2-stilbazole to
enable fluorescence detection [71,74]. With the advent of liquid chromatography coupled with mass
spectrometry detectors, the use of this type of analysis has become less prevalent.

3.4. Analytical Methods

3.4.1. Chromatography

As it was a criterion for inclusion, all methods make use of high performance liquid
chromatography (HPLC). During HPLC analysis, a sample is brought onto an analytical column,
the stationary phase, and eluted from it using a suitable eluent, the mobile phase.

All manuscripts included in this review describe the use of reversed-phase (RP) liquid
chromatography (LC). On RP columns, polar compounds elute before non-polar compounds. The most
widespread used RP columns have regular C18 stationary phases, most notably Polaris C18, μBondapak
RP-18, Hypersil-5 ODS, and the Symmetry C18 columns. A few assays report the use of other types
of RP columns. For plitidepsin analysis, a Zorbax Bonus-RP column has been applied, which has
C14 instead of C18 alkyl chains, with an amide linkage in between [72]. For lurbinectedin, an ACE
pentafluorophenyl (PFP) column has been reported, which has a PFP group attached to the C18 alkyl
chain [65]. RP analytical columns with phenyl chemistries have been utilized for the analysis of
UCN-01 [82,83]. Unfortunately, justification has not always been given for those choices.

Because most compounds included in the review are hydrophobic, they elute from the analytical
column with relatively high concentrations of organic mobile phases. The most widespread mobile
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phases used include water as the aqueous phase and acetonitrile or methanol as the organic phase.
Modifiers include ammonium acetate, ammonium formate, formic acid, triethylamine, tetrahydrofuran,
trifluoroacetic acid, and phosphoric acid. A few authors justify their choice of mobile phase.

For instance, Celli et al. have explained that the use of formic acid as the modifier has the
advantage that the formation of sodium and potassium adducts of plitidepsin are reduced, and higher
MS sensitivity is thereby obtained [70]. Moreover, trifluoroacetic acid could inhibit the ionization of
the analyte and should therefore not be added to the mobile phase. The addition of ammonium acetate
or ammonium formate would produce ammonium adducts and lower the sensitivity [70,73]. However,
our group has reported that ammonium acetate added to the mobile phase could significantly improve
peak shape in the plitidepsin assay [75]. Despite other groups reporting the disadvantage of the
ammonium adduct formation for sensitive MS detection, this was not a problem in the latest assay,
because sensitivity was more than sufficient [75].

Rosing et al. have also experimented with various modifiers in the assays for trabectedin
quantification [77]. They found that ammonium acetate and acetic acid reduced MS electrospray
sensitivities greatly. However, small amounts (5 mM) of ammonium acetate were added, because
buffer capacity was needed to separate trabectedin from its internal standard. On the other hand,
formic acid needed to be added as well, because this greatly improved sensitivity [77].

An isocratic system, where the mobile phase composition does not change throughout the
analytical run, has been reported for midostaurin, plitidepsin, trabectedin, and UCN-01, for instance,
by van Gijn et al. [66] and Illmer et al. [68] for the quantification of midostaurin. The first group
quantified midostaurin and three potential metabolites [66]. When the method was adapted to include
a fourth potential metabolite, isocratic elution seemed to be inappropriate [67]. Although isocratic
elution should in theory lead to enhanced separation of analytes, gradient elution was applied, and it
showed to be successful in separating the parent drug and all four metabolites. Moreover, triethylamine
had a positive effect on the chromatography overall [67]. Kurata et al. stated that the addition of
triethylamine to the isocratic mobile phase reduced peak tailing of UCN-01 [81].

It is surprising that none of the publications describe ultra-high-performance liquid chromatography
(UHPLC). This type of chromatography has been available since 2004, and it has improved sensitivity,
selectivity and speed owing to the smaller particle size (2 μm) [112].

3.4.2. Detection

UV Detection

UV detection is not commonly used for the analysis of marine-derived compounds; in only two
reports is analyte detection by UV described [76,82]. The absorbance wavelengths for trabectedin and
UCN-01 are 210 nm and 295 nm, respectively [77,82]. The lowest LLOQ achieved using UV detection
was 1 ng/mL for trabectedin with sample volumes of 500 μL [76].

Fluorescence Detection

Fluorescence detection has been described for the detection of midostaurin, plitidepsin,
and UCN-01 [66–68,71,74,81–83]. A compound needs to possess a chromophore to enable fluorescence
detection, hence some analytes lacking this need to be derivatized before enabling the detection by
fluorescence [71,74]. The lowest LLOQ achieved using fluorescence detection was 0.2 ng/mL with
sample volumes of 50 μL (UCN-01) and 100 μL (midostaurin) [67,81].

Mass Spectrometry

Most recent articles make use of mass spectrometry (MS) detection, often consisting of
a triple quadrupole detector after electrospray ionization (ESI) or atmospheric pressure chemical
ionization (APCI). The reason for this shift is that MS is in general more sensitive than UV,
and fluorescence detection has shown improved selectivity, and it has become more readily available.
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The marine-derived drugs are commonly administered at very low doses, meaning that lower limits of
quantification (LLOQs) in the nanograms and even pictograms per milliliter range are often required.
This shift towards MS is seen for a number of compounds included in this review.

For instance, Rosing et al. have developed a method to quantify trabectedin in a linear range
of 1–50 ng/mL [76]. An HPLC-UV method was validated first. However, after the first clinical
trials in humans, the assay seemed to be lacking in sensitivity, hence a more sensitive HPLC-MS/MS
method was developed [77]. A similar trend was seen for midostaurin [66–69]. The recent method
for midostaurin quantification was developed for high-throughput analysis and, more specifically,
for TDM-purposes [69]. Interestingly, no metabolites were taken into account for this assay, whereas
they were included in the older assays. Some of these metabolites have been shown to be active, so it
might have been appropriate to include the metabolites in the assay meant for TDM [113].

As just mentioned, MS provides superior sensitivity, hence it should be used in case of possible
sensitivity problems. Sensitivity issues can arise for numerous reasons. For instance, Rosing et al. have
emphasized the challenges in terms of sensitivity that occurs for those drugs that are administered at
prolonged infusion schedules [77]. Zalypsis, elisidepsin, plitidepsin, and trabectedin have all been
administered for over 24 h [50,58,114,115], and UCN-01 has even been infused to cancer patients for
over 72 h [116]. This fact, together with the low dose and high volumes of distribution require the
need for sensitive methods. Moreover, sensitivity issues have been described for plitidepsin besides
the lengthy infusion times. Plitidepsin exists in two conformers (cis and trans), and the conformation
equilibrium reaction is slow enough at room temperature for the two conformers to be separated as
two chromatographic peaks. This is a well-known phenomenon for proline-containing peptides. In the
case of plitidepsin, it is not desirable to distinguish between the two conformers, because they do
not differ in clinical activity [117]. Moreover, lack of sensitivity can occur, because the MS signal is
distributed over two chromatographic peaks, thereby reducing the sensitivity of the assay. This means
that accurate quantification is especially challenging at low concentrations, and the assay needs to be
sufficiently sensitive because of the low dose administered, long infusion times, and high volumes
of distribution.

Interestingly, for the isoquinolines, the most pronounced ion observed in the mass spectrum
corresponds to a loss of water from the molecule, a phenomenon that has not been described for any
of the other compounds included in the review [65,77–80,84]. Allowing quantification based on the
parent mass could therefore induce sensitivity problems as well.

The lowest LLOQ achieved using MS detection was 0.01 ng/mL with sample volumes of 200 μL
(zalypsis) and 500 μL (trabectedin) [77,84], whereas the lowest LLOQ achieved by UV detection was
1 ng/mL trabectedin with a sample volume of 500 μL [76].

Still, there are a few disadvantages. First of all, MS is costlier than UV and still not available in
every laboratory, and secondly, matrix effects could seriously hamper analysis. Correct quantification
is based on the ionization of the analyte. If co-eluting endogenous compounds in the matrix interferes
with ionization, thereby causing ion suppression or ion enhancement, accurate quantification cannot
be guaranteed [118].

3.5. Quantification

3.5.1. Analytical Range

Assay sensitivity is very important, especially for those drugs that are administered at low doses
and show large volumes of distribution. The analytical range should be appropriate for the therapeutic
window or target concentrations to be reached, but the range should not be too broad either, because
this could lead to non-linearity, which could impact the accuracy of the method. Ideally, at least 90%
of the study samples should fall within the analytical range. Re-analysis is not preferred, especially
if dilution integrity has not been tested for during method validation. Furthermore, samples with
concentrations above the upper limit of quantification (ULOQ) can lead to carry-over problems,
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meaning that concentrations in the subsequent samples might be overestimated. Occasionally,
adjustments to methods are necessary to accommodate for samples in clinical trials. For instance,
an assay was developed to quantify trabectedin in human plasma. In a phase I trial with prolonged
infusion of the drug, it appeared that the measured concentrations were lower than the anticipated
analytical range for which the method was validated [76]. Hence, a new, more sensitive method was
developed [77]. The analytical range was thus decreased from 1–50 ng/mL to 0.01–0.25 ng/mL.

The importance of the analytical range is also demonstrated for elisidepsin, eribulin mesylate,
and UCN-01. An assay to quantify elisidepsin had a range of 0.05–100 ng/mL [62]. A phase I clinical
trial published in 2016 reported Cmax values of ~100 ng/mL, and samples could be measured up to
336 h, covering the complete pharmacokinetic profile [119]. The published method is therefore suitable
for the analysis of samples obtained after dosing patients as reported in the phase I clinical study.
Perhaps a few samples could be above the ULOQ and would have to be diluted prior to analysis.
Dilution integrity was, however, not tested during validation [62].

Eribulin mesylate methods have been developed and validated for plasma, whole blood, urine,
and feces, with analytical ranges of 0.2–100 ng/mL (plasma), 0.5–100 ng/mL (whole blood and urine),
and 0.1–25 μg/mL (feces homogenates) [64]. The drug has been registered at a dosage of 1.4 mg/m2

(equals 1.23 eribulin freebase), and the most recent pharmacokinetic data published report plasma
Cmax values ranging from 109 ng/mL (normal liver function) to 236 ng/mL (impaired liver function),
meaning that not all samples could be measured by the published methods without the need for
dilution [120]. The methods published did test for dilution integrity and appear appropriate [63,64].

An assay was developed for quantification of UCN-01 with an ULOQ of 100 ng/mL.
The consequence was that samples collected in clinical trials [121–123] needed to be diluted 300 times
prior to injection to ensure that concentrations fell within the calibration range [81,82]. A method
published later had extended the analytical range up to 20 μg/mL, which means that even Cmax

samples from the phase I trials could be measured without dilution [82].

3.5.2. Internal Standard

It is customary to use an internal standard to correct for variability in the sample pre-treatment,
as well as sample analysis and detection (including matrix effects, such as ion suppression
or enhancement when MS detection is used), thereby improving accuracy and precision of
quantitation [124,125]. Preferably, an internal standard has similar physiochemical properties as
the analyte of interest. Typically, two types are commonly used: structural analogues, both for UV
and MS detection, and stable isotopically labeled (SIL) internal standards for MS methods; 21 out
of 23 manuscripts report the use of an internal standard, of which only eight MS methods out of
14 make use of a SIL internal standard. It is highly recommended to use SIL internal standards
for bioanalytical methods to compensate for matrix effects. Occasionally, the internal standard is
a compound that is not even remotely similar to the analyte, which was for instance the case when
propyl-p-hydroxybenzoate was used as the internal standard in an assay to quantify trabectedin in
plasma and N-phenyl-1-naphthylamine in a midostaurin assay [68,76]. Availability and costs are
probably the most determining factors in choosing the internal standard. Nevertheless, it seems as
if the internal standards used in these assays fulfilled their purpose, with excellent accuracy and
precision values reported. Two publications do not report the use of an internal standard at all [71,74].
In the first, it was mentioned that an appropriate internal standard was not available, but nevertheless,
the accuracy and precision of the assay was acceptable. Interferences were investigated, and it was
concluded that there were none that could influence quantification of plitidepsin. Interestingly, peak
height was used for the quantification of plitidepsin in the second method, whereas the peak area was
used in the first [71,74].

The first study discussed in this review to use a SIL internal standard was in 2004 for the
quantification of trabectedin in plasma [78]. Our group has investigated whether the use of a SIL
internal standard was always superior over other types of internal standards [124]. We have looked
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into various assays that were modified in order to substitute the structural analogue with a SIL internal
standard, and we have demonstrated this for a marine-derived anticancer compound kahalalide F as
well [126]. We found that a structural analogue often leads to insufficient accuracy and precision and
concluded that a SIL internal standard usually corrected best for variation compared with a structural
analogue, because its structure is more similar and hence the compound behaves more similarly in
terms of recovery, ionization, and stability. The latter issue was also demonstrated for the kahalalide F
assay: putative stability of the analyte was significantly prolonged using the SIL internal standard [126].

When a SIL internal standard is used, generally 13C or 15N isotopes are preferred over 2H-labeled
internal standards, because these isotopes are more stable. Moreover, it has been shown that 2H-labeled
internal standards do not always co-elute with the analyte of interest. This is due to slight differences
in physiochemical properties, because 2H has stronger binding capacities than does hydrogen [124].
Co-elution is important, because it ensures similar matrix effects for internal standard and analyte and
hence improved correction for variation [124]. Furthermore, differences in physiochemical properties
can induce differences in extraction recovery due to exchange of 2H atoms with hydrogen atoms.

If, still a structural analogue is used, it should not resemble or correspond to any metabolites that
could have been formed in vivo [124]. For instance, Rosing et al. (1998) used ET-729, demethylated
trabectedin, as an internal standard, but a later mass balance and metabolite profiling study has
detected this compound in feces [127]. It could not be confirmed if the product was indeed a metabolite
or a degradation product, but regardless, its use as an internal standard is generally undesirable.
This was addressed, and it was concluded that no ET-729 was present in patient samples after
trabectedin administration [77]. The internal standard used in bioanalytical methods to quantify
eribulin also used a structural analogue, where the NH2-group had been replaced by an OH
group [63,64]. Technically, this could also result from in vivo biotransformations, but a mass balance
study has revealed that it is not formed, hence the use of this internal standard was most likely
appropriate [99]. The obvious advantage of using structural analogues is that they are often readily
available and therefore much cheaper than a SIL internal standard, which requires dedicated synthesis.

Finally, it is worth mentioning that the importance of the internal standard’s resemblance to
the analyte depends on the sample pre-treatment as well. A simple dilution or PP method might
require less resemblance of the internal standard to the analyte than a liquid–liquid extraction (LLE)
or a solid-phase extraction (SPE) method [96]. However, as mentioned before, the internal standard
needs to correct for matrix effects as well, which is a problem separate from extraction recovery. If it
has been proven that matrix effect is not observed, a structural analogue might well be appropriate.

3.6. Metabolites

In some cases, quantification methods include drug metabolites as well, especially if metabolites
have been known to be active and/or toxic. Midostaurin is biotransformed into active metabolites [113],
and metabolites have been included in bioanalytical assays [66–68]. In these cases, one internal
standard was used to correct for variation in analytical procedures for all analytes. As mentioned
above, a recent method for midostaurin quantification was validated for high-throughput analysis
for TDM, but none of the metabolites were quantified in this assay, whereas they were included in
the older assays [69]. Some of these metabolites (CGP52421 and CGP62221) have been shown to be
active, so it might have been interesting to include the metabolites in the assay [113]. Inclusion and
quantification of metabolites in the assay might be valuable in metabolite profiling studies. However,
this is only possible if the identities are already known, because reference standards should be available.
When pre-clinical studies have demonstrated the formation of a particular major metabolite, it might
be useful to include it in the validated assay. Additionally, an appropriate internal standard may
be sought for the individual metabolites and parent compound. Often, the internal standard that
is used to ensure accurate quantification of the parent drug is also used for the metabolite. Clearly,
physiochemical properties are in this case not identical. For MS methods, matrix effects could be most
effectively compensated for the quantification of the parent drug and its metabolites if the analytes
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co-elute with the SIL internal standard; however, the method should be sufficiently selective if the
analytes are isomers, or if there is a risk that conjugates are re-converted into the parent drug in the
source during ionization.

4. Conclusions

Various analytical methods have been described to quantify a range of anticancer drugs of
marine origin, including liquid chromatography with ultraviolet detection (LC-UV), coupled with
fluorescence detection (LC-FLD), and in combination with mass spectrometry detection (LC-MS).
A total of 35 compounds, of which 5 have been approved, were included in the current review. A total
of 19 of those (excluding the ADCs and cytarabine) were finally entered into the PubMed database to
search for quantification methods. These were found for eight of the compounds included.

This review has selected many aspects of bioanalysis of the compounds isolated from sea-based
organisms. The most used biomatrices include plasma and urine, and saliva, whole blood, feces
and cells are occasionally analyzed as well. Sample cleanup is mostly done by PP, LLE, and SPE.
The recent advances in this topic include the use of SLE, a method analogous to LLE. Samples are
often concentrated during this step in the bioanalytical procedure. Some types of analysis might not be
suitable for certain (groups of) drugs. For instance, we have seen that SPE has not been applied to the
indocarbazoles and the marcrolides, and PP is most likely not useful for the extraction of depsipeptides
from a biological sample. PP and LLE resulted in similar high recoveries of midostaurin, but only PP
was applied to UCN-01 samples, also with good recoveries. The isoquinoline alkaloids seem to be
extracted well from the matrices using LLE, SPE, and PP.

Chromatographic separation is necessary to isolate the analyte of interest from endogenous
interferences. Reversed-phase chromatography seems to be suitable for elution of all analytes discussed
herein. C18 columns are clearly the most widespread columns used. Owing to most of the analytes’
hydrophobic properties, elution occurs at relatively high concentrations of organic solvents (≥50%),
which is advantageous for the sensitivity of MS methods.

Because this particular group of compounds has been the subject of clinical investigation for
decades, the advances in bioanalysis are nicely demonstrated. We have seen a shift from LC-UV,
a relatively cheap and widely available method, to LC-MS/MS, which has some advantages, most
importantly, the superior sensitivity of LC-MS/MS compared with LC-UV. The sensitivity issues
concerning the included compounds discussed in the present review include those arising from
drugs administered at prolonged infusion times, which was the case for some of the depsipeptides,
the isoquinolines, and one of the staurosporine derivatives, the existence of the two conformers
that can occur for all proline-containing molecules, such as the depsipeptide plitidepsin, and the
fact that the parent mass is not always the most pronounced ion observed in the mass spectrum,
which has been described for the isoquinolines zalypsis, trabectedin, and lurbinectedin. Not only
does the implementation of MS allow for the quantification of lower concentrations, but also it has
the consequence that smaller sample volumes can be used for analysis. Although LLOQs as low
as 1 ng/mL have been achieved using UV detection, sample volumes were quite large (500 μL).
The superior sensitivity of LC-MS/MS compared with LC-UV also means that it is more suitable for
metabolite quantification, because these are often present in circulation at even lower concentrations
than the parent compound. Analytical run times are also reduced, due to the superior selectivity of
LC-MS/MS. Internal standards are required to compensate for matrix effects resulting in improved
accuracy and precision of the method, and the use of a SIL internal standard for MS bioanalysis is
highly encouraged.

Continuous efforts are being made to discover, develop, and improve existing marine-derived
drugs to treat cancer. Because ecological concerns are limiting new discoveries, more efforts are made in
the laboratories, creating derivatives and analogues of the proven effective compounds discussed here.
When these newly developed compounds show resemblance to the original compounds, the existing
methods could be a basis for the newly validated assays. Depending on the drug properties, suitable
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cleanup, separation, and detection methods need to be developed and applied. The availability of
resources and instrumentation is most likely the most common bottleneck: sometimes one can only
work with what has been given.

Overall, this review provides information about the recent developments in bioanalysis of
marine-derived anticancer compounds and can serve as a guide towards fast development and
validation of new methods to quantify new marine-derived anticancer drugs.
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Abstract: Phycocyanin, a type of functional food colorant, is shown to have a potent anti-cancer
property. Non-small cell lung cancer (NSCLC) is one of the most aggressive form of cancers with few
effective therapeutic options. Previous studies have demonstrated that phycocyanin exerts a growth
inhibitory effect on NSCLC A549 cells. However, its biological function and underlying regulatory
mechanism on other cells still remain unknown. Here, we investigated the in vitro function of
phycocyanin on three typical NSCLC cell lines, NCI-H1299, NCI-H460, and LTEP-A2, for the first
time. The results showed that phycocyanin could significantly induce apoptosis, cell cycle arrest,
as well as suppress cell migration, proliferation, and the colony formation ability of NSCLC cells
through regulating multiple key genes. Strikingly, phycocyanin was discovered to affect the cell
phenotype through regulating the NF-κB signaling of NSCLC cells. Our findings demonstrated the
anti-neoplastic function of phycocyanin and provided valuable information for the regulation of
phycocyanin in NSCLC cells.

Keywords: phycocyanin; non-small cell lung cancer; proliferation; apoptosis; NF-κB signaling

1. Introduction

Extensive research has suggested that many natural products derived from food and food
supplements have various health-promoting effects [1]. Recently, marine natural products with
pharmacological activity have been shown to have multiple potent biological functions, with less
or no toxic side effects [2]. Thus, they have become one of the most important resources of novel
lead compounds for critical diseases, which have seen important development and utilization in
recent years [3]. Phycocyanin, a marine natural blue photosynthetic pigment protein purified from
Spirulina, is one of the accepted natural functional foods around the world [4]. Phycocyanin has
excellent anti-tumor activity. Studies have shown that phycocyanin plays anti-proliferation and
pro-apoptotic effects on different cancer cell lines in vitro, while it has no side effects on normal tissue
cells [5,6]. In addition, it also shows good therapeutic values such as antioxidant, anti-inflammatory,
immunomodulation, blood vessel-relaxing, and blood liquid-lowering activities, etc. [7–11]. Thus,
further investigating on the function and mechanism of phycocyanin has important guiding
significance and research value.
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Several studies have demonstrated that phycocyanin has bioactivity in kinds of cancers, including
breast cancer [6,12], histiocytic tumor [13], ovarian cancer [14], colon cancer [15], prostate cancer [16],
melanoma, and lung cancer [17]. Among them, lung cancer is one of the most common health threats
in the world, especially given its high mortality rates [18,19]. Human lung cancer is generally classified
into two major categories, small cell lung cancer (SCLC) and non-small cell lung cancer (NSCLC).
NSCLC is responsible for more than 85% of all lung carcinoma cases, with the characteristics of higher
mortality, lower cure rate, and stronger metastasis [20]. Therefore, exploring the anti-cancer function
and underlying mechanism of phycocyanin on NSCLC is critical.

The inhibiting effect of phycocyanin on NSCLC has been reported in several studies. Li et al.
revealed that phycocyanin could inhibit the growth of NSCLC A549 cells in vivo and in vitro,
which also has a synergistic anti-tumor effect with all-trans retinoic acid [21,22]. Bingula et al. reported
that phycocyanin and betaine have a synergistic inhibiting effect on the viability of A549 cells [23].
Baudelet et al. discovered that glaucophyte Cyanophora paradoxa extracts could significantly inhibit the
growth of three cancer cell lines, including A549 cells [17]. However, the abovementioned studies all
investigated the function of phycocyanin in one single NSCLC cell line. Moreover, the anti-lung cancer
mechanism of phycocyanin remains unclear. Herein, we investigated the growth inhibitory effects
and underlying mechanism of phycocyanin in three human NSCLC cell lines, NCI-H1299, LTEP-A2,
and NCI-H460. The results laid a solid theoretical foundation for the treatment of NSCLC and the
development and utilization of phycocyanin.

2. Results

2.1. Phycocyanin Induces Morphological Changes in NSCLC Cells

To address the relationship between phycocyanin and its effect on non-small cell lung cancer,
the morphology of NSCLC cells, H1299, H460, and LTEP-A2, was first studied upon treatment
with various doses of phycocyanin. As shown in Figure 1, the normal morphology of H1299 cells
was fusiform or triangular. After treatment with 4.8 μM phycocyanin for 72 h, cells appeared in
anomalous forms, some of which became needle-shaped. Similarly, the morphology of H460 and
LTEP-A2 cells were also abnormally changed by phycocyanin. Furthermore, the number of cells was
obviously reduced after phycocyanin treatment. These results suggested that phycocyanin might have
a pro-apoptotic effect on NSCLC cells.

Figure 1. Phycocyanin induces morphological changes in non-small cell lung cancer (NSCLC) cells.
H1299, H460, and LTEp-A2 cells were treated with different doses (0 and 4.8 μM) of phycocyanin for
72 h, and photographed under a light microscope (100×). Scale bars represent 100 μm.

318



Mar. Drugs 2018, 16, 178

2.2. Phycocyanin Induces Apoptosis in NSCLC Cells

As phycocyanin induces morphological changes in NSCLC cells, we next studied the extent
of apoptosis in H1299, H460, and LTEP-A2 cells by Annexin V-FITC and 7AAD staining. Figure 2
shows that phycocyanin-treated NSCLC cells demonstrated an induction of apoptosis in comparison
to untreated cells. The late apoptotic percentages of H1299 (4.53 ± 0.27%), H460 (2.68 ± 0.37%),
and LTEP-A2 cells (4.88 ± 0.55%) increased after incubation with 2.4 μM phycocyanin, as compared
to the control groups. In addition, the apoptosis degree of NSCLC cells presented a dose-dependent
effect with phycocyanin. A high concentration of phycocyanin (4.8 μM) significantly increased
the late apoptotic percentages of H1299 (11.30 ± 0.16%), H460 (3.72 ± 0.98%), and LTEP-A2 cells
(14.50 ± 0.68%).

 

Figure 2. Phycocyanin induces apoptosis in NSCLC cells. H1299, H460, and LTEP-A2 cells were
incubated with different concentrations of phycocyanin (0, 2.4, and 4.8 μM) for 48 h and subjected to
apoptosis tests. The proportion of early apoptotic and late apoptotic cells were analyzed. Bars represent
mean ± SD. *, p < 0.05; **, p < 0.01.

To gain a deeper insight into the mechanism of apoptosis induced by phycocyanin, we tested
the expressions of apoptotic markers using quantitative real-time PCR (qRT-PCR) and Western
blot. As shown in Figure 3, phycocyanin could significantly increase the transcriptional levels of
pro-apoptotic genes Bim, Bak, Bax, and Bad, in addition to reducing the levels of Bcl-xL and Bcl-2,
two anti-apoptotic genes in H1299 and LTEP-A2 cell lines. These results were further supported
by Western blot analysis. It was interesting to find that in H460 cells, although the protein level of
Bcl-xL was downregulated, its transcriptional level increased after phycocyanin treatment. In addition,
the protein level of Bcl-2 showed no obvious alteration while its transcriptional level significantly
decreased. These results indicated that a post-transcriptional mechanism might involve the regulation
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of these genes in H460 cells. Taken together, the above results suggested that phycocyanin could
induce apoptosis in NSCLC cells.

 

Figure 3. Quantitative real-time PCR (qRT-PCR) and Western blot analysis of apoptotic markers in
NSCLC cells after phycocyanin treatment. H1299, H460, and LTEP-A2 cells were incubated with 4.8 μM
phycocyanin. qRT-PCR and Western blot were performed at 24 h and 48 h after treatment, respectively.
Bars represent mean ± SD. *, p < 0.05; **, p < 0.01.

2.3. Phycocyanin Displays Anti-Migratory Effect against NSCLC Cells

A wound-healing assay was employed to determine the effect of phycocyanin on cell migration.
As shown in Figure 4A, phycocyanin significantly suppressed the migration of H1299, H460,
and LTEP-A2 cells in dose- and time-dependent manners (left panel); the migration rates were
calculated and are presented in the right panel. After phycocyanin treatment (4.8 μM) for 48 h,
the wound closure of H1299 cells clearly decreased from 77.60 ± 0.24% to 37.35 ± 6.24%. Similar results
were found in H460 and LTEP-A2 cells. It is worth mentioning that in this study, we cultured cells with
medium containing 3% instead of 10% fetal bovine serum (FBS), which eliminated the contribution
of proliferation to the phycocyanin-induced inhibition of cell migration. Matrix metalloproteinase-2
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(MMP2) and matrix metalloproteinase-9 (MMP9) are gelatinases of the matrix metalloproteinase
family, which play a crucial role in cancer cell growth and migration due to their ability to degrade
extracellular matrix proteins [24]. In present study, we found that phycocyanin treatment significantly
reduced the expression of MMP2 and MMP9 in NSCLC cells (Figure 4B), which was in accordance
with the wound-healing analysis. Taken together, these results suggested that phycocyanin displayed
inhibitory activity on NSCLC cell migration.

 

Figure 4. Phycocyanin displays anti-migratory effect against NSCLC cells. (A) The wound-healing
assay showed representative effects of phycocyanin (0, 2.4, and 4.8 μM) on H1299, H460, and LTEP-A2
cell migration at 24 and 48 h. Quantification of wound closure was shown by histogram. Scale bars
represent 100 μm. (B) Western blot analysis of MMP2 and MMP9 expression in NSCLC cells after 4.8 μM
phycocyanin treatment for 48 h. MMP2, matrix metalloproteinase-2; MMP9, matrix metalloproteinase-9.
Bars represent mean ± SD. **, p < 0.01.

2.4. Phycocyanin Inhibits Proliferation and Colony Formation Ability of NSCLC Cells

The inhibitory effects of phycocyanin on the viability and proliferation of NSCLC cells were
determined. As shown in Figure 5A, compared with control cells, incubation with phycocyanin
(1.2, 2.4, and 4.8 μM) dose-dependently inhibited the viability of the three NSCLC cell lines.
In addition, MTT assay (Figure 5B) showed that phycocyanin (4.8 μM) could significantly suppress
the proliferation of NSCLC cells from the second (H460 and LTEP-A2 cells) or the third day (H1299
cells). These results suggested that phycocyanin exerted anti-proliferation effects on tested cells.
To further establish the inhibitory role of phycocyanin on the transforming properties of NSCLC cells,
we performed a clonogenic assay. Figure 5C shows that the three types of NSCLC cells could all form
well-defined and distinct colonies, only the colonies of H1299 cells were bigger than the other two
cell lines. Results showed that phycocyanin-treated cells displayed significant reduction in colony
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formation when compared to controls, which was indicative of potent inhibition of cell growth and
reproductive integrity.

 

Figure 5. Phycocyanin inhibits the proliferation and colony formation ability of NSCLC cells. (A) Cell
viability analysis of H1299, H460, and LTEP-A2 after different concentrations (0, 1.2, 2.4, and 4.8 μM) of
phycocyanin treatment for 72 h. (B) MTT analysis of cell proliferation of H1299, H460, and LTEP-A2
after 4.8 μM phycocyanin treatment. (C) Colony formation assay of H1299, H460, and LTEP-A2
cells after treatment of different concentrations (0, 2.4, and 4.8 μM) of phycocyanin for 10–14 days.
The quantitative representation of the reduction in number of colonies was shown by histogram.
Bars represent mean ± SD. *, p < 0.05; **, p < 0.01.

2.5. Phycocyanin Induces Cell Cycle Arrest in NSCLC Cells

To elucidate the mechanism of growth inhibition on NSCLC cells, the effects of phycocyanin
on cell cycle progression were determined in H1299, H460, and LTEP-A2 cells. Figure 6A showed
that phycocyanin caused significant changes in the cell cycle distribution of H1299 and H460 cells.
After incubation with 4.8 μM phycocyanin, the proportion of S phase cells reached 40.10 ± 1.06% and
30.60 ± 1.55% in H1299 and H460, respectively, as compared to the control groups (27.20 ± 0.80%
and 21.10 ± 0.26% in H1299 and H460 cells, respectively), suggesting that phycocyanin caused S
phase arrest in these two cell lines. Interestingly, unlike H1299 and H460 cells, phycocyanin (4.8 μM)
induced a significant G1 phase increase (51.79 ± 0.80%) in LTEP-A2 cells compared to the control
(49.39 ± 0.38%). Although phycocyanin could suppress the proliferation of NSCLC cells, the present
results indicated that the inhibitory mechanism in LTEP-A2 might differ from that in H1299 and H460
cells. To further confirm the above results, we tested the levels of cell cycle regulatory genes involved
in S/G2 and G1/S transition. As shown in Figure 6B, after phycocyanin treatment, Cyclin A and CDK2,
two key positive regulators in S/G2 checkpoint [25], were significantly downregulated, whereas p21,
an important cell cycle suppressor gene [26], was upregulated in H1299 and H460 cells. However,
in LTEP-A2 cells, phycocyanin inhibited the transcriptional level of Cyclin E, a G1/S checkpoint
regulator [27]. The qRT-PCR results strongly indicated that phycocyanin could trigger G1 phase arrest
of LTEP-A2 cells and S phase arrest of H1299 and H460 NSCLC cells.
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Figure 6. Phycocyanin induces cell cycle arrest in NSCLC cells. (A) Cell cycle analysis of NSCLC
cells after treated with different concentrations of phycocyanin (0, 2.4, and 4.8 μM) for 48 h.
(B) qRT-PCR analysis of the transcriptional levels of cell cycle regulatory genes at 24 h after phycocyanin
treatment. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as an internal control for
normalization. Bars represent mean ± SD. *, p < 0.05; **, p < 0.01.

2.6. Phycocyanin Reduces NF-κB Signaling Activity in NSCLC Cells

To investigate the underlying regulatory mechanism of phycocyanin in NSCLC cells,
we determined the protein expressions of NF-κB signaling in H1299, H460, and LTEP-A2 cells after
4.8 μM phycocyanin treatment. IKKα and IKKβ served as the catalytic subunits of IκBα, an inhibitory
protein of p65. Phosphorylation of IKKα/β could phosphorylate the IκBα protein at Ser32, resulting in
the ubiquitin-mediated proteasome-dependent degradation of IκBα, followed by p65 phosphorylation
and NF-κB activation [28]. As shown in Figure 7, although the total amounts of IKKα/β, IκBα, and p65
remained stable, their phosphorylation levels (phospho-IKKα/β-Ser176/180, phospho-IκBα-Ser32,
and phospho-p65-Ser536) were significantly decreased after phycocyanin treatment, suggesting
that the activity of NF-κB signaling was inhibited by phycocyanin. These results demonstrated
that phycocyanin could significantly suppress the activity of NF-κB signaling in NSCLC cells.
In addition, phycocyanin could also attenuate the phosphorylation levels of AKT in H1299, H460,
and LTEP-A2 cells.

To further explore whether NF-κB was related to phenotypic factors of NSCLC cells, we performed
a pyrrolidine dithiocarbamate (PDTC, NK-κB inhibitor) addition experiment. As shown in Figure 8,
although the total p65 protein amounts remained stable, the phosphorylation levels of p65 were
decreased after 10 μM PDTC treatment, indicating that PDTC inhibited the NF-κB pathway activity
of H1299, H460, and LTEP-A2 cells. Strikingly, the protein levels of CDK2, MMP2, and Bcl-xL were
downregulated, and the amount of Bad was upregulated after PDTC addition. These results strongly
suggested that NF-κB had a regulatory effect on the phenotypic factors of NSCLC cells. Taken together,
our study demonstrated that phycocyanin could inhibit the migration and proliferation, as well as
promote the apoptosis of H1299, H460, and LTEP-A2 cells through regulating the NF-κB pathway.
Although the precise mechanism still needs further investigation, the present research illuminated the
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function of phycocyanin in NSCLC cells and provided solid evidence that warrants further exploration
of the anti-cancer mechanism of phycocyanin.

 

Figure 7. Phycocyanin reduces NF-κB signaling activity in NSCLC cells. The protein expressions of
NF-κB signaling and phospho-AKT were analyzed by Western blot in H1299, H460, and LTEP-A2 cells
after 0 and 4.8 μM phycocyanin treatment for 48 h.

 

Figure 8. NF-κB signaling has regulatory effect on phenotypic factors of NSCLC cells. The protein
expressions of phospho-p65, total p65, CDK2, MMP2, Bad, and Bcl-xL were analyzed by Western
blot at 48 h in H1299, H460, and LTEP-A2 cells after 10 μM PDTC treatment for 24 h. PDTC,
pyrrolidine dithiocarbamate.
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3. Discussion

Over the past few decades, the application of natural products for chemoprevention and therapy
has gained great importance [29–31]. More and more studies have demonstrated that pharmacological
active marine-derived compounds have potent biological activity with little or no side effects [32–34].
Phycocyanin, a type of phycobiliprotein derived from Spirulina, is one of the compounds that have
considerable anti-cancer effects on solid malignancies [35,36]. Non-small cell lung cancer, an extremely
aggressive form of cancer with few effective therapeutic options, has attracted that attention of
many investigators. Previous studies have suggested that phycocyanin exerts an inhibitory effect
on A549 cells, a type of NSCLC cell line [21–23]. In this study, we demonstrated that phycocyanin
inhibits the growth of H1299, H460, and LTEP-A2 NSCLC cell lines. These results are consistent with
previous studies showing that phycocyanin can suppress the proliferation of a variety of tumor cell
lines [12,13,37]. To the best of our knowledge, this is the first study to demonstrate the anti-cancer effect
of phycocyanin on these NSCLC cell lines, which also highlights the possible mechanism underlying
phycocyanin’s cytotoxic and anti-metastatic effects. Our study clearly demonstrated that phycocyanin
regulated the NF-κB signaling pathway and also altered the expression of proteins involved in cell
cycle and cell survival, by which it mediated growth inhibition and apoptosis.

Cell cycle regulation plays an important role in cell proliferation, differentiation, and apoptosis.
It has been reported that cell cycle regulation dysfunction is closely related to the development of
tumors [38]. Peyressatre et al. found that the deregulated activity of cyclin-dependent kinases (CDKs)
contributes to altered cellular proliferation in a wide variety of human cancers [39]. What is interesting
is that in the present study, phycocyanin was discovered to induce S phase arrest in H1299 and
H460 cell lines, while it caused G1 phase arrest in LTEP-A2 cells (Figure 6), which indicated different
regulation mechanisms of phycocyanin in different NSCLC cell lines. In fact, phycocyanin could act
as an anti-cancer compound through different mechanisms in different types of tumors. It has been
reported that phycocyanin induces G1 cell cycle arrest in colon cancer HT-29 cells [7], breast cancer
MDA-MB-231 cells [6], and chronic myelocytic leukemia K562 cells [40]. Meanwhile, it could also block
G2/M cell cycle progression in pancreatic cancer PANC-1 cells [41], ovarian cancer SKOV-3 cells [14],
and liver cancer HepG2 cells [42]. Thangam et al. reported that phycocyanin could induce G1 phase
arrest in lung adenocarcinoma A549 cells [7], which is in agreement with the result of LTEP-A2 cells
in our study. It is worth noting that H1299 and LTEP-A2 both belong to lung adenocarcinoma cell
lines, but the cell cycles are restrained in different phases. Interestingly, Yao et al. discovered that
pseudolaric acid B, a diterpene acid isolated from the root of Pseudolarix kaempferi, could inhibit the
growth and cause G2/M arrest of A549 cells, but has no effect on H1299 cells because H1299 is a type
of p53 null cell line [43]. Therefore, we speculate that p53 might be involved in phycocyanin-induced
cell cycle arrest in H1299 (p53 null) and LTEP-A2 (p53 wild type) cells. However, the underlying
mechanism still needs further investigation. Taken together, our study provided useful information on
the regulation approach of phycocyanin in NSCLC cells.

Cells arrested in mitosis upon the activation of mitotic catastrophe have different fates, including
death during mitosis or the entrance into the subsequent cell cycle followed by cell death [44], indicating
that cell cycle regulation is closely related to apoptosis. In the present study, phycocyanin was found
to induce apoptosis in NSCLC cells. The apoptotic percentage of H460 cells reached 3.72 ± 0.98% with
phycocyanin treatment, which was significantly different than that in control cells, but markedly lower
than that in H1299 (11.3 ± 0.16%) and LTEP-A2 cells (14.5 ± 0.68%). It is worth noting that Shin et al.
discovered that (E)-2-benzylidene-3-(cyclohexylamino)-2,3-dihydro-1H-inden-1-one (BCI, an inhibitor
of dual specific phosphatase 1/6 and mitogen-activated protein kinase) significantly inhibits the
viability of H1299 cells as compared to H460 cells [45], suggesting that different mechanisms might
exist in lung adenocarcinoma (H1299 and LTEP-A2 cells) and undifferentiated large cell lung carcinoma
(H460 cells) cell lines. Particularly, the transcription and protein levels of two apoptotic markers (Bcl-2
and Bcl-xL) were not consistently expressed in H460 cells (Figure 3), which further supports the
above hypothesis. Interestingly, although the degree of apoptosis in H460 cells is low, it shows the
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highest expression level of p21 (Figure 6B). It is known that the growth inhibition and the expression
of regulation factors might show discrepancy in some cases. Tsui et al. investigated the anti-cancer
functions of flavonoids in H460 and A549 cells, and discovered that although H460 cells are more
susceptible to flavonoids than A549, p53 level was constitutive and not significantly altered [46]. In the
present study, despite the fact that the apoptotic proportion of H460 was low at 48 h after phycocyanin
treatment, the proliferation rate dramatically decreased after the third day (Figure 5B). In this case,
we speculate that the increased p21 might cause a delay in cell growth and activity inhibition, in spite
of the low apoptotic ratio at 48 h.

NF-κB signaling, one of the classical pathways in cells, has been reported to regulate proliferation
and apoptosis in various kinds of cancers [47]. Recent studies have demonstrated that the NF-κB
pathway is involved in phycocyanin-induced growth inhibition in liver and pancreatic carcinoma
cells [41,48]. However, few researchers reported the relationship between NF-κB and phycocyanin in
lung cancer; only Bingula et al. discovered that the combined treatment of phycocyanin and betaine
could reduce the stimulation of NF-κB expression in A549 cells [23]. In the present study, phycocyanin
was first discovered to reduce the activity of NF-κB signaling in H1299, H460, and LTEP-A2 cells
(Figure 7), which suggests that phycocyanin could suppress proliferation and induce apoptosis through
the inactivation of the NF-κB pathway in NSCLC cell lines.

Cancer metastasis is a complex and multistep event, wherein cancer cells leave the site of the
primary tumor and disseminate to distant sites in the body [49]. It is the most destructive stage
of cancer progression and the leading cause of cancer-related deaths [50]. More recently, extensive
attention has been drawn toward phycocyanin for its potent migration inhibition effect on cancer cells.
It has been reported that phycocyanin could suppress the migration of breast cancer and melanoma
cells through MAPK signaling [6,51]. Our study showed that phycocyanin exerted a remarkable
migration inhibition effect on different NSCLC cells through regulating MMP2 and MMP9 for the
first time (Figure 4). Strikingly, NF-κB is reported to play a key role in tumor migration [52] and has a
synergistic expression pattern with MMP2 [53], which suggests that MMP2/NF-κB could be involved
in phycocyanin-induced migration inhibition regulation in NSCLC cells.

4. Materials and Methods

4.1. Materials and Reagents

Dulbecco’s modified Eagle’s medium (DMEM) was purchased from Invitrogen (Carlsbad,
CA, USA). Phycocyanin (derived from Spirulina platensis) standard substance was purchased from
Envirologix (Portland, ME, USA). Fetal bovine serum was purchased from Hyclone (Logan, UT, USA).
The cell culture consumables were purchased from Corning (Tewksbury, MA, USA). Cell apoptosis
analysis kit, RIPA lysis buffer, and protease and phosphatase inhibitors were purchased from Roche
(Mannheim, Germany). Propidium iodide, RNase, and skim milk were purchased from Becton
Dickinson (Franklin Lakes, NJ, USA). Polyvinylidene difluoride (PVDF) membrane and enhanced
chemiluminescence (ECL) kit were purchased from Millipore (Schwalbach, Germany). Antibodies were
purchased from Cell Signaling Technology (Danvers, MA, USA). PrimeScript RT Master Mix was
purchased from Takara (Dalian, China).

4.2. Cell Line and Culture Conditions

Human NSCLC cell lines NCI-H1299, NCI-H460, and LTEP-A2 were purchased from American
Type Cell Collection (ATCC, Manassas, VA, USA). All cell lines were cultured in DMEM media
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 0.1 mg/mL of streptomycin,
and 100 units/mL of penicillin at 37 ◦C in a humidified atmosphere with 5% CO2. Cells were
sub-cultured every 3–5 days. Cells between 3–15 passages were used in all experiments.
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4.3. Cell Viability Assay

The cell viability was performed by MTT assay. Briefly, cells were seeded at a density of 5000 cells
in 100 μL of complete medium per well into 96-well plates. After 12 h of incubation for cell attachment,
phycocyanin was added to each well with a final concentration of 0, 1.2, 2.4, or 4.8 μM. Control cells
were treated with equal volumes of phosphate buffer solution (PBS). After incubation for 24 h,
the culture medium was supplemented with 1 mg/mL MTT for 4 h at 37 ◦C. The medium was
removed and the cells were solubilized with DMSO. The absorbance was then measured at 450 nm and
630 nm. The results were expressed as a survival rate of the absorbance reading of the control cells.

4.4. Cell Proliferation Assay

Cell proliferation was determined by MTT assay. Briefly, cells were seeded at 5000 cells in 100 μL
of complete medium per well in quadruplicate in 96-well plates. After 12 h of incubation for cell
attachment, phycocyanin was added to each well with a final concentration of 4.8 μM. Each day, 10 μL
MTT/well was added to test cells and incubated for 4 h at 37 ◦C. Then SDS-HCl solution (10% SDS,
0.01 M HCl) was added into each well and incubated for 14 h at 37 ◦C. The absorbance of formazan
was measured at a wavelength of 570 nm using a microplate reader. The assay lasted for 5 or 6 days
after treatment. Three independent experiments were performed.

4.5. Colony Formation Assay

Cells in the exponential growth phase were harvested and seeded at about 300 cells per well
in six-well plates. After 12 h incubation, cells were treated for another 24 h with 0, 2.4, or 4.8 μM
phycocyanin, and then continuously incubated in fresh medium at 37 ◦C in 5% humidified CO2.
After incubation for 10–14 days, cells were washed with PBS twice, fixed with methanol for 15 min,
and stained with 0.5% crystal violet for 15 min at room temperature. The number of colonies was
counted for analysis.

4.6. Cell Apoptosis Assay

After being treated with phycocyanin (0, 2.4, and 4.8 μM) for 48 h, cells were harvested and
washed twice with cold PBS and then resuspended gently in 500 μL binding buffer. Thereafter, cells
were stained in 5 μL Annexin V-FITC/7-aminoactinomycin D (7-AAD) according to the manufacturer’s
protocol. Stained cells were analyzed by FACSCalibur (Becton Dickinson).

4.7. Cell Cycle Assay

After treatment with phycocyanin for 48 h, cells were harvested and fixed in 1 mL 70% cold
ethanol in test tubes and incubated at 4 ◦C for at least 48 h. Cells were centrifuged at 1500 rpm for
5 min and the cell pellets were resuspended in 500 μL of PI/RNase staining buffer, incubated on ice
for 30 min, and washed twice with cold PBS. Cell cycle distribution was measured using FACSCalibur
(Becton Dickinson).

4.8. Western Blot Analysis

Proteins were extracted by RIPA lysis buffer (1% NP40, 0.1% SDS, 5 mM EDTA, 0.5% sodium
deoxycholate, 1 mM sodium orthovanadate) containing protease and phosphatase inhibitors.
Equivalent amounts of proteins were separated by 12% SDS-PAGE, and then electro-transferred
onto PVDF membranes. After blocking with 5% skim milk, the membranes were incubated with
primary antibodies at 4 ◦C overnight, followed by incubation with horseradish peroxidase-conjugated
secondary antibodies. Signals were detected by an ECL system.
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4.9. Quantitative RT-PCR

Total RNA was extracted using Trizol reagent and reverse-transcribed with PrimeScript RT Master
Mix. Real-time PCR analysis was performed in an Applied Biosystems Step One-Plus (Waltham, MA,
USA) under the following conditions: 95 ◦C for 30 s, followed by 40 cycles at 95 ◦C for 5 s, and 60 ◦C
for 40 s. The relative expression of each targeted gene was calculated and normalized using 2−ΔΔCt

method relative to glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Each assay was performed
in quadruplicate.

4.10. Wound-Healing Assay

Cells in the exponential growth phase were harvested and seeded in six-well plates. After 12 h
incubation, cells were treated for another 24 h with 0, 2.4, or 4.8 μM phycocyanin, and then
continuously incubated in fresh medium (containing 3% fetal bovine serum) at 37 ◦C in 5% humidified
CO2. The culture insert provided two cell culture reservoirs that were separated by a thick wall.
After removing the culture inserts on the second day, a “wound” was formed between the two cell
patches. Photos of the wounds were taken every 12 h. The widths of the wounds were measured
at three positions for each replicate using the Leica Application Suite (Leica Microsystems GmbH,
Wetzlar, Germany).

4.11. Statistical Analysis

The numerical data were expressed as means ± standard deviation (SD). Two-tailed Student’s
t-test was performed for comparison among the different groups. In addition, p < 0.05 (*) or p < 0.01 (**)
was considered as statistically significant.

5. Conclusions

The present study first demonstrated that phycocyanin, a natural functional food colorant,
inhibited migration, proliferation, and promoted apoptosis in three NSCLC cell lines (H1299,
H460, and LTEP-A2). Molecular studies further revealed that NF-κB was involved in this
process. Phycocyanin could affect the cell phenotype through downregulating the NF-κB pathway.
Although the precise mechanism still needs further investigation, the present findings illuminated the
function of phycocyanin in NSCLC cells and provided solid evidence to warrant the further exploration
of the anti-cancer mechanism of phycocyanin.
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Abstract: Over 10% of pheochromocytoma and paraganglioma (PPGL) patients have malignant
disease at their first presentation in the clinic. Development of malignancy and the underlying
molecular pathways in PPGLs are poorly understood and efficient treatment strategies are missing.
Marine sponges provide a natural source of promising anti-tumorigenic and anti-metastatic agents.
We evaluate the anti-tumorigenic and anti-metastatic potential of Aeroplysinin-1 and Isofistularin-3,
two secondary metabolites isolated from the marine sponge Aplysina aerophoba, on pheochromocytoma
cells. Aeroplysinin-1 diminished the number of proliferating cells and reduced spheroid growth
significantly. Beside these anti-tumorigenic activity, Aeroplysinin-1 decreased the migration ability
of the cells significantly (p = 0.01), whereas, the invasion capacity was not affected. Aeroplysinin-1
diminished the high adhesion capacity of the MTT cells to collagen (p < 0.001) and, furthermore,
reduced the ability to form spheroids significantly. Western Blot and qRT-PCR analysis showed a
downregulation of integrin β1 that might explain the lower adhesion and migration capacity after
Aeroplysinin-1 treatment. Isofistularin-3 showed only a negligible influence on proliferative and
pro-metastatic cell properties. These in vitro investigations show promise for the application of the
sponge-derived marine drug, Aeroplysinin-1 as anti-tumorigenic and anti-metastatic agent against
PPGLs for the first time.

Keywords: marine sponges; Aeroplysinin; Isofistularin; pheochromocytoma and paraganglioma;
metastasis; cancer progression; cell adhesion molecules; integrin β1; hypoxia

1. Introduction

Pheochromocytomas and extra-adrenal paragangliomas are rare neural crest-derived tumors
with a highly heterogeneous genetic background associated with variable diseases aggressiveness.
Pheochromocytoma generally occurs as a benign tumor, but over 10% are malignant at the first
presentation or at recurrence usually with metastases at lymph node, bone, liver, and/or lung.
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Occurrence of metastatic disease is associated with a 5 years survival of >50% [1,2]. Currently,
no methods for the identification, the prediction, or the cure of malignant pheochromocytomas are
available. The development of malignancy and the underlying molecular pathways in PPGLs are
poorly understood and efficient treatment strategies are missing.

Natural sources of potential anti-tumorigenic and anti-metastatic agents are, for example,
provided by diverse marine sponges [3,4]. Lacking an effective external defense mechanism, marine
sponges developed chemical defense strategies by the production of secondary metabolites with
various bioactivities [5]. A prominent agent is the bioactive (+)-Aeroplysinin-1 isolated from the
marine demosponge Aplysina aerophoba (Figure 1) [6], which is also the source of chitinous scaffolds for
diverse biomedical [7,8] and technological [9] applications. Beside the antibiotic and antiviral activity,
Aeroplysinin-1 triggers key molecules of the inflammatory response as especially cyclooxygenase-2
(COX-2), metalloproteinases 1 (MMP-1), and 2 (MMP-2) [10]. Moreover, Aeroplysinin-1 demonstrates
an anti-angiogenic activity in vivo and in vitro [11]. An anti-tumorigenic effect of Aeroplysinin-1 has
been demonstrated for two human breast cancer cell lines (ZR-75-1 and MCF-7). Sallam et al. [12]
showed an inhibitory activity of several dibromotyrosine analogues of Aeroplysinin-1 on human
prostate cancer proliferation, migration, and invasion. Treatment with Aeroplysinin-1 blocks the
epidermal growth factor (EGF)-dependent proliferation probably due to the inhibition of EGF receptor
phosphorylation [13]. Nevertheless, this receptor tyrosine kinase inhibitory activity of Aeroplysinin-1
was controversially discussed in the literature (reviewed in [11]). In conclusion, Aeroplysinin-1
addresses four hallmarks of cancer; proliferation, inflammation, angiogenesis, and metastasis, but the
underlying mechanism is mainly unclear.

Figure 1. Schematic view: fresh collected 15 cm large A. aerophoba demosponge that grow under marine
ranching conditions and the chemical structure of its bioactive secondary metabolites Aeropysinin-1
and Isofistularin-3.

A less characterized brominated compound derived from A. aerophoba is Isofistularin-3 (Figure 1).
Cytotoxic activity of Isofistularin-3 against HeLa cells has been reported (IC50 = 8.5 ± 0.2 μM) [14].
Recently, Florean et al. [15] described Isofistularin-3 as a new DNA methyltransferase (DNMT)
1 inhibitor. The agent reduces viability, colony formation as well as in vivo tumor growth in two lymphoma
cell lines without affecting the viability of peripheral blood mononuclear cells or zebrafish development.
The influence of Isofistularin-3 on cells´ pro-metastatic behavior has not yet been determined.

The absence of effective treatment strategies for malignant pheochromocytoma prompted us to
investigate the anti-tumorigenic and anti-metastatic activity of Aeroplysinin-1 and Isofistularin-3
against pheochromocytoma cells in vitro. To the best of our knowledge, data on the impact
of Aeroplysinin-1 and Isofistularin-3 pheochromocytoma cells are lacking. The choice to study
bromotyrosines of the A. aerophoba demosponge origin was motivated by well-developed marine
farming of this sponge species and its recognition as a renewable source to isolate large amounts of
both bromotyrosines and chitin-based scaffolds [16].
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2. Results

2.1. Anti-Proliferative Activity of Aeroplysinin-1 and Isofistularin-3 in Vitro

To investigate the anti-proliferative activity of Aeroplysinin-1 and Isofistularin-3 against PPGLs,
three different pheochromocytoma cell lines were used. Aeroplysinin-1 diminished the cell viability
(Figure 2A and Figure S1) of all three cell lines in a micromolar concentration (EC50 = 10–11 μM).
Twenty-four hours of incubation under extrinsic hypoxia (1% oxygen) in the presence of Aeroplysinin-1
resulted in a slight decrease of the effect (EC50 = 12–15 μM). Interestingly, 24 h incubation with
Isofistularin-3 under normoxic or hypoxic conditions had no influence on the viability of the rat PC12
cells up to a concentration of 100 μM. The viability of mouse pheochromocytoma cell lines, MPC and
MTT, was reduced in a high micromolar range (EC50,normoxia = 43–44 μM; EC50,hypoxia = 59–91 μM).
Isofistularin-3 had no influence on the number of proliferating cells, whereas, Aeroplysinin-1 decreased
the number of proliferating cells in all three cell lines (Figure 2B–D). The pheochromocytoma cell lines
are affected by the reduction of oxygen and stopped cell division under hypoxic conditions.

 

Figure 2. Anti-proliferative activity of Aeroplysinin-1 and Isofistularin-3 on pheochromocytoma cells
in monolayer culture. (A) Aeroplysinin-1 decreased the viability of all three pheochromocytoma
cell lines significantly after 24 h treatment. Isofistularin-3 only affected the viability of the mouse
pheochromocytoma cells, whereas, the PC12 rat pheochromocytoma cells was not affected up to a
concentration of 100 μM under normoxic and hypoxic conditions. Cultivation under hypoxia increased
the necessary effective concentration to reduce the viability to 50% (EC50). (B) Furthermore, the effect
on the number of proliferating cells was analyzed under normoxic and hypoxic conditions. Treatment
with 1 μM Aeroplysinin-1 reduced the number of proliferating cells in all three cell lines in trend.
Under hypoxic conditions (1% oxygen), pheochromocytoma cells stopped cell division. Four to five
independent experiments were performed (n = 4–14). Average ± standard error of the mean (SEM);
Analysis of variance (ANOVA) and Bonferroni post hoc test comparison vs. control * p < 0.05, ** p < 0.01.

Aeroplysinin-1 induced apoptosis, analyzed by caspase (casp)-3 and casp-7 activity assay,
in a concentration-dependent manner but predominant at lower concentrations (Figure 3A–C).
Furthermore, gene expression analysis demonstrated a reduction of casp-3 and casp-7 after treatment
with 10 μM Aeroplysinin-1 in the MTT cells (Figure 3D). In contrast to the programmed cell death
during apoptosis, necrosis causes traumatic cell death due to an acute cellular injury. Several markers
for necrosis (e.g., cyclophilin A and D, RIPK, and BNIP3) were described, but gene expression analysis
showed no difference in the expression of these genes after treatment with Aeroplysinin-1 (Figure 3E,F).
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Moreover, Belcin 1 (Becn1) a marker of cellular stress and a crucial regulator of the crosstalk between
apoptosis and autophagy [17], was not affected by the treatment with Aeroplysinin-1 (Figure 3G).

Figure 3. Influence of Aeroplysinin-1 and Isofistularin-3 on cell death related pathways. Induction of
apoptosis by the treatment with Aeroplysinin-1 and Isofistularin-3 was analyzed by the measurement
of the relative caspase-3 and caspase-7 activity in (A) MPC, (B) MTT, and (C) PC12 cells. Moreover,
the impact on the (D–G) gene expression levels of the MTT cells was determined by qRT-PCR.
(E) Beside apoptosis, necrosis and autophagy are also forms of cell death regulated by several genes.
(F) The analyzed markers for necrosis Ppia (cyclophilin A), Ppid (cyclophilin D), Ripk and Bnip3 were not
affected by the treatment with Aeroplysinin-1. (G) Furthermore, no difference of the Becn1 expression
level was detectable after Aeroplysinin-1 treatment. Three to four independent experiments (n = 3–4).
Average ± SEM; ANOVA and Bonferroni post hoc test comparison vs. control * p < 0.05 or ** p < 0.01.

Isofistularin-3 reduced caspase activity at higher concentrations (50 μM) (Figure 3A–C), whereas,
expression of the caspase genes was induced after 48 h treatment with a concentration of 10 μM.
The necrosis-associated genes (Figure 3E,F) were up-regulated after 48 h treatment with Isofistularin-3.
Furthermore, Becn1 as a marker of autophagy was increased after Isofistularin-3 treatment (Figure 3G).

Our investigations in monolayer culture demonstrate the promising effects of Aeroplysinin-1
as an anti-proliferative agent. In the next step, we aimed to determine whether Aeroplysinin-1 is
also effective in a more complex model that is closer to the in vivo conditions by the formation of
therapeutic resistant hypoxic and necrotic areas. Therefore, 3-dimensional tumor cell spheroids of
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the MTT cells were generated. Tumor cell spheroids are characterized by a pH, oxygen, and nutrient
gradient and allow the screening of different drugs with regard to their potential anti-tumorigenic
activity [18]. A single treatment with 5–10 μM Aeroplysinin-1 diminished the spheroid growth
significantly over a time period of 12 days (Figure 4A). The medium of the spheroids was replaced
every four days. Consequently, four days after treatment there was no Aeroplysinin-1 remaining in
the medium. A single treatment with Aeroplysinin-1 resulted in a decelerated spheroid growth,
but was not able to inhibit spheroid growth completely. Therefore, we decided to perform a
fractionated treatment as usually performed in the clinic. Treatment with Aeroplysinin-1 took place
on day four, 8, 11, and 15 after spheroid generation and resulted in a full inhibition of spheroid
growth at a concentration of 10 μM (Figure 4B). Moreover, even 5 μM Aeroplysinin-1 significantly
decreased spheroid growth over the entire time period. To sum up, Aeroplysinin-1 showed promising
anti-proliferative activity in monolayer as well as spheroid culture of pheochromocytoma cells,
indicating a potential anti-tumorigenic activity of this sponge-derived drug.

Figure 4. Spheroid growth inhibition by a single or fractionated treatment with Aeroplysinin-1.
(A) Spheroids were treated with different concentrations Aeroplysinin-1 after completed spheroid
formation (day 4) and growth was monitored over a time period of 14 days. Furthermore,
(B) a fractionated treatment on day four, 8, 11, and 15 took place. Three to four independent
experiments (n = 15–48). Average ± SEM; ANOVA and Bonferroni post hoc test comparison vs. control
* p < 0.05, ** p < 0.01; or vs. 5 μM Aeropylysinin-1 # p < 0.05. Arrows mark the different treatment time
points. Scale bar: 200 μm.

2.2. Influence of Aeroplysinin-1 and Isofistularin-3 on Cells’ Pro-Metastatic Behavior

Beside the inhibition of tumor growth, the prevention of the development of tumor metastases
is a major goal of a potential successful cancer treatment. Formation of metastases is particularly
dependent on the migration, invasion, and adhesion capacity of a single cell (pro-metastatic properties).
In this context, we asked whether the sponge-derived marine drugs Aeroplysinin-1 and Isofistularin-3
are able to reduce the pro-metastatic behavior of pheochromocytoma cells. To determine the effect of
Aeroplysinin-1 and Isofistularin-3 on the migration and invasion capacity of MTT cells Boyden-Chamber
assays with or without Matrigel® coating were performed. Aeroplysinin-1 decreased the migration ability
of the cells significantly, whereas, the invasion capacity was not affected (Figure 5A,B). In contrast,
Isofistularin-3 had no influence on MTT cell migration and invasion (Figure S2). Furthermore,
the adhesion to the extracellular matrix proteins collagen and fibronectin was analyzed (Figure 5C,D).
MTT cells adhered with a comparable low affinity to fibronectin that was mildly affected by treatment
with Aeroplysinin-1. In contrast, Aeroplysinin-1 significantly diminished the high adhesion capacity
of the MTT cells to collagen. The adhesion capacity of the pheochromocytoma cell was not affected by
Isofistularin-3 (Figure S2). To further investigate the ability of Aeroplysinin-1 to prevent the formation
of metastases the effect of this compound on spheroid formation was examined. Therefore, cell
suspension was treated with different concentrations of Aeroplysinin-1 before cells were seeded to
form spheroids. A concentration of 1 μM Aeroplysinin-1 significantly inhibits the ability of MTT
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cells to form spheroids (Figure 5E). These data indicate a potential influence of Aeroplysinin-1 on cell
adhesion molecules (e.g., integrins, cadherins, and selectins) and, moreover, gives a first hint regarding
the potential anti-metastatic effects of this sponge-derived drug.

Figure 5. Aeroplysinin-1 influences the pro-metastatic behavior of MTT cells. Impact of different
concentrations of Aeroplysinin-1 on (A) MTT cell migration and (B) invasion were analyzed in
Boyden-Chamber assays (with (B) or without (A) Matrigel coating) after 24 h. Furthermore,
the adhesion capacity of MTT cells to (C) collagen and (D) fibronectin after 24 h treatment with
Aeroplysinin-1 was determined. (E) Spheroid formation was tracked over four days and the
spheroid diameter was analyzed four days after seeding. Three independent experiments (n = 12–18).
Average ± SEM; ANOVA and Bonferroni post hoc test comparison vs. control * p < 0.05 or ** p < 0.01.
Scale bar: 200 μm.

2.3. Impact of Aeroplysinin-1 on Cell Adhesion Molecules

Cell adhesion molecules (CAMs) are the major players for the binding with other cells and
the extracellular matrix (ECM). In consideration with the previous results, we hypothesized that
Aeroplysinin-1 influences the expression of these CAMs. Integrins are responsible for the cell
interaction with the ECM glycoproteins (e.g., collagen, fibronectin, and laminin) and are heterodimeric
proteins consisting of alpha and beta subunits. Here we focused on the integrins α1β1 (ligands:
collagens, laminins), α2β1 (ligands: collagens, laminins), and α4β1 (ligands: fibronectin, VCAM-1).
An up-regulation of ITGB1 is associated with a pro-metastatic behavior, for example in lung [19] and
breast cancer [20], as well as renal cell carcinomas [21]. A concentration of 10 μM Aeroplysinin-1
repressed the expression of the beta subunit (Itgb1) in the MTT cells significantly, whereas the
expression of Itga1 and Itga3 was not affected by Aeroplysinin-1 (Figure 6A–C). MTT cells showed no
Itga4 expression that could explain the relatively low affinity of MTT cells to fibronectin.
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Figure 6. Regulation of cell adhesion molecules in mouse pheochromocytoma cells (MTT) by
Aeroplysinin-1. The impact of 24 h treatment with Aeroplysinin-1 on the gene expression was
confirmed by qRT-PCR and the protein expression was analyzed by western blot analysis. Three to four
independent experiments were performed (n = 3–4) and a representative section of the immunochemical
detection is shown. Treatment with 10 μM Aeroplysinin-1 diminished the expression of integrin
β1 (A) significantly, whereas, the gene expression of Itga1 (B) and Itga3 (C) was not affected.
Furthermore, Aeroplysinin-1 had no impact on the protein expression of the calcium-dependent
cadherins. Average ± SEM; ANOVA and Bonferroni post hoc test comparison vs. control ** p < 0.01.

A second type of CAMs is the calcium-dependent cadherins. These transmembrane proteins are
important for the formation of adherens junctions, which are crucial for cell-cell interactions. A loss
of epithelial(E)-cadherin (CDH1) expression or function diminishes the strength of cellular adhesion
within a tissue and results in an increase in cellular motility that correlates with tumor progression and
metastasis [22]. Furthermore, the expression of neuronal(N)-cadherin (CDH2), normally expressed
from mesenchymal cells, promotes cellular motility and the invasiveness of tumor cells. This switch
from E-cadherin to N-cadherin has a functional significance in cancer metastasis [23]. Treatment
with Aeroplysinin-1 had no impact on the protein expression of E- and N-cadherin (Figure 6D).
Beta-catenin as a subunit of the cadherin protein complex is also involved in the regulation and
coordination of cell-cell adhesion and acts as a signal transducer in the Wnt signaling pathway.
Park et al. [24] demonstrated that Aeroplysinin-1 inhibits the proliferation of colon cancer cells
by promoting β-catenin degradation. Beta-catenin gene expression was significantly reduced after
48 h treatment with Aeroplysinin-1 (data not shown) indicating an impact of Aeroplysinin-1 on the
Wnt/β-catenin signaling.

3. Discussion

For the cure of metastatic PPGLs effective treatment strategies are missing. In our present
study, we evaluate the impact of two secondary metabolites, Aeroplysinin-1 and Isofistularin-3,
isolated from the marine demosponge A. aerophoba on the proliferative and pro-metastatic behavior of
pheochromocytoma cell lines.

Aeroplysinin-1 diminished the number of proliferating pheochromocytoma cells and their viability
in a micromolare range. Furthermore, the MTT cell spheroid growth was significantly repressed by
the fractionated treatment with Aeroplysinin-1. The induction of apoptosis only occurred at a lower
dose (1–5 μM) and the hypothesis that the effects of higher concentrations are related to necrosis or
autophagy could not be confirmed. The impact on cell viability is in line with the findings of other
groups on different tumor cell lines (reviewed in [11]). Koulman and coworkers concluded that the
formation of free radicals by the semiquinone structure is at least contributing to the cytotoxicity of
Aeroplysinin-1 [25]. Another sign in this direction is provided by the work from Stuhldreier et al., who
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demonstrate that Aeroplysinin-1 stimulates the phosphorylation of histone H2AX (γ-H2AX), a marker
for DNA damage, in acute myeloid (NOMO-1) and acute monocytic (THP-1) cells [26]. Moreover,
an EGF-dependent anti-proliferative effect was described by the group of Kreuter [13]. The inhibition of
receptor tyrosine kinases that are involved in the transduction of mitogenic signals could furthermore
be responsible for the effect of Aeroplysinin-1 on cell growth and proliferation [27]. Our data provide
a first hint that Aeroplysinin-1 could demonstrate an anti-tumorigenic activity on PPGLs, however,
additional in vivo experiments are needed to confirm these findings. Moreover, a specific therapeutic
target of Aeroplysinin-1 is largely unknown and that is why the toxicity to the normal tissue must be
evaluated carefully to identify unintentional negative side-effects. Anti-angiogenic activity [28,29] and
the previously presented data underline the potential anti-tumorigenic activity of Aeroplysinin-1 on the
one hand, but indicate an impact on normal blood vessel endothelial cells on the other hand. Kreuter
and colleagues demonstrate that Aeroplysinin-1 blocked the proliferation of two breast cancer cell
lines (0.25–0.5 μM) significantly; whereas a 10-fold higher concentration did not reveal any cytotoxicity
on human fibroblast [13,30].

Cancer cell metastasis is a multistep cascade that is dependent on dynamic changes in the
adhesive and migratory ability of tumor cells. Aeroplysinin-1 decreased the migration ability of
pheochromocytoma cells significantly, whereas the invasion capacity was not affected. Furthermore,
treatment with Aeroplysinin-1 reduced the adhesion capacity of the MTT cells. Quantitative RT-PCR
and western blotting confirmed a reduction of the integrin β1 expression after 24 h treatment.
The integrin αvβ3 and αvβ5 antagonist cilengitide showed favorable results in clinical phase 2 trials in
patients with glioblastoma [31,32], non-small-cell lung [33,34], and prostate [35] cancer (reviewed [36]).
Therapeutic strategies targeting integrin β1 have also shown efficacy to reduce tumor growth in
preclinical models. Volociximab, a monoclonal antibody blocking the function of integrin α5β1 inhibits
angiogenesis and decreases tumor growth in vitro [37]. A phase 1 trial in patients with advanced solid
malignancies [38] and a phase 2 trial in patients with platinum-resistant advanced epithelial ovarian
or primary peritoneal cancer [39] demonstrated that Voleciximab was well tolerated and may improve
the clinical outcome. A peptide antagonist of integrin α5β1 with anti-angiogenic activity, ATN-161,
prolonged stable disease in one-third of the patients with advanced solid tumors [40]. Interestingly,
Motuporamine C, a cytotoxic alkaloid isolated from the marine sponge Xestospongia exigua, inhibits
the invasion of breast and prostate carcinoma and glioma cell lines by a reduction of the integrin ß1
activity [41]. ß1 integrins induce adhesion-dependent activation of the focal adhesion kinase (FAK)
and proto-oncogene tyrosine-protein kinase SRC, leading to proliferation, migration, invasion and
the survival of tumor cells bound to the ECM [36]. Consequently, a downregulation of β1 integrin
via Aeroplysinin-1 offers an excellent therapeutic opportunity to suppress tumor cell migration and
invasion, and could furthermore explain the anti-proliferative activity of this sponge-derived secondary
metabolite. Further studies in vivo are necessary to confirm our promising in vitro results.

An increased resistance of several tumors against commonly used treatment modalities, such as
radiation therapy and chemotherapy, is a major limitation in the therapeutic regime of these tumors.
The tumor microenvironment and extracellular matrix play a critical role in the response to different
therapeutic options. β1 integrin is described as promising molecular target to enhance radiation
therapy [42] and modulate the chemotherapy resistance [43]. A combination of Aeroplysinin-1 with
one of the common treatment modalities should be the objective of further studies to evaluate the
potential of Aeroplysinin-1 as potential chemo-/radio-sensitizing agent. This could be important
especially for PPGLs with an activation in pseudohypoxic pathways, including those with mutations
in HIF2α, VHL, PHD and particularly SDHB that carry a higher risk of malignancy [44]. Moreover,
stabilization of hypoxia-inducible factors (HIFs) promotes the expression of integrin β1 [45].

In contrast to the auspicious impact of Aeroplysinin-1 on the proliferative and pro-metastatic
behavior of the pheochromocytoma cell lines, Isofistularin-3 showed only a negligible activity on these
cell properties. In line with the findings from Florean and coworkers, our qRT-PCR results indicate an
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induction of autophagy- and necrosis-related genes after 48 h treatment [15]. Nevertheless, an impact
on the number of proliferating cells was not detected in our pheochromocytoma cell model.

For the first time, our in vitro investigations show promise for the application of Aeroplysinin-1
as anti-tumorigenic and anti-metastatic agent against PPGLs. We suggest that the mechanism is
based on the reduction of the integrin β1 expression. The application of Aeroplysinin-1 and other
sponge-derived secondary metabolites provides a promising therapeutic strategy especially for the
treatment of metastatic PPGLs and other tumor entities with the tendency for metastatic spread.

4. Materials and Methods

BromMarin GmbH (Freiberg, Germany) kindly provided Isofistularin-3 and Aeroplysinin-1 with
the purity grade of 99.9%.

4.1. Cell Culture

The mouse pheochromocytoma cells (MPC) generated from heterozygous neurofibromatosis
knockout mice and its more aggressive derivate termed MTT as well as the rat pheochromocytoma
cell line PC12 were acquired from Arthur Tischler [46–48]. For the cultivation of the PC12 cells
RPMI-1640 containing 10% horse serum (HS) and 5% fetal calf serum (FCS) were used. The additional
supplementation of this medium with 2 mM Glutamax is necessary for the MPC cell cultivation.
The MTT cells were cultivated in Dulbecco’s Modified Eagle Medium (DMEM) plus Glutamax
supplemented with 10% HS, 5% FCS, and 1 mM sodium pyruvate. In general, cells were cultivated
under normoxic conditions in a CO2 incubator. In order to simulate hypoxic conditions (extrinsic
hypoxia) cells were cultivated at reduced oxygen partial pressure (≤1% O2) in a special incubator
equipped with an oxygen-sensor (Gasboy, Labotect, Göttingen, Germany). In all cases, cells were
cultured at 37 ◦C, 5% CO2, and 95% humidity. MycoAlert Mycoplasma Detection Kit (Lonza, Basel,
Switzerland) was used for testing cells to be mycoplasma free. After trypsinization (trypsin/EDTA;
0.05%/0.02%) cells were diluted with complete medium (DMEM plus Glutamax with 10% HS and
5% FCS) and counted by using C-CHIPs (Neubauer improved). All experiments were performed
antibiotic free after at least one passage after re-cultivation. The cultivation and the experimental work
were performed by using collagen A coated cell culture dishes.

4.2. Viability Assay

To investigate the effect of Isofistularin-3 and Aeroplysinin-1 on cell viability the CellTiter 96®

AQueous One Solution Cell Proliferation Assay (Promega, Mannheim, Germany) was used. In analogy
to manufacturer´s instructions both cell lines (1.75 × 104) were seeded in 96-well plates and incubated
for 24 h with different concentrations of the compounds. After 3 h incubation at 37 ◦C with CellTiter
96® AQueous One reagent the absorption of the whole plate was measured at 490 nm by Anthos htIII
plate reader. The half maximal effective concentration (EC50) was calculated from the dose-response
curve by using the dose-response fit model of the SigmaPlot 12.5 software package (SYSTAT Software,
San Jose, CA, USA).

4.3. Proliferation Assay

2.25 × 105 cells were seeded in 6-well plates and allowed to attach for 24 h. Cells were treated
with Isofistularin-3 or Aeroplysinin-1 (1 μM or 10 μM) and cultivated for 48 h, 72 h, or 144 h under
normoxic or hypoxic conditions. After incubation, cells were washed with PBS, trypsinated, and after
careful resuspension in medium (total volume: 1 mL) cells were counted by using C-CHIPs (Neubauer
improved). Each well was counted in duplicate.
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4.4. Apoptosis Assay

To determine the effect of Isofistularin-3 and Aeroplysinin-1 on cell viability the Apo-ONE®

Homogeneous Caspase-3/7 Assay (Promega, Germany) was used. In analogy to the manufacturer´s
instructions all cell lines (1.75 × 104) were seeded in 96-well plates. Cells were treated with different
concentrations of Isofistularin-3 and Aeroplysinin-1 for 24 h under normoxic or hypoxic conditions.
After 1 h incubation at room temperature with 80 μL of the supernatant was transferred (duplicate) in
a black 96-well plate and the fluorescence was analyzed at 485Ex/530Em by LB940 Multilabel Reader
Mithras (Berthold Technologies GmbH Co. KG, Bad Wildbad, Germany; Software: MikroWin 2000,
Labsis Laborsysteme GmbH, Neunkirchen-Seelscheid, Germany).

4.5. Migration Assay

The influence of Aeroplysinin-1 and Isofistularin-3 on the ability of MTT cells to migrate through
8 μm pores was ascertained by using TC-Inserts (Item No. 83.3931.800; Sarstedt AG & Co. KG,
Nümbrecht, Germany). 5 × 106 cells were plated in a cell culture flask (T75) and cultivated for 24 h
under normoxia. Medium was removed and DMEM plus Glutmax containing 0.2% bovine serum
albumin (BSA) was added, followed by 24 h incubation. Cells were washed with PBS, trypsinized,
and different concentrations of Aeroplysinin-1 (10, 5 and 1 μM), or Isofistularin-3 (10 and 5 μM),
or DMSO as control was added to the cell suspension containing 1 × 106 cells per milliliter in DMEM
containing 0.2% BSA. As chemoattractant complete DMEM + Glutamax (10% HS, 5% FCS, 1 mM
sodium pyruvate) was filled in each well of a 12-well plate and the treated single cell suspensions
(2 × 105 cells/insert) were added in the upper compartment of the cell culture insert. After 24 h
incubation, culture medium was replaced by DMEM + Glutamax (0.2% BSA) with 1 μM calcein (BDTM

calcein AM Fluorescent Dye, BD Biosciences, Franklin Lakes, NJ, USA) for 1 h at 37 ◦C. Afterwards,
the lower compartment was washed with PBS and the cells that migrated through the pores were
trypsinized and the fluorescence of the calcein-stained cells was measured at 485Ex/528Em by VICTOR3
1420 Multilabel Counter (Perkin Elmer, Hong Kong, China).

4.6. Invasion Assay

For invasion experiments the TC-Inserts were coated with basement membrane matrigel (Matrigel
(BD Bioscience)/DMEM + Glutamax, 1/3, v/v) and the experimental procedure was analog to the
migration assay above.

4.7. Adhesion Assay

4 × 105 cells were plated in each well of a 6-well plate (pre-culture). After 24 h cells were treated with
different concentrations of Aeroplysinin-1 or Isofistularin-3. DMSO was used as a control. Furthermore,
24-well plates were coated with human fibronectin (5 mg/mL in PBS, Biochrom Ltd., Cambridge,
UK) overnight at 4 ◦C or as previously described with collagen A. After 24 h the fibronectin or
collagen coated plates were washed two times with PBS and unspecific binding sites were blocked
with PBS containing 2% BSA for 1 h at 37 ◦C. The 24 h treated cells were washed two times with PBS,
detached with trypsin (comment: detachment with EDTA or accutase was not useful for the cells) and
resuspended in DMEM + Glutamax containing 0.2% BSA. 2 × 105 cells per well that were seeded in
the fibronectin- or collagen-coated wells and allowed to adhere for 30 min. Non-adherent cells were
washed away with PBS. The remaining cells were fixed for 5 min in PBS/methanol followed by 10 min
in 100% methanol and stained for 15 min with crystal violet. After four washing steps (tap water) cells
were dried on air and lysed by using PBS containing 0.5% Triton-X-100 for 30 min under continuous
shaking. After transfer in a 96-well plate, absorption at 550 nm (reference 650 nm) was measured by
VICTOR3 1420 Multilabel Counter. PBS containing 0.5% Triton-X-100 was used as blank.
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4.8. Generation and Cultivation of Tumor Cell Spheroids

5 × 103 cells resupended in complete cell culture medium containing 20% of a 1.2% methylcellulose
solution (0.24% (w/v), prepared in DMEM + Glutamax) were seeded in nonadherent round-bottom
96-well plates for suspension culture (Greiner, Kremsmünster, Austria). After 3–4 days´ cultivation
consumed medium was replaced. To determine the influence of Aeroplysinin-1 or Isofistularin-3 four
days’ old spheroids were treated with different concentrations of the marine drugs. The treatment
of the spheroids takes place one-time and was removed after 4 days by the medium replacement
(Figure 4A). In a second experimental setting a fractionated treatment of spheroids was performed
to determine if a fractionated treatment is able to reduce the necessary dose (Figure 4B). Therefore,
spheroids were treated at day 4, 8, 11, and 15. The size of each spheroid was measured by using an
inverse microscope Axiovert 200 M (Software: AxioVision 4.8; Carl Zeiss AG, Oberkoch, Germany).
The area (A) of each spheroid was analyzed by using the software package Fiji (ImageJ, 1.51t, National
Institutes of Health, Bethesda, MD, USA). The diameter (d) was calculated under acceptance of an
approximately spherical form of the spheroids (d = 2 × √

(A/π)).

4.9. Tumor Cell Spheroid Formation Assay

To analyze the influence of Aeroplysinin-1 or Isofistularin-3 on the formation of the MTT cell
spheroids the cell suspension containing 20% of a 1.2% methylcellulose solution was treated with
different concentrations of the marine drug. After seeding, formation was tracked over a time period
of four days.

4.10. RNA Isolation

RNA from cell pellets was isolated using RNeasy Plus Mini kit (Qiagen, Hilden, Germany)
according to the manufacturer’s instructions. RNA concentration was analyzed using BopPhotometer
(Eppendorf, Hamburg, Germany). For the reverse transcription of 1 μg RNA the iScript RT kit (Bio-Rad,
Hercules, CA, USA) was utilized. One microliter of the transcribed cDNA per reaction was used for
qRT-PCR analysis.

4.11. Quantitative Real-Time PCR

Mouse ß-actin, Ripk, Bnip3, Ppia, Ppid, Becn1, Casp3, Casp7, Cdh1, Cdh2, Itga1, Itga3, Itga4, Itgb1
mRNA expression was analyzed using the Quantitec SYBR PCR Master Mix (Qiagen GmbH, Hilden,
Germany) and was expressed relative to ß-actin RNA levels as internal control. The sequence of
each primer pair and the optimized annealing temperature is described in detail in the supporting
information (Table S1). The amplification protocol consisted of a denaturation step at 95 ◦C for 7 min,
followed by 40–45 cycles with a 95 ◦C denaturation step for 15 s, an annealing step for 20 s, and the
extension step at 72 ◦C for 15 s. The expression of all genes was determined using Bio-Rad CFX 384
Real-Time System (Bio-Rad) and was analyzed using the comparative threshold cycle (CT) method [49].

4.12. SDS-PAGE and Western Blotting

Protein synthesis of integrin β1, E-cadherin, N-cadherin, and GAPDH was determined by
Western blot analysis. After incubation with Aeroplysinin-1 under normoxic or hypoxic conditions,
cells were washed with PBS, detached with trypsin/EDTA, and resuspended in cold medium.
After centrifugation at 4 ◦C the obtained pellet was washed twice with PBS and stored at −80 ◦C. Whole
cell lysates were prepared on ice using CellLyticTM M (Sigma-Aldrich, St. Louis, MO, USA, C2978)
with protease inhibitors (1:100, Sigma-Aldrich; P8340). After 30 min incubation and thoroughly mixing,
cell lysate were centrifuged to remove cell debris. The protein concentration of each supernatant was
quantified using Bradford assay. Thirty microgram proteins were mixed with four-fold LDS sample
buffer (C.B.S. Scientific, San Diego, CA, USA; FB31010) and 5% mercaptoenthanol, denatured at 99 ◦C
for 5 min and separated by 10% SDS-polyacrylamide gels (PAGE). Protein transfer to a polyvinylidine
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difluoride membrane (0.45 μm; Whatman, Maidstone, UK) was performed by semi-dry electroblotting.
Non-specific binding sites on the membrane were blocked by one hour incubation with 5% skimmed
milk powder plus 2% bovine serum albumin in TBS-T (blocking solution) at room temperature.
Membrane was incubated with primary antibodies anti-integrin beta 1 (1:500; ab179471; abcam plc.,
Cambridge, UK), anti-E cadherin (1:500, ab76319; abcam plc.), anti-N cadherin (1:500; ab18203; abcam
plc.), and anti-GAPDH (1:1000; #2118, Cell Signaling Technology, Frankfurt am Main, Germany) for
one hour at room temperature followed by an overnight incubation at 4 ◦C. After three washing steps
in TBS-T, membranes were incubated for one hour at room temperature with peroxidase-conjugated
secondary antibody goat anti-rabbit IgG (1:5000; sc-2004; Santa Cruz Biotechnology, Dallas, TX, USA)
or goat anti-mouse IgG (1:5000; sc-2005; Santa Cruz Biotechnology). All antibodies were diluted
in blocking solution. After washing with TBS-T, proteins were visualized by chemiluminescence
under the use of SuperSignal® West Pico and Femto Chemiluminescent Substrate (Thermo Fisher
Scientific, Waltham, MA, USA) and detected using G:BOX Chemi-XL1.4 imaging system from Syngene
(Cambridge, UK).

4.13. Statistical Analysis

Descriptive data were expressed as average ± SEM. The number of n represents the number of
technical and biological replicates within the independent experiments. Statistical analyses were carried
out by a one-way analysis of variance with post hoc Bonferroni using SigmaPlot 12.5 (Systat Software
GmbH, Erkrath, Germany).

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/5/172/s1,
Table S1: Primer sequences and the targeted genes, Figure S1: Dose-response curves of three different
pheochromocytoma cell lines after treatment with Aeroplysinin-1 or Isofistularin-3 under normoxic and hypoxic
conditions, Figure S2: Impact of Isofistularin-3 on the pro-metastatic behavior of MTT cells.
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Abstract: Cancer is the leading cause of death globally and finding new therapeutic agents
for cancer treatment remains a major challenge in the pursuit for a cure. This paper presents
an overview on microalgae with anti-cancer activities. Microalgae are eukaryotic unicellular plants
that contribute up to 40% of global primary productivity. They are excellent sources of pigments,
lipids, carotenoids, omega-3 fatty acids, polysaccharides, vitamins and other fine chemicals, and there
is an increasing demand for their use as nutraceuticals and food supplements. Some microalgae
are also reported as having anti-cancer activity. In this review, we report the microalgal species that
have shown anti-cancer properties, the cancer cell lines affected by algae and the concentrations of
compounds/extracts tested to induce arrest of cell growth. We also report the mediums used for
growing microalgae that showed anti-cancer activity and compare the bioactivity of these microalgae
with marine anticancer drugs already on the market and in phase III clinical trials. Finally, we discuss
why some microalgae can be promising sources of anti-cancer compounds for future development.

Keywords: marine biotechnology; microalgae; anti-cancer

1. Introduction

Cancer includes a large group of pathologies related to the unrestrained proliferation of cells in
the body [1]. There are more than 200 different types of cancers, and some cancers may eventually
spread into other tissues causing metastases that are often lethal. Cancer is the leading cause of death
globally, largely due to aging and growth of the world’s population. According to the European
Cancer Observatory [2], estimates for the four most common types of cancer in the European Union in
2012 were as follows: 342,137 cases of colon cancer, 309,589 cases of lung cancer (including trachea
and bronchus cancer), 358,967 cases of breast cancer and 82,075 cases of skin melanoma. Finding
more effective methods to treat cancer remains a challenge, and development of new therapeutic
agents for cancer treatment is essential for continued progress against the disease. According to
Dyshlovoy and Honecker [3] approximately 60% of the drugs used in hematology and oncology
have their origin in natural sources, and one third of the most sold are either natural compounds or
derivatives thereof. There has also been growing interest in marine bioprospecting, because potent
natural compounds (e.g., terpenes, steroids, alkaloids, polyketides, etc.) have already been discovered
from marine organisms. Currently there are seven drugs of marine origin on the market, four of
which are anticancer drugs. There are also close to 26 marine natural products in clinical trials of
which 23 are anti-cancer compounds [4]. Oceans cover nearly 70% of the planet, but remain largely
unexplored. To date, more than 28,000 compounds isolated from marine organisms have been reported,
and this number is rapidly growing each year [4]. However, despite the number of compounds isolated
from marine organisms and the biological activities attributed to many of these, the search for ocean
medicines is relatively recent and only in the middle part of the 20th century did scientists begin to
systematically probe the oceans for new drugs. Today, the pipeline from the initial demonstration that
a molecule may have therapeutic potential to the production of an approved drug involves pre-clinical
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testing, complex clinical trials in humans, and post-trial regulatory approval by the Food and Drug
Administration (FDA). For drugs, this process can take 10 to 15 years (Figure 1) and costs millions of
dollars [5], with less than 12% of the potential drugs receiving final approval [6].

Figure 1. Time estimates for research and development of new Food and Drug Administration (FDA)
approved drugs.

Several factors, such as difficulties in harvesting organisms, low quantities of active compounds in
extracts, finding adequate procedures for isolation and purification, possible toxicity of the compounds
and sustainable production of compounds may slow down the entire pipeline. Notwithstanding these
difficulties, the discovery of new ocean medicines is one of the most promising new directions of marine
science today. Novel initiatives with marine organisms aimed at enabling environmentally-friendly
approaches to drug discovery have been tackled in several European Union 7th Framework Programme
(EU FP7) and European Union Horizon 2020 projects (EU H2020), such as Biologically Active
Molecules of Marine Based Origin (BAMMBO), Bluegenics, European Marine Biological Research
Infrastructure Cluster (EMBRIC), Genetic Improvement of Algae for Value Added Products (GIAVAP),
Marine Microorganisms Cultivation Methods for Improving their Biotechnological Applications
(MaCuMBA) and PharmaSea. This has led to several technological advancements in culturing micro-
and macro-organisms, increased sampling efforts in diverse and often extreme habitats that have led to
the discovery of species that are new for science, massive sequencing of genomes and transcriptomes
allowing for the identification of new metabolic pathways and/or assignment of potential functions
to unknown genes. Here, we discuss the marine microalgae which have shown anti-cancer activity.
This is the first review on this subject because recent studies have indicated that microalgae may
represent a reservoir for new bioactive compounds that can act as anti-cancer drugs.

2. Marine Microalgae

Microalgae are eukaryotic plants that contribute up to 40% of global productivity [7]. They are
at the base of aquatic food webs, have short generation times (doubling time = 5–8 h for some
species) and have colonized almost all biotopes, from temperate to extreme environments (e.g., cold
environments and hydrothermal vents). Their advantage in marine drug discovery is their metabolic
plasticity, which can trigger the production of several compounds with possible applications in various
biotechnology sectors (i.e., food, energy, health, environment and biomaterials) [8,9]. They can be
easily cultivated in photo-bioreactors (e.g., in 100,000 L bioreactors) to obtain a huge biomass and
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represent a renewable and still poorly-explored resource for drug discovery. They use solar energy
and fix CO2 which contributes to the mitigation of greenhouse gas effects and the removal of nitrogen
and phosphorous derivatives which can be pollutants depending on their concentration [10]. Table 1
reports the microalgal species that have shown anti-cancer properties, the cancer cell lines affected by
microalgae and the concentrations that have been tested to induce the arrest of cell growth.
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As reported in previous studies, the bioactivity of microalgae may differ for different clones and can
vary depending on the culturing conditions (e.g., nutrient availability, temperature, light intensity) [8,27]
and growth phase [28]. For example, Ingebrigtsen et al. [27] demonstrated that the bioactivity of various
marine microalgae extracts (i.e., the diatoms Attheya longicornis, Chaetoceros socialis, Chaetoceros furcellatus,
Skeletonema marinoi and Porosira glacialis) with anti-cancer activity against melanoma A2058 cells changed
when they were cultured under different light and temperature conditions. Lauritano et al. [8] also
showed that microalgal bioactivity can vary depending on the nutrient concentrations used for their
cultivation. These authors showed that the diatom Skeletonema marinoi had anti-cancer activity exclusively
when cultured under nitrogen starvation conditions. Considering the importance of culturing conditions
(Table 2), we report the mediums used for growing marine microalgae that showed anti-cancer activity
(e.g., Conway’s medium, Guillard’s F/2 medium or variations of both mediums) and, where available,
the sampling locations and harvesting times.

Table 2. Active microalgal species, sources, culturing conditions and references.

Microalgae Source Culturing Conditions Harvesting Time Reference

Synedra acus Lake Baikal

Culture medium consisting of (mg/L)
Ca(NO3)2·4H2O (20), KH2PO4 (2), MgSO4 (12),
NaHCO3 (30), Na2EDTA (2.2), H3BO3 (2.4),
MnCl2·4H2O (1.3), (NH4)6Mo7O24·4H2O (1),
Na2SiO3·9H2O (25), FeCl3 (1.6), cyanocobalamine
(0.04), thiamine (0.04), and biotin (0.04).
12 ◦C and 250–300 μmol·m−2·s−1 light intensity.

Not provided [14]

Dunaliella tertiolecta DT strain CCMP364
(NCMA, USA)

Conway medium.
20 ◦C, 180 μmol·m−2·s−1 light intensity.

Late exponential
phase [15]

Cocconeis scutellum Mediterranean Sea, Stazione
Zoologica A. Dohrn

Guillard’s F/2 medium.18 ◦C, 140 μmol·m−2·s−1

light intensity and 12 h:12 h photoperiod.
Not provided [16]

Chaetoceros
calcitrans

Strain UPMAAHU10
University Putra Malaysi

Conway medium.
24 ◦C, 120 μmol·m−2·s−1 light intensity, automatic
oscillating shaker at 110 rpm and harvested at
stationary phase (6–7 days).
Conway medium.
Conditions not provided.

Stationary phase
Not provided

[18]
[19]

Amphidinium
carterae

Korea Marine Microalgae
Culture Center

Conway medium.
20 ◦C, 34 μmol·m−2·s−1 light intensity and 24 h:0 h
photoperiod.

Days 8–10 [20]

Eleven strains of
benthic dinoflagellates Coast of Jeju Island (Korea)

Daigo IMK medium (Nihon Pharmaceutical Co.,
Ltd.) and Guillard’s F/2 medium.
20 ◦C, 180 μmol·m−2·s−1 light intensity and 12 h:12
h photoperiod.

Exponential phase. [21]

Navicula incerta Korea Marine Microalgae
Culture Center.

Guillard’s F/2 medium.
Conditions not provided. Not provided [22]

Phaeodactylum
tricornutum

Korea Marine Microalgae
Culture Center

Provasoli-Guillard
National Center

Conway medium.
20 ◦C, 34 μmol·m−2·s−1 light intensity and 24 h:0 h
photoperiod.
Guillard’s F/2 medium.
18 ◦C and 100 μmol·m−2·s−1 light intensity.

Days 8–10
Not provided

[23]
[24]

Skeletonema marinoi
FE6 (1997)

FE60 (2005)

Adriatic Sea
(Mediterranean Sea)

Guillard’s F/2 medium.
19 ◦C, 100 μmol·m−2·s−1 light intensity and 12 h:12
h photoperiod.

Late stationary
phase [8]

3. Active Fractions from Marine Microalgae

3.1. Carotenoid Extract from Chlorella Ellipsoidea

Chlorella species are widely known as being a good commercial source of carotenoids such as lutein,
β-carotene, zeaxanthin and astaxanthin. Kwang et al. 2008 [13] tested the anti-proliferative effect of the
carotenoids extracted from the green algae C. ellipsoidea and C. vulgaris on a human colon carcinoma cell
line (HCT116). Briefly, a freeze-dried Chlorella powder was extracted with ethanol, treated with a solution
of KOH for saponification and further partitioned with hexane. This hexane phase, rich in carotenoids, was
analyzed using HPLC-ESI-MS in order to identify the major carotenoid composition. They found that the
carotenoid extract of C. ellipsoidea was mainly composed of violaxanthin and, in lower ratios, by two other
xanthophylls (antheraxanthin and zeaxanthin). The extract from C. vulgaris was composed mainly of
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lutein. Anti-cancer activity was measured using the MTT assay after 24 h of exposure with the microalgal
extracts. The half maximal inhibitory concentration (IC50) value was 40.73 ± 3.71 μg/mL for C. ellipsoidea
and 40.31 ± 4.43 μg/mL for C. vulgaris—much higher than the IC50 of pure lutein (21.02 ± 0.85 μg/mL).
In order to understand if apoptosis is linked to the observed anti-proliferative effect, the authors also
performed an annexin V-fluorescein assay to check phosphatidylserine translocation (index of apoptosis).
The apoptotic effect was confirmed after treatment with both C. ellipsoidea and C. vulgaris extracts.
They reported that apoptosis was 2.5-fold higher in the case of the C. ellipsoidea extract. The carotenoid
extract was not tested on normal human cell lines.

3.2. Ethanol and Ethyl Acetate Extracts from Chaetoceros Calcitrans

Nigjeh et al. [18] tested the ethanolic extract from the planktonic diatom Chaetoceros calcitrans on
breast adenocarcinoma (MCF-7), breast epithelial (MCF-10A) and peripheral blood mononuclear cells
(PMBC). The ethanolic extract was obtained after the homogenization of the microalgal biomass with
absolute ethanol and further filtration of the supernatant using filter cotton and a 0.2 μm filtration
unit. The results were compared with the effects of tamoxifen, an already known drug used for the
treatment of breast cancer. Cell viability was performed using the MTT assay on MCF-7, MCF-10A and
PMBC cells. The results were expressed as IC50 values obtained by screening different concentrations
(0 to 30 μg/mL) of C. calcitrans extract for 24 and 72 h. The IC50 values of the ethanolic extract screened
on MCF-7 were 3.00 ± 0.65 μg/mL for 24 h and 2.69 ± 0.24 μg/mL for 72 h, while the IC50 values
of MCF-10A cells were 12.00 ± 0.59 μg/mL for 24 h and 3.30 ± 0.36 μg/mL for 72 h. C. calcitrans
extract did not display any cytotoxicity on PMBC cells even at the highest concentrations; the activity
was specific to the cancer cells. The IC50 of tamoxifen on MCF-7 was 12.00 ± 0.52 μg/mL for 24 h
and 9.00 ± 0.40 μg/mL for 72 h. The comparison with tamoxifen shows that the anti-cancer activity
of C. calcitrans extract is very interesting. In addition, annexin V/propidium iodide analyses were
performed and the results indicated apoptosis induction in MCF-7 cells after treatment with the
extract. The authors also observed an increase in the proapoptotic protein Bax, and the caspases 3 and
7 transcripts.

Goh et al. [19] analyzed the effects of the extracts from C. calcitrans against a wide range
of cancer cell lines. In particular, they studied the cytotoxicity of four crude solvent extracts
(hexane, dichloromethane, ethyl acetate and methanol) in the following cancer cell lines: human
breast adenocarcinoma (MDA-MB-231), MCF-7, mouse breast carcinoma (4T1), liver hepatocellular
carcinoma (HepG2), cervix epithelial carcinoma (HeLa), human prostate carcinoma (PC-3), human lung
adenocarcinoma (A549), human colon adenocarcinoma (HT-29), and human ovarian adenocarcinoma
(Caov3). A mouse embryo fibroblast (3T3) cell line was used to measure cytotoxicity against
non-tumorigenic cells. A freeze-dried powder of C. calcitrans was shaken in hexane, dichloromethane,
ethyl acetate or methanol (MeOH) for 24 h and filtered through cotton to obtain the different extracts.
The MTT assay was carried out after 72 h of treatment with the microalgal extracts and doxorubicin
was used as a control (60 μg/mL of doxorubicin). The authors observed that crude ethyl acetate extract
from C. calcitrans had cytotoxic properties in the MDA-MB-231 cancer cell line with IC50 of 60 μg/mL.
An assay on a non-tumorigenic fibroblast cell line also revealed that the cytotoxic effect was specific
against cancer cells; the extract did not have cytotoxic effects on the 3T3 cell line.

3.3. Organic Fractions from Amphidinium Carterae

Samarakoon et al. [20] tested the anti-proliferative activity of various fractions from the
dinoflagellate Amphidinium carterae extract on different cancer cell lines: HL-60 (Human promyelocytic
leukemia cells), B16F10 (mouse melanoma tumor cells), and A549 (adenocarcinomic human alveolar
basal epithelial cells). Cytotoxicity assays were also carried out using the mouse monocyte macrophage
cell line (RAW 264.7). Freeze-dried biomass from the cultured marine microalgae was grounded into
fine powder, extracted with methanol (80%) and homogenized by sonication at 25 ◦C for 90 min.
The crude methanol extract was concentrated by evaporating the solvent under reduced pressure using
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a rotary evaporator and further partitioned. Analytical grade n-hexane, chloroform, ethyl acetate,
and water were used in solvent-solvent partition chromatography in order to obtain the fractions to be
tested. Cell growth inhibition was measured with the MTT assay. A. carterae chloroform fraction was
the most active and reduced HL-60 cell viability by about 50% after 24 h exposure at a concentration of
50 μg/mL. No tests were performed on normal human cell lines.

3.4. Methanolic Extracts from Amphidinium Carterae, Prorocentrum Rhathymum, Symbiodinium sp., Coolia
Malayensis, Ostreopsis Ovata, Amphidinium operculatum and Heterocapsa psammophila

Shah et al. [21] cultivated up to eleven different strains of benthic dinoflagellates (Amphidinium carterae,
Prorocentrum rhathymum, Symbiodinium sp., Coolia malayensis strain 1, Ostreopsis ovata strain 1, Ostreopsis
ovata strain 2, Coolia malayensis strain 2, Amphidinium operculatum strain 1, Heterocapsa psammophila, Coolia
malayensis strain 3 and Amphidinium operculatum strain 2) isolated from the coast of Jeju Island (Korea) in
2011, to screen on RAW 264.7 (murine macrophage cell line) and HL-60 (human promyelocytic leukemia
cell line) cells. They specified the specific sampling location and the microalgal growth phase tested
(Table 2). To obtain the methanolic extracts, the freeze-dried biomass from the cultured marine microalgae
was ground into fine powder, extracted with methanol (80%) and homogenized by sonication at 25 ◦C
for 90 min. An MTT assay was carried out to study cell viability after extract exposure for 24 h at 37 ◦C.
In this case, only Ostreopsis ovata 1 and Amphidinium operculatum 1 significantly inhibited the growth of
HL-60 cancer cells (reducing cell viability between 40 and 60% compared to the control, at a concentration
of 50 μg/mL). No tests were performed on normal human cell lines.

3.5. Hydrophobic Fraction from Skeletonema Marinoi

Lauritano et al. [8] studied the effects of 32 species of microalgae identified by microscopy and 18S
sequencing. The microalgal biomass from the cultured marine microalgae was extracted with a ratio of
acetone:water (1:1) and further fractionated using Amberlite RXAD16N resin with acetone as the resin
eluent to obtain an hydrophobic fraction. The authors found that hydrophobic fractions from Skeletonema
marinoi, Alexandrium minutum, Alexandrium tamutum and Alexandrium andersoni were active against
a melanoma cancer cell line (A2058) at a concentration of 100 μg/mL. Further testing on a normal lung
fibroblast (MRC-5) cell line showed that Alexandrium species were toxic. Two different strains of Skeletonema
marinoi (FE6 and FE60 strains from the Adriatic Sea) were tested on an A2058 cell line. The colorimetric MTS
(3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium, a tetrazolium
dye used for the quantification of viable cells) assay was performed to check the cytotoxicity in both normal
and cancer cell lines. The results showed that only the FE60 strain was active against A2058 and only when
cultured under nitrogen-starvation conditions. FE60 reduced the cell viability to 60% when screened at
50 μg/mL and to 10% when screened at 100 μg/mL.

3.6. Aqueous Extract from a Canadian Marine Microalgal Pool

Somasekharan et al. [25] studied the anti-proliferative effect of a raw marine microalgal material
from Canada (dried powder) on eight different cancer cell lines, together with the anti-colony
forming activity in the same lines. The dried microalgal powder was suspended in distilled water at
a concentration of 30 mg/mL and then sonicated with short bursts. The sonicated suspension was
then passed through a 25-gauge needle to release the cytosolic contents, followed by syringe filtration
through 0.2 μm filters. This aqueous extract from the raw material was tested on A549, H460 (lung
adenocarcinoma cell lines), PC-3, DU145 (prostate cancer cell lines), N87 (stomach cancer cell line),
MCF7 (breast cancer cell line), BxPC-3 (pancreas cancer cell line) and MNNG (bone cancer cell line).
The cells were incubated with the extract for 72 h at 0 (control), 1, 2 and 5 mg/mL. Cell viability was
determined using the MTT assay. The extract did not show any significant activity at 1–2 mg/mL except
for on the MNNG cell line (50% reduction in cell viability at 2 mg/mL). At 5 mg/mL proliferation
of almost all the cell lines were significantly inhibited. Tests on normal human cell lines were not
performed. The authors performed a crystal violet test at 0.5–5 mg/mL to check the anti-colony activity
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of the extract. This test indicated that the extract successfully inhibited the colony forming ability of all
cancer cells tested even at the lowest concentration (0.5 mg/mL).

3.7. Aqueous Extract from Chlorella Sorokiniana

Chlorella sp. biomass is widely used as a dietary supplement in many countries and is mostly
produced in Asia (https://www.marketresearchfuture.com/reports/chlorella-market-4413). There are
also some patents related to its use as a dietary supplement (e.g., US 2005/0196389 A1 [29]). Lin et al. [26]
studied the effects of hot water extracts from the diatom Chlorella sorokiniana (marine strain) on lung
adenocarcinoma cell lines (A549 and CL1-5). The extracts were obtained by reflux extraction of the
dried biomass with distilled water for 1 h and further filtration with N0.5 filter paper. To determine the
cytotoxicity, the authors performed the MTT assay at a concentration range of 15.625 to 1000 ng/mL;
the results indicated a dose-dependent reduction in cell viability on both cancer cell lines. The cytotoxicity
on normal human cells was not tested. They also studied the mechanism of action of C. sorokiniana extract
using annexin V/propidium iodide staining (flow cytometry analysis) to confirm a possible cell cycle
arrest/apoptotic process. Cell cycle arrest was not observed even after 24 h of exposure, but an increment
in the number of cells in sub-G1 phase was observed, which is a phenomenon that typically indicates
apoptosis. Protein expression (Western blot analysis) of the cleaved and activated forms of caspase
9, caspase 3 and Poly (ADP-ribose) polymerase (PARP) increased in both cell lines after exposure to
the microalgal extract after 24 h. The activation of caspase 9 and caspase 3 suggested that the main
pathway involved in apoptosis was the mitochondrial pathway. In addition, the ratio of Bax/Bcl-2
(pro/antiapoptotic proteins) increased after 24 h of treatment which is another sign of apoptosis.

4. Active Compounds from Marine Microalgae

4.1. Polyunsaturated Aldehides (PUAs)

Miralto et al. [11] isolated three polyunsaturated aldehydes (PUAs, Figure 2) from the marine
diatoms Thalassiosira rotula, S. costatum and P. delicatissima. They found that 2-trans-4-cis-7-cis-
decatrienal, 2-trans-4-trans-7-cis-decatrienal and 2-trans-4-trans-decadienal had anti-proliferative
activity on the human colon adenocarcinoma cell line (Caco-2). To check the anti-proliferative
activity, they used different concentrations of PUAs between 0 and 20 μg/mL after 48 h of incubation.
Concentrations of 11–17 μg/mL were enough to reduced cell viability to almost 0%. In addition,
a TUNEL assay was performed to check DNA fragmentation and to verify that apoptosis had occurred.

Figure 2. Polyunsaturated aldehydes. From left to right: 2-trans-4-cis-7-cis-decatrienal (a);
2-trans-4-trans-7-cis-decatrienal (b); 2-trans-4-trans-decadienal (c); 2-trans-4-trans-octadienal (d) and
2-trans-4-trans-heptadienal (e).

Sansone et al. [12] tested the effect of the commercially-available PUAs 2-trans-4-trans-decadienal
(DD), 2-trans-4-trans-octadienal (OD) and 2-trans-4-trans-heptadienal (HD) (Figure 2) on the
adenocarcinoma cell lines, lung A549 and colon COLO 205. The authors tested these three
polyunsaturated aldehydes at different exposure times (i.e., 48 and 72 h) and concentrations (i.e., 2,
5 and 10 μM). For quantities of 2, 5 and 10 μM DD decreases in cell viability of 70%, 50% and 18%
respectively, were induced in A549 cells after 24 h. For the COLO 205 cell line, cell viability decreased
to 80%, 44% and 26% with 2, 5 and 10 μM DD, respectively. In the case of OD, 10 μM of the compound
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decreased cell viability to 35% after 72 h in A549 cells. At 2, 5 and 10 μM, OD also reduced cell viability
to 60%, 60% and 41% in COLO 205 cells, respectively, after 72 h. At 10 μM, HD reduced cell viability to
10% in A549 cells after 48 h and 0% after 72 h, while the same concentration tested on COLO 205 cells
reduced cell viability to 40% after 48 h and 28% after 72 h. The authors also tested the three PUAs on
a normal lung/brunch epithelial BEAS-2B cell line to check cytotoxicity on normal cells. None of the
PUAs were toxic.

4.2. Chrysolaminaran Polysaccharide

Kusaikin et al. [14] isolated one polysaccharide of the chrysolaminaran family (Figure 3) from
the diatom Synedra acus. These storage polysaccharides are well known to be common water soluble
biopolymers synthetized by diatoms [30]. The anti-tumor activity of the chrysolaminaran extracted
from S. acus was studied on HTC-116 and DLD-1 human colon cancer cell lines. The MTS method
was carried out to determine cell viability. Cancer cells were treated with 25, 50 and 100 μg/mL of
chrysolaminaran for up to 72 h. The inhibition trend in the different experiments was irregular, but the
IC50 values were determined for each cell line: 54.5 μg/mL for HCT-116 and 47.7 μg/mL for DLD-1.
The authors did not find any toxicity on the HTC-116 and DLD-1 cell lines at concentrations above
200 mg/mL and, considering that most anti-tumor drugs are toxic at these concentrations, this is a very
promising property. The degree of cytotoxicity on normal human cells was not tested.

Figure 3. Chrysolaminaran monomer.

4.3. Violaxanthin

Pasquet et al. [15] performed an anti-cancer screening of extracts from the green algae
Dunaliella tertiolecta on four different cancer cell lines: MCF-7, MDA-MB-231, A549 and LNCaP.
They prepared different extracts using a wide range of solvents in terms of polarity, including
dichloromethane, ethanol and ultrapure water. The MTT assay was used to evaluate the cells’ viability.
The dichloromethane extract showed significant activity against MCF-7 cancer cells. RP-HPLC analysis
and fractionation was used to obtain one subfraction of the dichloromethane extract that was also
screened for 72 h at concentrations between 0.1 μg/mL and 40 μg/mL. The subfraction was then
identified as violaxanthin (Figure 4) at a rate of 95%. In addition to these results, the DNA of non-treated
and treated cells was extracted and analysed using standard electrophoresis. Despite indications of
early apoptosis (phosphatidylserines translocation detected using annexin-V-Alexa 568 fluorochrome),
the violaxanthin subfraction did not cause any DNA fragmentation. Cytotoxicity tests were not
performed in normal human cell lines.

Figure 4. Violaxanthin.
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4.4. Eicosapentaenoic Acid (EPA)

Nappo et al. [16] screened the extracts from the marine diatom Cocconeis scutellum on the following
cells lines: BT20 (human breast cancer), MB-MDA468 (human breast cancer), LNCaP (human prostate
adenocarcinoma cells), COR (Epstein-Barr Virus-transformed B cells isolated from human tonsils),
JVM2 (lymphoblast immortalized with Epstein-Barr virus) and BRG-M (Burkitt’s lymphoma cells).
The results of the screening were not entirely published but the authors determined that C. scutellum
extract was more effective on the BT20 cell line. The degree of cytotoxicity normal human cell lines was
not studied. The fractionation of diethyl ether extract (the most active) from C. scutellum produced three
fractions with differentiated activities. Fractions 1–2 did not induce any significant reduction in cell
viability compared to the control but fraction 3 reduced the viability to 56.2%. DNA fragmentation was
evaluated with the annexin V/propidium iodide staining methods. The analysis of the composition of
these fractions indicated that fraction 1 contained glycerides (77.2% of total ion current) and fatty acids
(2.4%), fraction 2 contained fatty acids (66.7%), monoglycerides (11.0%) and sterols (3.2%), and finally,
fraction 3 contained fatty acids (81.7%) and 4-methylcholesterol (2.3%). The authors concluded that
the fatty acid subfractions were responsible for this activity, specifically, eicosapentaenoic acid (EPA,
Figure 5). This conclusion was reached because EPA was the only product in the fraction that has been
reported to induce apoptosis [31]. The activation of caspases 8 and 3 was also confirmed by Western
blot analysis. The authors concluded that it is not yet clear whether EPA is the only factor involved
in the apoptosis of BT20 cells or if there is a synergic association among different compounds in the
same fraction.

Figure 5. Eicosapentaenoic acid.

4.5. Fucoxanthin

Fucoxanthin (Figure 6) is one of the most studied compounds that can be found in marine micro-
and macroalgae. It is a pigment from the family of the xanthophylls and a major carotenoid in brown
algae [32]. Kadekaru et al. [33] evaluated fucoxanthin toxicity by providing oral doses (10 mg/kg
and 50 mg/kg) to rats for a period of 28 days. Fucoxanthin did not show any obvious toxicity and
is hence considered safe as a pharmaceutical ingredient. Ishikawa et al. [34] performed a similar
analysis in mice using a metabolite of fucoxanthin, fucoxanthinol. In this case, they used a higher dose
(200 mg/kg) for 28 days, but it did not show any toxicity either.

Hosokawa et al. [35] showed that fucoxanthin had strong anti-proliferative activity against HL-60
cells and could also induce apoptosis. Cells treated with 11.3 and 45.2 μM of fucoxanthin showed
viabilities of 46.0% and 17.3%, respectively, after 24 h. Cell viability was determined by the dye
exclusion test using trypan blue. Hosokawa et al. 2004 also tested the cell viability on three human
colon cancer cell lines (Caco-2, DLD-1 and HT-29) treated with fucoxanthin. Caco-2, DLD-1 and HT-29
cells showed a dose-time dependent trend. The Caco-2 cell line was more affected than the other two
cell lines (analyzed by WST-1 assay). Normal human cells were not tested.

Kotake-Nara et al. [36] examined 15 types of carotenoids (Neoxanthin, fucoxanthin, phytofluene,
lycopene, phytoene, canthaxanthin, β-cryptoxanthin, zeaxanthin, β-carotene, α-carotene, γ-carotene,
astaxanthin, capsanthin, lutein and violaxanthin) on three different prostate cancer cell lines (PC-3,
DU145 and LNCaP) and found that fucoxanthin was one of the most active anti-cancer compounds.
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The percentages of viable cells after 72 h when fucoxanthin was added at 20 μM were 14.9% for PC-3,
5.0% for DU145 and 9.8% for LNCaP, respectively (determined by MTT assay). Normal human cells
were not tested.

Peng et al. [17] summarized the studies related to fucoxanthin, the microalgae that are known to
produce it (i.e., Chaetoseros sp., Cylinrotheca closterium, Odontella aurita and Phaeodactylum tricornutum)
and its role as a bioactive compound (e.g., as an antioxidant, anti-inflamatory, anti-cancer, anti-diabetic,
skin protective agent, bone protective agent, etc.).

Figure 6. Fucoxanthin.

4.6. Stigmasterol

Kim et al. [22] isolated Stigmasterol (Figure 7) from Navicula incerta extracts using chromatography
techniques such as silica gel open column chromatography and preparative thin layer chromatography
(PTLC). They screened the anti-proliferative effect of the isolated stigmasterol at 5, 10 and 20 μM
on HepG2 (human liver cancer cell line). Cytotoxicity values of 40%, 43% and 54% were found,
respectively, which indicated a dose-dependent trend. The cytotoxic effects on normal human cells
were not studied. The phytosterol-like structures with double bonds in the C-5 and C-22 positions,
like stigmasterol, have been shown to induce apoptosis [37]. In this case, apoptosis was studied by
controlling morphological changes, fluorescence-activated cell sorting, apoptosis pathways analysis,
gene expression levels and also, with flow cytometric measurement of cell cycle arrest. All these
assays indicated that stigmasterol has a huge apoptosis induction capability, probably via an apoptosis
signaling pathway in the mitochondria.

Figure 7. Stigmasterol.

4.7. NAMO (Nonyl 8-acetoxy-6-methyloctanoate)

Samarakoon et al. [23] tested the anti-cancer activity of 8-acetoxy-6-methyloctanoate (NAMO,
Figure 8) obtained from Phaeodactylum tricornutum against three different cell lines: human
promyelocytic leukemia cell line (HL-60), a human lung carcinoma cell line (A549) and a mouse
melanoma cell line (B16F10). NAMO was screened at 25 and 50 μg/mL for 48 h. NAMO was only
active against HL-60 cells at both concentrations tested. The highest growth inhibitory activity of
about 70% on HL-60 cells was observed at a concentration of 50 μg/mL NAMO. The cytotoxic effects
on normal human cells were not studied. Regarding its mechanism of action, NAMO induced DNA
damage and increased apoptotic body formation. Cell cycle arrest and the accumulation of cells in the
sub-G1 phase were observed to occur proportionally to the concentration of NAMO. The authors also

359



Mar. Drugs 2018, 16, 165

observed activation of the pro-apoptotic protein Bax, suppression of the anti-apoptotic protein Bcl-x,
and an increase in the expression of both caspase-3 and p53 proteins.

Figure 8. Nonyl 8-acetoxy-6-methyloctanoate (NAMO).

4.8. Monogalactosyl Glycerols

Andrianasolo et al. [24] isolated two different monogalactosyl glycerols (Figures 9 and 10) from
Phaeodactylum tricornutum and tested them against immortal mouse epithelial cells (W2 and D3). The W2
cell line is a wild type, while D3 cells have the apoptosis function disabled through gene deletion
(this assay is one of the approaches for the study of apoptosis and its role in cancer and oncogenesis).
The minimum values required for apoptosis induction with this test were a death rate of 20% on the
W2 cell line and, at a growth rate of at least 10% on the D3 cell line. For compound 1 (Figure 9) (52 μM)
the W2 death rate was 18% ± 1% and the D3 growth rate was 10% ± 1%. For compound 2 (Figure 10)
(64 μM), the W2 death rate was 18% ± 1% and the D3 growth rate was 14% ± 1%. The results confirmed
that the isolated compounds have specific apoptosis activity against the W2 cell line.

Figure 9. Monogalactosyl Glycerol (Compound 1): (2S)-1-O-5,8,11,14,17-eicosapentaenoyl-2-O-6,9,12-
hexadecatrienoyl-3-O-[β-D-galactopyranosyl]-glycerol.

Figure 10. Monogalactosyl Glycerol (Compound 2): (2S)-1-O-3,6,9,12,15-octadecapentaenoyl-2-O-6,9,12,15-
octadecatetraenoyl-3-O-β-D-galactopyranosyl-sn-glycerol.

5. Active Compounds from Other Marine Organisms

To better understand the potential of microalgal species as important sources of anti-cancer
compounds, we compared their bioactivity with marine anti-cancer drugs already on the market.
Tables 3 and 4 report the anti-cancer compounds already on the market and in phase III clinical trials,
the marine organisms from which the compounds were isolated, the active compounds, the target
cancer cell lines and the active concentrations that arrest the growth of cancer cells.
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Table 3. Active marine-derived compounds available on the market. The table reports the producing
marine organisms, the active compounds, the target cancer cell lines, the active concentrations
and references.

Marine Organism Compound Target Active Concentration Reference

Ecteinascidia
turbinata

Ecteinascidin/
Trabectedin (alkaloid)

MFC7
A549

0.6 ng/mL (IC70)
5.6 ng/mL (IC70) [38]

Dolabella
auricularia/Symploca

sp. VP642

Brentuximab vedotin
(antibody-drug conjugate)

Non-Hodgkin’s lymphoma
cells (Karpas 299) 2.5 ng/mL (IC50) [39]

Halichondria okadai Eribulin mesylate
(macrolide)

DLD-1
LNCaP
HL-60

6.934 ng/mL (IC50)
0.365 ng/mL (IC50)
0.657 ng/mL (IC50)

[40]

Cryptotheca crypta Cytarabine (nucleoside) Acute Myeloid Leukemia
(AML) cells 272 ng/mL (IC50) [41]

Table 4. Active marine-derived compounds in phase III clinical trials. The table reports the producing
marine organisms, the active compounds, the target cancer cell lines, the active concentrations
and references.

Marine Organism Compound Target Active Concentration Reference

Aspergillus sp.
CNC139

Plinabulin
(diketopiperazine)

Multiple myeloma cells (MM.1S,
MM.1R, RPMI8226,

and INA-6)
2.7 to 3.375 ng/mL (IC50) [42]

Aplidium albicans Plitidepsin (depsipeptide) MCF-7 55.5 ng/mL (IC50) [43]

Halichondria okadai Lurbinectedin (alkaloid)
Ovarian cancer cells (RMG1,

RMG2, KOC7C, HAC2, A2780,
HeyA8 and SKOV-3)

0.78 to 2.34 ng/mL (IC50) [44]

These studies give an overview on the active concentrations for each compound and delimit
a concentration range (0.365–272 ng/mL IC50) that can be used to understand whether a compound
is active enough to be considered as a drug candidate. The sources of the active compounds in all
of these cases were multicellular organisms which implies that there are difficulties in harvesting
biomass and obtaining low amounts of secondary metabolites and a huge environmental impact due
to incorrect harvesting [4]. Most of the compounds in Tables 3 and 4 are small-medium size molecules,
but of particular interest is brentuximab vedotin, an antibody-drug conjugate where the compound
monomethyl auristatin E is linked to a monoclonal antibody (mAb) that recognizes a specific marker
expression in cancer cells and directs monomethyl auristatin E to the targeted cancer cell. The reason
why it is used as a complex and not as a pure compound is because it is too potent (100–1000 times
more potent than doxorubicin, a common drug used for chemotherapy) and less specific to cancer
cells [45].

6. Discussion

Anti-cancer compounds from marine microalgae have been poorly investigated. Most studies
have been done on microalgal extracts or fractions obtained using low resolution methods such
as liquid-liquid partitioning or solid phase extractions. It is uncommon to see dereplication
methodologies, fractionations based on high throughput techniques (e.g., HPLC or gas
chromatography) or a complete structural elucidation of the compounds that have been found.

Despite the low availability of data so far, the studies performed on Chlorella sorokiniana and
Chaetoceros calcitrans show interesting activities compared to commercially available marine anti-cancer
drugs [18,26]. Most of the marine pharmaceuticals on the market are active at the level of 0.6–7 ng/mL
(Table 3) while the fractions from Chlorella sorokiniana and Chaetoceros calcitrans display significant
activity at 1–3 μg/mL (Table 1). Even if fractions and pure compounds cannot be directly compared
in terms of activity, the anti-cancer activities of C. sorokiniana and C. calcitrans extracts seem very
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promising and appear preferential for further investigation and purification of the active molecules.
Considering that 0.0001% of the crude aqueous ethanol extract of the ascidian Ecteinascidia turbinate [46]
leads to the isolation of trabectedin ET-743 and the development of the anti-cancer drug Yondelis,
it would not be difficult to find a compound from C. sorokiniana and C. calcitrans with an activity as
high as that of the marketed drugs. These data highlight that microalgae can be a promising source
of anti-cancer compounds. Regarding the other fractions/extracts obtained from marine microalgae,
it cannot be excluded that other compounds are present with clinical or biotechnological potential,
but further studies are necessary to demonstrate this possibility.

Several compounds isolated from microalgae mentioned in this review have been studied not
only as possible anti-cancer compounds, but also for other biotechnological applications. Compounds
such as polyunsaturated aldehydes [11,12], eicosapentaenoic acid (EPA) [16], fucoxanthin [17],
violaxanthin [15], stigmasterol [22] or chrysolaminaran [14] (Table 1) may have a potential role as
high-value products (e.g., nutraceuticals, cosmeceuticals, additives, fuel precursors and biomaterials)
or as possible future new drugs. For example, the polyunsaturated aldehydes have shown
anti-proliferative activities on Caco-2 [11], A549 and COLO 205 cancer cell lines [12], but also
anti-bacterial activities [47,48], making them possible new candidates for drug development.
The polyunsaturated fatty acid, EPA, has been widely studied as a nutraceutical or dietary supplement,
with beneficial effects on fetal development, prevention of cardiovascular diseases and even,
the improvement of cognitive functioning in patients with Alzheimer’s disease [49].

The carotenoids, fucoxanthin and violaxanthin, have been used as precursors of vitamins in food
and animal feed, additives, cosmetics, food coloring agents and biomaterials [50]. In particular,
fucoxanthin has been shown to possess potential anti-inflammatory, antioxidant, anti-obesity,
anti-diabetic, anti-tumorigenic and cardioprotective activities [51]. On the market, there are several
fucoxanthin-based products used as dietary supplements such as “Solaray Fucoxanthin Special
Formula Vegetarian Capsules” or “BRI NUTRITION ® Fucoxanthin Capsules”.

Phytosterols such as stigmasterol have been receiving increasing attention because of their capacity
to reduce blood cholesterol concentrations, prevent cardiovascular disorders and because of their health
benefits in general [52]. Stigmasterol has been studied not only for its anti-cancer activity [22] but also
for its antioxidant activity [53]. On the market, the phytosterol, β-sitosterol, is sold as a nutraceutical
under brand names like “NOW ® Foods Beta-Sitosterol Plant Sterols Softgels”. β-sitosterol has been
widely studied for several biological activities such as anti-inflammatory, antioxidant, anti-diabetic or
anti-cancer activities [54].

Finally, microalgal polysaccharides have the capacity to modulate the immune system and
inflammatory reactions, making them interesting candidates for cosmetic additives, food ingredients
and natural therapeutic agents [50]. Chrysolaminaran, for example, is a storage polysaccharide that is
well known to be a common water soluble biopolymer synthetized by diatoms. Water soluble storage
carbohydrates are more accessible, energetically and biophysically, than insoluble starch [30] so they
can also be useful for microalgal energy applications.

There is sufficient evidence confirming the key roles of culturing conditions (e.g., light intensity,
photoperiod, nutrient availability or harvesting time) in the modification of microalgal bioactivity.
Studies such as those by Lauritano et al. [8], Ingebrigten et al. [27] and Ribalet et al. [28] have shown
how light intensity, temperature, nutrient concentration and harvesting time have strong impacts on
the activity of different microalgal strains. The use of stressful conditions (such as nutrient starvation,
light or temperature variation) seems to play a key role in the production of active metabolites.
Unfortunately, very few studies on anti-cancer activities from microalgae have reported the culturing
conditions and the growth phases at which the species were tested in detail (Table 2). This makes
stressful culturing conditions still an unexploited tool with a high potential for the bioprospecting of
novel bioactive metabolites from marine microalgae.
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Abstract: This review focuses on marine compounds with anti-prostate cancer properties. Marine species
are unique and have great potential for the discovery of anticancer drugs. Marine sources are
taxonomically diverse and include bacteria, cyanobacteria, fungi, algae, and mangroves. Marine-derived
compounds, including nucleotides, amides, quinones, polyethers, and peptides are biologically active
compounds isolated from marine organisms such as sponges, ascidians, gorgonians, soft corals,
and bryozoans, including those mentioned above. Several compound classes such as macrolides
and alkaloids include drugs with anti-cancer mechanisms, such as antioxidants, anti-angiogenics,
antiproliferatives, and apoptosis-inducing drugs. Despite the diversity of marine species,
most marine-derived bioactive compounds have not yet been evaluated. Our objective is to explore
marine compounds to identify new treatment strategies for prostate cancer. This review discusses
chemically and pharmacologically diverse marine natural compounds and their sources in the context
of prostate cancer drug treatment.

Keywords: prostate cancer; antioxidant; anti-proliferative; apoptosis; natural marine compounds

1. Introduction

Throughout the history of humanity, marine sources have played an important role as a source of
natural medicinal products. The ocean covers almost 70% of the earth’s surface and contains varied
environmental conditions. Half of the previously described novel marine natural compounds have
been shown to be biologically active [1]. The marine ecological system is unique. Therefore, marine
organisms must survive and adapt to these harsh environmental conditions. Researchers have become
increasingly interested in marine sources in the development of potential anticancer drugs [2].

Cancer is the most devastating disease in recent years. According to a report on prostate
cancer from Research Fund International, 1.1 million prostate cancer cases were reported in 2012,
corresponding to 8% of all new cancer patients and 15% of male cancer patients. Prostate cancer is one
of the most common malignant diseases in men but is primarily seen in developed countries. Prostate
cancer is the second-most common cause of death among all male cancer patients [3].

Prostate cancer can spread to other parts of the body, especially the bones and lymph nodes [4].
Prostate cancer is an androgen-dependent carcinoma that is mediated through androgen receptor
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(AR)-regulated genes [5]. The testes produce the most androgens, with a small amount of androgen
produced through the conversion of adrenal steroids [6]. In the early stages of prostate cancer,
cancerous cells can metastasize through the lymphatic fluid to other organs. Prostate cancer progresses
through the activation of growth factors that promote critical signaling of cascades [7].

Marine compounds have shown potential for the treatment of prostate cancer. In this review,
we discuss the various species and compounds and their specific effects on prostate cancer. Among the
diverse number of invertebrates, sponges have the most significant medicinal importance. Screening of
cyanobacteria, fungi, sponges, algae, and tunicates has yielded a large number of anticancer
compounds; these marine-derived chemical compounds include alkaloids, macrolides, terpenoids,
among other compounds.

2. Molecular Targets for Anti-Prostate Cancer Compounds

Prostate cancer is a disease of the prostate characterized by disordered cell growth and proliferation.
Mutations of the oncogenes are responsible for prostate cancer. These oncogenes encode altered
proteins that result in increased cell growth and proliferation [8]. The proteins encoded by oncogenes
include growth factors; receptor tyrosine kinases such as epidermal growth factor receptor (EGFR)
and vascular endothelial growth factor receptor (VEGFR); tyrosine kinases including Src family of
protein tyrosine kinase (Src) and Bruton’s tyrosine kinase (BTK); serine/threonine kinase families
such as rapidly accelerated fibrosarcoma (RAF), cyclin dependent kinase (CDK), and checkpoint
kinase (CHK); guanosine triphosphate hydrolase enzymes (GTPases) such as the rat sarcoma (Ras)
protein; and various transcription factors including myelocytomatosis oncogene (Myc). Mutation or
overexpression of oncogenes leads to aberrant and excessive cell proliferation [9].

Androgens stimulate the growth of prostate cancer cells. Higher levels of androgens might
contribute to prostate cancer risk in some men. P53 is a tumor suppressor gene responsible for the
control of cell growth and proliferation as well as diminishing AR-mediated signaling in prostate cancer
cell lines [10]. Insulin-like growth factor-1 (IGF-1) is associated with the risk of prostate cancer [11].
E-cadherin is an important biomarker for prostate cancer diagnosis and is involved in cell-cell adhesion,
which is linked to invasion and metastasis. E-cadherin binds to β-catenin and forms a protein complex
to prevent adhesion and migration.

Matrix metalloproteinases (MMP)-1 and MMP-2 play a key role in the metastasis, invasion,
and angiogenesis of prostate cancer. MMP-1 and MMP-2 are novel molecular biomarkers and tissue
inhibitors of matrix metalloproteinases (TIMPs) responsible for the regulation of angiogenesis and are
potentially invasive and metastatic [12].

In addition, overexpression of caveolin-1 (CAV-1), zinc-dependent mammalian histone deacetylase
(HDAC), 3-phosphoinositide-dependent protein kinase-1 (PDPK1), PG receptor EP2 and FP,
prostaglandin-degrading enzyme (15-PGDH), and prostaglandin-endoperoxide synthase protein
cyclooxygenase-2 (COX-2) also trigger the development of prostate cancer [13].

3. Bioactive Products with Potential for Prostate Cancer Treatment

Marine bioactive compounds and their biological activity towards prostate cancer are summarized
in Table 1.

368



Mar. Drugs 2018, 16, 160

T
a

b
le

1
.

M
ar

in
e

so
ur

ce
s

an
d

co
m

po
un

ds
w

it
h

po
te

nt
ia

lf
or

an
ti

-p
ro

st
at

e
ca

nc
er

dr
ug

de
ve

lo
pm

en
t.

S
o

u
rc

e
G

ro
u

p
C

o
m

p
o

u
n

d
s

S
tr

u
ct

u
re

B
io

lo
g

ic
a

l
A

ct
iv

it
y

o
n

P
ro

st
a

te
C

a
n

ce
r

R
e

fe
re

n
ce

s

Ba
ct

er
ia

K
ah

al
al

id
e

F

C
yt

ot
ox

ic
it

y
(I

C
50

:0
.0

7
μ

M
in

PC
-3

ce
lls

;0
.2

8
μ

M
in

D
U

-1
45

ce
lls

)

50
%

of
PS

A
de

cl
in

e
fo

r
≥4

w
ee

ks
at

80
μ

g/
kg

/d
ay

in
cl

in
ic

al
tr

ia
l

[1
4]

[1
5]

M
ar

in
e

fu
ng

i

D
em

et
ho

xy
fu

m
it

re
m

or
gi

n
C

In
hi

bi
ti

on
of

pr
ol

if
er

at
io

n
(5

0%
in

hi
bi

ti
on

at
10

0
μ

M
in

PC
-3

ce
lls

)
[1

6]

A
po

ch
al

as
in

V
C

yt
ot

ox
ic

it
y

(I
C

50
:3

0.
4
μ

M
in

PC
-3

ce
lls

)
[1

7]

M
ar

in
e

sp
on

ge
s

R
hi

zo
ch

al
in

C
yt

ot
ox

ic
ity

(I
C

50
:1

6.
55

μ
M

in
PC

-3
ce

lls
,I

C
50

:
10

.7
5
μ

M
in

D
U

-1
45

ce
lls

,I
C

50
:7

.8
8
μ

M
in

LN
C

aP
ce

lls
,I

C
50

:7
.3

7
μ

M
in

22
R

v1
ce

lls
,I

C
50

:
5.

81
μ

M
in

V
C

aP
ce

lls
)

[1
8]

R
hi

zo
ch

al
in

in

C
yt

ot
ox

ic
it

y
(I

C
50

:1
.1

4
μ

M
in

PC
-3

ce
lls

,I
C

50
:

1.
05

μ
M

in
D

U
-1

45
ce

lls
,I

C
50

:1
.6

9
μ

M
in

LN
C

aP
ce

lls
,I

C
50

:0
.8

7
μ

M
in

22
R

v1
ce

lls
,I

C
50

:
0.

42
μ

M
in

V
C

aP
ce

lls
)

[1
9]

la
tr

un
cu

lin
A

In
hi

bi
ti

on
of

in
va

si
on

(2
3%

in
hi

bi
ti

on
at

10
0

nM
in

PC
-3

ce
lls

)
[2

0]

369



Mar. Drugs 2018, 16, 160

T
a

b
le

1
.

C
on

t.

S
o

u
rc

e
G

ro
u

p
C

o
m

p
o

u
n

d
s

S
tr

u
ct

u
re

B
io

lo
g

ic
a

l
A

ct
iv

it
y

o
n

P
ro

st
a

te
C

a
n

ce
r

R
e

fe
re

n
ce

s

H
al

ic
ho

nd
ra

m
id

e
C

yt
ot

ox
ic

it
y

(I
C

50
:0

.8
1
μ

M
in

PC
-3

ce
lls

)
[2

1]

Sp
on

gi
st

at
in

1
In

hi
bi

ti
on

of
pr

ol
if

er
at

io
n

(5
0%

in
hi

bi
ti

on
at

50
0

pm
ol

in
LN

C
aP

ce
lls

)
[2

2]

Fu
ro

sp
in

os
ul

in
-1

In
hi

bi
ti

on
of

pr
ol

if
er

at
io

n
(6

0%
in

hi
bi

ti
on

at
10

0
μ

M
in

D
U

-1
45

ce
lls

)
[2

3]

So
dw

an
on

e
an

d
Ya

rd
en

on
e

In
hi

bi
ti

on
of

H
IF

-1
α

ex
pr

es
si

on
at

15
μ

M
in

PC
-3

ce
lls

[2
4]

N
ip

ha
te

no
ne

B

 
In

hi
bi

ti
on

of
pr

ol
if

er
at

io
n

(9
0%

in
hi

bi
ti

on
at

25
0
μ

M
in

LN
C

aP
ce

lls
)

[2
5]

A
ge

la
si

ne
B

C
yt

ot
ox

ic
ity

(I
C

50
:0

.0
4
μ

g/
m

L
in

D
U

-1
45

ce
lls

)
[2

6]

C
ya

no
ba

ct
er

ia
C

ry
pt

op
hy

ci
n

52
A

po
pt

os
is

(4
0%

at
25

0
μ

g/
m

L
in

LN
C

aP
ce

lls
)

[2
7]

370



Mar. Drugs 2018, 16, 160

T
a

b
le

1
.

C
on

t.

S
o

u
rc

e
G

ro
u

p
C

o
m

p
o

u
n

d
s

S
tr

u
ct

u
re

B
io

lo
g

ic
a

l
A

ct
iv

it
y

o
n

P
ro

st
a

te
C

a
n

ce
r

R
e

fe
re

n
ce

s

La
gu

na
m

id
e

C
C

yt
ot

ox
ic

it
y

(I
C

50
:2

.6
nM

in
PC

-3
ce

lls
)

[2
8]

D
ol

as
ta

ti
ns

 

C
el

lc
yc

le
ar

re
st

(G
2/

M
ar

re
st

in
D

U
-1

45
ce

lls
)

[2
9]

C
-p

hy
co

cy
an

in
(C

-P
C

)

 

In
hi

bi
ti

on
of

pr
ol

if
er

at
io

n
(3

0%
in

hi
bi

ti
on

at
50

0
μ

g/
m

L
in

LN
C

aP
ce

lls
)

[3
0]

Ie
jim

al
id

e
B

C
el

lc
yc

le
ar

re
st

(G
0

/
G

1
ar

re
st

in
LN

C
aP

ce
lls

)
[3

1]

R
ho

do
ph

yt
a

Br
om

op
hy

co
lid

e
D

C
yt

ot
ox

ic
it

y
(I

C
50

:9
.0
μ

M
in

PC
-3

ce
lls

)
[3

2]

C
hl

or
op

hy
ta

14
-k

et
o-

st
yp

od
io

ld
ia

ce
ta

te
(S

D
A

)
C

yt
ot

ox
ic

it
y

(I
C

50
:2

.7
μ

M
in

D
U

14
5

ce
lls

)
[3

3]

A
st

ax
an

th
in

In
hi

bi
ti

on
of

pr
ol

if
er

at
io

n
(3

8%
in

hi
bi

ti
on

at
0.

01
μ

g/
m

L
in

LN
C

aP
ce

lls
)

[3
4]

371



Mar. Drugs 2018, 16, 160

T
a

b
le

1
.

C
on

t.

S
o

u
rc

e
G

ro
u

p
C

o
m

p
o

u
n

d
s

S
tr

u
ct

u
re

B
io

lo
g

ic
a

l
A

ct
iv

it
y

o
n

P
ro

st
a

te
C

a
n

ce
r

R
e

fe
re

n
ce

s

Ph
ae

op
hy

ta
Fu

co
id

an
A

po
pt

os
is

(1
5.

2%
at

10
μ

g/
m

L,
29

.8
%

at
50

μ
g/

m
L,

39
.3

%
at

10
0
μ

g/
m

L,
an

d
45

.1
%

at
20

0
μ

g/
m

L
in

PC
3

ce
lls

)
[3

5,
36

]

M
ar

in
e

di
at

om
s

Fu
co

xa
nt

hi
n

In
hi

bi
tio

n
of

pr
ol

if
er

at
io

n
(5

0%
in

hi
bi

tio
n

at
2.

5
μ

M
in

LN
C

aP
ce

lls
)

[3
7,

38
]

Fu
co

xa
nt

hi
n,

Fu
co

xa
nt

hi
no

l,
an

d
A

m
ar

ou
ci

ax
an

th
in

A
C

yt
ot

ox
ic

it
y

(I
C

50
:2

.0
–4

.6
μ

M
in

PC
-3

ce
lls

)
[3

9]

C
or

al
s

Pa
ch

yc
la

di
ns

A
–E

In
hi

bi
ti

on
of

in
va

si
on

(8
7%

in
hi

bi
ti

on
at

50
μ

M
in

PC
-3

ce
lls

)
[4

0]

372



Mar. Drugs 2018, 16, 160

T
a

b
le

1
.

C
on

t.

S
o

u
rc

e
G

ro
u

p
C

o
m

p
o

u
n

d
s

S
tr

u
ct

u
re

B
io

lo
g

ic
a

l
A

ct
iv

it
y

o
n

P
ro

st
a

te
C

a
n

ce
r

R
e

fe
re

n
ce

s

M
et

ab
ol

it
e

1
fr

om
Sa

rc
op

hy
to

n
eh

re
nb

er
gi

,
sy

nt
he

ti
c

en
an

ti
om

er
(R

)-
1

C
yt

ot
ox

ic
it

y
((

S)
-1

(I
C

50
:1

61
m

M
in

D
U

-1
45

ce
lls

);
(R

)-
1

(I
C

50
:7

7.
2

in
D

U
14

5
ce

lls
)

[4
1]

H
ol

ot
hu

ri
an

s

Fr
on

do
si

de
A

C
el

lc
yc

le
ar

re
st

(G
2/

M
-p

ha
se

at
0.

5
μ

M
in

PC
-3

ce
lls

)
[4

2]

12
-m

et
hy

lt
et

ra
de

ca
no

ic
ac

id
C

yt
ot

ox
ic

it
y

(I
C

50
:3

5.
48

μ
g/

m
L

in
D

U
-1

45
ce

lls
,I

C
50

:2
0.

45
μ

g/
m

L
in

PC
-3

ce
lls

)
[4

3]

373



Mar. Drugs 2018, 16, 160

3.1. Marine Bacteria

Marine microorganisms offer a unique source for potential anticancer drugs. Scientists are
interested in marine microorganisms for the development of these drugs. Marine microorganisms have
yielded novel anti-inflammatory agents such as pseudopterosins, topsentins, scytonemin, manoalide,
topsentins, and scytonemin [44]. These agents show cytotoxic activity against cancer cell lines like
PC-3 (prostate cancer cells).

Microbes associated with the mollusk Elysia rufescens synthesize kahalalide F (KF), a compound
with both in vitro and in vivo antitumor activity in various solid tumor models. In vitro
antiproliferative studies have found activity in certain prostate cancer cell lines (PC-3, DU-145),
but none against the hormone-sensitive LNCaP line [14]. Therefore, KF exhibits antitumor activity
against solid prostate tumors []. In clinical trials, adult patients with advanced or metastatic
androgen-refractory prostate cancer have received intravenous administration of KF. One patient
had a partial response at a dose of 80 μg per kg per day, showing a prostate-specific antigen decline
of at least 50% for ≥4 weeks. Five patients showed stable disease. KF can be safely administered as
a one-hour infusion for five consecutive days at a dose of 560 μg per kg per day once every three
weeks [15].

3.2. Marine Fungi

Marine fungi provide a rich profile of biologically active metabolites. Despite the interests toward
studying of biologically active metabolites, such studies remain scarce. The effect of marine fungal
metabolite 1386A from the South China Sea on the proliferation of androgen-independent cells has
been reported in DU-145 cells. The half-maximal inhibitory concentrations (IC50) of 1386A incubated
with DU-145 cells for 24, 48, and 72 h were 25.31, 8.62, and 4.79 μmol/L respectively [45]. This activity
may be useful in diseases including prostate cancer as a therapeutic or food additive [45].

Demethoxyfumitremorgin C, a secondary metabolite of the marine fungus, Aspergillus fumigatus,
had been reported to inhibited the cell viability on PC-3 cells [16].

An investigation into new bioactive metabolites of marine gut fungi revealed aspochalasins
isolated from the gut of the marine isopod Ligia oceanica. Aspochalasins are a subgroup of cytochalasans
consisting of a macrocylic ring, isoindolone moiety, and a 2-methyl-propyl side-chain. Aspochalasins
showed various bioactivities such as cytotoxicity [17], anti-HIV [46], and TNF-alpha [47] and
melanogenesis inhibitors [48]. Cytotoxicity against the prostate cancer PC-3 cell line was assayed using
the MTT method. Apochalasin V showed moderate activity at IC50 values of 30.4 μM, respectively [17].

3.3. Marine Sponges

Marine sponges are an abundant source of alkaloids. For example, rhizochalin is a bioactive
substance initially isolated from the marine sponge Rhizochalina incrustata. Rhizochalin exhibited
anticancer properties in human castration-resistant prostate cancer cells, induced apoptosis, and G2/M
cell cycle arrest, and inhibited autophagy [18]. Rhizochalinin (Rhiz) is a sphingolipid-like
semi-synthetic compound hydrolytically derived from rhizochalin. Rhiz had cytotoxic effects on all
human prostate cancer cell lines (PC-3, DU145, LNCaP, 22Rv1, VCaP) at low micromolar concentrations.
In general, aglycones are more cytotoxic than glycosides [19]. Functional analyses confirmed
an anti-migratory effect of Rhiz in PC-3 cells. Additionally, a predicted ERK1/2 activation was
confirmed by Western blot analysis, and the prosurvival effects in Rhiz-treated prostate cancer cells
indicated a potential mechanism of resistance [49].

In addition, two prominent alkaloids, heliclonadiamines (HCA) from ethanol extracts of the
marine sponge Haliclona spp. show strong cytotoxic effects against PC-3 cells, with 50% viability
at 100 μM [50]. Overexpression of phosphatase of regenerating liver-3 (PRL-3) in these cells
was suppressed by treatment with HCA. HCA activates E-cadherin and downregulates highly
overexpressed N-cadherin.
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The macrolide compound latrunculin A isolated from the Red Sea sponge Negombata magnifica
exhibits anti-invasive activity against PC-3 cells [20]. Halichondramide is a trisoxazole-containing
macrolide extracted from Chondrosia corticata that modulates prostate cancer-related biomarkers such
as E-cadherin, N-cadherin, MMP2, and MMP9 at both transcriptional and transitional levels [21].

Epithelial to mesenchymal transition (EMT) biomarkers indicate the metastatic characteristics of
prostate cancer [51]. Spongistatin 1 is a macrocyclic lactone derived from the marine sponge Spongia sp.,
that has been shown to induces apoptosis and caspase independent cell death in DU-145 cells [52].
In addition, Spongistatin 1 also upregulates BIM, pro-apoptotic BCL-2 family member BIM, by acting
on both the microtubular complex and the antiapoptotic MCL-1. BIM is an important genetic factor
that plays a role in upregulating caspase-independent apoptotic signaling pathways executed by
mitochondria in prostate cancer [22]. Marine-sponge-derived furanosesterterpene furospinosulin-1
has selective antiproliferative activity against DU-145 cells under hypoxic conditions [23].

Sodwanone and yardenones derived from Axinella sp. inhibited PC-3 cells by deactivating
HIF-1 [24]. The glycerol ether niphatenone B is a natural product that leads to the development of
castration-recurrent prostate cancer that has been isolated from crude methanolic extracts of Niphates
digitalis. It induces proliferation of LNCaP cells but not PC-3 cells. Consequently, there is no functional
AR support against target-specific anti-proliferation. Niphatenone B prominently binds the activation
function-1 region of the AR N-terminus domain (NTD) [25]. Finally, agelasine B has been isolated from
the marine sponge Agelas clathrodes. This compound has been shown to inhibit the viability of PC-3
cells. It significantly reduces the Ca2+ concentration in these cells and induces the fragmentation of
DNA [26].

3.4. Marine Algae

3.4.1. Cyanobacteria

Cyanobacterium (marine blue algae) are a diverse group of prokaryotic organisms. Cryptophycin
52 is a naturally macrocyclic anticancer compound isolated from the marine cyanobacteria
Nostoc spp. [27].

A new cyclic depsipeptide, lagunamide C was isolated from the marine cyanobacterium,
L. majuscula, collected from Pulau Hantu Besar, Singapore. Lagunamide C was tested against PC3 cells,
with an IC50 of 2.6 nM. It also possesses significant antimalarial properties [28].

Cytotoxic peptides like dolastatins isolated from Dolabella auricularia and their synthetic analogs
dolastatin 10 in symploca and its non-cyanobacterial analog dolastin are responsible for cell cycle
arrest in the G2/M phase [29].

Marine cyanobacteria-derived compounds can induce the alteration of caspases and activate
the pathway to induced cell death. Caspase-3 is the most well-known caspase in the apoptosis of
prostate cancer cell lines. C-phycocyanin (C-PC) s isolated from the Limnothrix sp. cyanobacterium has
previously been shown to have anticancer properties. We found that only 10% of a typical dose of the
topotecan (TPT) anticancer drug combined with C-PC killed cancer cells at a higher rate than that of
TPT being used alone at full dose. We also detected an increased magnitude of the increased activities
of caspase-9 and caspase-3 when these two compounds were used in combination [30].

The BCL-2 protein family acts as an important regulator of apoptosis in prostate cancer.
Cryptophycin 52 promotes BCL-2 and BCL-xL phosphorylation in several prostate cancer cell lines
including PC-3, LNCaP, and DU-145 [27].

Iejimalide B, a marine macrolide, was first extracted from the tunicate Eudistoma cf. rigida.
Iejimalide B is active in both LNCaP and PC-3 cell lines in the nanomolar range, but the effects
on the two cell lines differed significantly. One experiment showed that iejimalide B doses below
30 nM induced cell cycle arrest in G0/G1 and cell death at doses at and above 50 nM in LNCaP cells,
but neither of these doses induced apoptosis in PC-3 cells after 72 h [31].
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3.4.2. Chlorophytes

Chlorophyta is a group of green photosynthetic algae. Most seaweeds are classified as marine
chlorophytes and are an important source of vitamins and minerals; they are also promising for their
activities against prostate cancer [53]. There has been some research on green algae, which have
isolated several potential anticancer compounds. For example, 14-keto-stypodiol diacetate (SDA)
extracted from the seaweed Stypopodium flabelliforme inhibits cell growth and tumor invasion in DU-145
cells. The studies suggest that this novel derivative from a marine natural product induces the mitotic
arrest of tumor cells, an effect that could be associated with alterations in the normal microtubule
assembly process. In addition, a salient feature of this compound is that it affects protease secretion
and in vitro invasive capacity, both properties of cells from metastases. The secretion of plasminogen
activator (u-PA) and the capacity of DU-145 cells to migrate through a Matrigel-coated membrane
was significantly inhibited in the presence of micromolar concentrations of SDA. [33]. Haematococcus
pluvialis is a rich source of carotenoid astaxanthin that is an efficient promoter of antioxidants and
apoptosis by inhibiting NF-kappa B, which subsequently inhibits growth in prostate cancer cell
lines [34,54].

KF is a significant bioactive compound isolated from Elysia rufescens; the actual source of
kahalalide is believed to be Bryopsis sp. The compound triggered oncogenesis in a prostate cancer cell
line. Therefore, KF induced lysosomal and cell membrane permeability and induced apoptosis by
inhibiting the PI3K/AKT pathways [55].

3.4.3. Rhodophyta

Rhodophyta, known as red algae, is primarily found in the sea. However, there is not much
evidence on the use of red algae extracts as a drug in prostate cancer treatment. Bromophycolides C-I
has been isolated from Callophycus serratus and has cytotoxic activity against a wide range of cancer
cells. Among them, the effect of Bromophycolides D is the most significant. [32].

3.4.4. Phaeophyta

Phaeophyta (brown algae) produce complex diterpenoids and metabolites of mixed
terpenoid-aromatic origins. Previous research showed that many of these compounds could be
potent antibiotic, antifungal, antiviral, or anticancer agents [56]. They can be isolated from Cladosiphon
novaecaledoniae, Undaria pinnatifida, and other species of brown algae [57]. Fucoidan inhibited PC-3
cells and activated intrinsic and extrinsic apoptosis [35]. This apoptosis was followed by extracellular
signal-regulated kinase mitogen-activated protein kinase (ERK1/2 MAPK) and p38 MAPK inactivation.
Furthermore, it inactivated phosphatidylinositol 3-kinase (PI3K)/Akt. In addition, p21Cip1/Waf
was upregulated following the application of fucoidan. Therefore, fucoidan downregulates E2F-1
cell-cycle-related proteins and upregulates the Wnt/β-catenin signaling pathway. GSK-3β protein
activation decreased the β-catenin level and c-MYC and cyclin D1 expression in PC-3 cells [35].

Transforming growth factor β (TGFβ) and receptors (TGFRs) play an important role in the EMT
of cancer cells. In one study, fucoidan prominently reversed TGFR-induced EMT morphological
changes [36]. Therefore, fucoidan upregulates epithelial markers and downregulates mesenchymal
markers as well as decreasing the expression of the transcriptional repressors snail, slug, and twist in
prostate cancer cells.

3.5. Marine Diatoms

To date, few natural bioactive products have been derived from diatoms despite the abundance of
diatoms. Fucoxanthin is an important marine compound in prostate cancer treatment that was isolated
from Sargassum sp. Fucoxanthin inhibits the growth of LNCaP cells [37]. A growth inhibitory effect
was shown by the induction of GADD45A and G1 cell cycle arrest. Fucoxanthin is a highly conjugated
natural compound relatively safe for use as an antitumor compound in prostate cancer [38].
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Ingested fucoxanthin was reportedly deacetylated in the intestinal lumen and transported via
blood in White Leghorn which was fed the brown seaweed F. serratus; thus, fucoxanthinol was present
as one of the main carotenoids in the egg yolks [58]. Asai et al. investigated the biotransformation
of fucoxanthinol in ICR mice, reporting an unknown metabolite which was previously found in the
marine tunicate Amaroucium pliciferum that was identified as amarouciaxanthin A. Both fucoxanthinol
and amarouciaxanthin A reduced the viability of PC-3 cells, with 50% inhibitory concentrations of
fucoxanthin, fucoxanthinol, and amarouciaxanthin A of 3.0, 2.0, and 4.6 μM [39], respectively. However,
there are few studies on this topic.

3.6. Marine Diatom Metabolites

Many novel and physiologically active natural organic compounds have been isolated from soft
corals, and further research on these complexes is essential for both the development of marine drugs
and the search for new drugs. Five new eunicellin diterpenes, pachycladins A–E (1–5), were isolated
from the Red Sea soft coral Cladiella pachyclados. Some of the new metabolites exhibited significant
anti-invasive activity in PC-3 cells [40]. New metabolite 1 has been isolated from the marine soft
coral Sarcophyton ehrenbergi along with the known diterpenoids 2 and 3 and cholesterol 4. All of these
compounds showed moderate anticancer activity. (S)-1 showed modest activity against DU145 cells in
the 106–161 mM range. Its synthetic enantiomer (R)-1 demonstrated better cytotoxicity against DU145
cells, with an IC50 of 77.2 ± 2.5 mM. The naturally obtained membrane 3 compound exhibited good
potency against DU145 cells, with an IC50 of 75.0 ± 3.8 mM [41].

3.7. Holothurians

Holothurians (sea cucumbers) are marine invertebrates that have been used in traditional Asian
medicine for centuries [59]. Triterpene glycoside frondoside A (FrA) was initially isolated from
an extract of the edible sea cucumber Cucumaria frondosa. The FrA compound showed high efficacy and
low toxicity in human prostate cancer cells, including cell lines with resistance to standard therapies.
Its unique combination of properties includes the simultaneous induction of apoptosis coupled with
cell cycle arrest and inhibition of pro-survival autophagy, as well as potential immune modulatory
effects [42].

12-MTA inhibited prostate cancer cell lines. PI staining showed that 12-MTA caused PC-3 cell
death through the induction of apoptosis, in which caspase-3 may play a role. At relevant biological
concentrations, 12-MTA can selectively inhibit the formation of 5-hydroxyeicosatetraenoic acid
(5-HETE), a metabolite of 5-lipoxygenase. This agent may be a novel adjunctive therapy for selected
malignancies including prostate cancer [43].

4. Conclusions

The resistance of marine compounds to prostate cancer has been recognized by academics at
home and abroad. The study of the anti-prostate cancer effects of marine compounds is exploring their
direct effects on tumor cells by boosting host immune function.

In conclusion, marine compounds have significant potential as anticancer drug compounds.
In recent years, the incidence of prostate cancer has been increasing. From an application standpoint,
it is difficult to rely on the compounds extracted from land-grown animals and plants to meet clinical
needs. Not only is it difficult to collect large numbers of terrestrial animals and plants as it cannot
be multiplied, but since some are endangered species, there is a problem of resource competition.
Marine sources can be beneficial to prostate cancer research. However, there has been little research on
this topic. The organisms studied in the assessment of the anticancer aspects of marine compounds
represent only a tiny fraction of the millions of marine creatures. Marine flora exists in large quantities
in nature, and many anticancer bioactive compounds have been isolated from them.

This review discussed a number of marine-derived compounds that are related to prostate
cancer. Full elucidation of the anti-cancer mechanisms of these compounds, including the clear
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structure-activity relationship between these compounds and dose-effect may simplify the extraction
process. Reasonable pharmacological screening and clinical observation of marine compounds offer
promising leads for the development of anticancer drugs or anticancer adjuvants. Marine compounds
can play their due role in improving the quality of life of patients with prostate cancer. Further research
on these compounds is required for the development of new anti-prostate cancer drugs.
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Abstract: Sea anemones are a remarkable source of active principles due to a decentralized venom
system. New blood vessel growth or angiogenesis is a very promising target against cancer,
but the few available antiangiogenic compounds have limited efficacy. In this study, a protein
fraction, purified from tentacles of Anemonia viridis, was able to limit endothelial cells proliferation
and angiogenesis at low concentration (14 nM). Protein sequences were determined with Edman
degradation and mass spectrometry in source decay and revealed homologies with Blood Depressing
Substance (BDS) sea anemones. The presence of a two-turn alpha helix observed with circular
dichroism and a trypsin activity inhibition suggested that the active principle could be a Kunitz-type
inhibitor, which may interact with an integrin due to an Arginine Glycin Aspartate (RGD) motif.
Molecular modeling showed that this RGD motif was well exposed to solvent. This active principle
could improve antiangiogenic therapy from existing antiangiogenic compounds binding on the
Vascular Endothelial Growth Factor (VEGF).

Keywords: sea anemone; drug discovery; cancer; antiangiogenic; endothelial cells; RGD motif;
kunitz type inhibitor

1. Introduction

Sea anemones have been understudied as a source of new pharmacological tools or therapeutic
leads [1]. Sea anemones belong to Cnidaria that also includes corals, jellyfish and sponges. They have
toxic peptides to incapacitate and immobilize prey and to defend from potential predators [2]. Their
toxin arsenal is complex, targeting a variety of pharmacological targets such as ionic channels,
inflammatory receptors [3] or pore forming protein in cellular membranes [4]. Anti-hyperglycemic
and anti-diabetic activities were also observed from sea anemone extract [5].

Active principles from venomous species such as snakes or scorpions have a centralized venom
system and have a structural homogeneity, which is not the case for sea anemones. Scorpion active
principles for instance have a scaffold characterized by three beta sheets, an alpha helix and four
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disulfide bridges [6]. In sea anemones, the venom system is decentralized in all parts of the animal
body showing a higher diversity in size and scaffold of protein active principles. The active principles
binding on receptors such as ionic channels are short size proteins between 3000 and 5000 Da cross
linked with three disulfide bridges [2]. They have different structural scaffolds regarding their
pharmacological targets. Active principles binding on ionic channel are characterized by three beta
strands [7], while those binding on enzymes such as the family of Kunitz-type inhibitors have two beta
strands and an alpha helix [8]. Surprisingly, the sea anemone toxin Bg1, with a scaffold completely
different, can compete at nanomolar concentrations with the Aah II scorpion toxin on the same
pharmacological site on sodium channel [9]. However, the superposition of the 3D structure of these
two proteins shows that the lateral chains of four basic residues are in exactly the same positions [9].

Cancer treatments are mainly based on anti-mitotic compounds that have side effects because
they block the division of both cancer cells and healthy cells. Cancer cells need to be vascularized by
endothelial cells, in a process called angiogenesis, to grow as a tumor and then to spread as metastases
inducing the patient death. It was proposed almost 50 years ago to block angiogenesis to fight against
cancer because angiogenesis is no longer important after embryogenesis [10]. There are very few
antiangiogenic compounds compared to antimitotic compounds and it has only been a decade since
antiangiogenic compounds began being tested in clinical trials. Amazingly, antiangiogenic compounds
showed a limited efficacy because they all bind on the Vascular Endothelial Growth Factor (VEGF)
or the VEGF receptor and tumor cells can trigger different biological ways to have angiogenesis [11].
Among antiangiogenic compounds binding on VEGF, the most used in clinical trial is Bevacizumab
(known as Avastin), which is a monoclonal antibody [11]. Bevacizumab is costly due to its size
and difficulties to have germ free production as recombinant protein. Furthermore, resistance to
Bevacizumab is observed due to the upregulation of other redundant angiogenic factors different from
VEGF [12]. Compounds binding on VEGF receptors that are not proteins have toxic effects that limit
their use. Resistance towards VEGF-centered antiangiogenic therapy represents a substantial clinical
challenge [10]. There is therefore a need to have compounds blocking angiogenesis that do not bind on
VEGF or VEGF receptor, are easy to produce and have no long-term toxicity.

Short size synthetic proteins (less than 50 residues) are suitable compounds for this goal.
Anemonia viridis (also called Anemonia sulcata) is well studied and proven to be a remarkable source of
low molecular proteins with different pharmacological binding sites on ionic channel receptors [7].
Seven short size proteins (42–49 residues) binding on ionic channels were purified and characterized
from Anemonia viridis [7]. Among them, AS2 is a 47-residue-long protein (4934 Da) having only beta
structures [13]. There is also BDS-1 that is a blood depressing protein of 43 residues (4708 Da) binding
on a specific potassium channel [14]. The main secondary structure of BDS-1 is a triple-stranded
antiparallel beta-sheet without alpha helix [7]. Recently, a partially purified extract of Anemonia viridis
was reported to affect the growth and viability of selected tumor cell lines [15].

In this study, two cellular antiangiogenic screening tests were used with Human Microvascular
Endothelial Cells (HMEC) having the Epithelial Growth Factor instead of VEGF [16]. The first one
measured the proliferation of HMEC and the second one the formation of HMEC capillary network.
These screening tests made it possible to identify from Anemonia viridis a protein fraction able to limit
HMEC proliferation and angiogenesis at low concentration (IC50 14 nM). Trypsin inhibition and the
presence of a two turns alpha helix revealed by circular dichroism suggest that the active principle is a
kunitz type inhibitor.

2. Results

2.1. Purification from Full Sea Anemone Body

To preserve the integrity of potential protein active principles, a new purification protocol was
established. This protocol described in the experimental procedure was tested with both the full
animal body and tentacles in preliminary studies using two animal bodies. HPLC analysis after
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precipitation, centrifugation and filtrations steps revealed that tentacles had the highest content in
short size proteins compared to the full body (data not shown). Tentacles were therefore chosen to
obtain pure proteins with semi preparative HPLC. Before HPLC, it was necessary to carry out different
steps of extractions and filtrations. To avoid protein enzyme digestions or degradations, the tentacles
from 11 Anemonia viridis were cut and immediately frozen at −20 ◦C. After 24 h at −20 ◦C, the tentacles
were lyophilized for three days. Then, the dry tentacles (20.8 g) were mashed. A first precipitation
and a centrifugation were carried out with a hydrophobic solvent to eliminate lipids and membrane
proteins. After evaporation for 24 h, the weight of the pellet was 19.2 g. The pellet was suspended in
water 0.1% TFA and a centrifugation was carried out to eliminate the calcic skeleton. A gel filtration
(cut off 30 KDa) and a 0.22 μm filtration made it possible to select low molecular weight compounds.
A UV absorption spectrum of this solution (data not shown) revealed two major bands at 265 nm
and 330 nm due to alkaloid pigments that are low molecular weight compounds abundant in sea
anemones [17]. After lyophilization, only 0.984 g remained from the initial 20.8 g dry tentacles (4.7%).
Semi preparative HPLC purification was carried out on this 0.984 g and made it possible to obtain 15
fractions. The first fraction contained essentially alkaloid pigments. The total amount of proteins found
in the other fractions was only 30 mg. The low molecular weight proteins that are the targets of this
purification corresponded to 0.14% of the dry tentacles in the beginning of this purification protocol.

HPLC analysis before semi preparative HPLC purification showed a major peak at 4 min
(Figure 1B) and the spectral analysis in (Figure 1A) revealed a major absorbance at 265 nm and
330 nm that were dominant in the spectral analysis carried out before semi preparative HPLC. This was
not a protein spectrum. Protein spectra are characterized by a first absorbance at 280 nm due to
aromatic residues and then a major absorbance due to peptidic bonds that begins at 210 nm [16].
The elution time showed that these compounds were not retained in C8 column and confirmed that
they were alkaloid pigments with aromatic cycles [18].

Semi prepartive HPLC made it possible to collect nine main protein fractions. Mass spectroscopy
analysis revealed that the molecular weight of these proteins was going from 4690 to 6700 Da. They
displayed typical protein UV spectra (data not shown). The most abundant fraction eluted at 7 min
(Figure 1) and had an absorbance spectrum with a bump at 290 nm typical of tryptophan (W) that
were highly conserved in active principles binding on ionic channel identified in Anemonia viridis
but the molecular weight of this protein (6620 Da) was not compatible with known Anemonia viridis
active principles that had sizes <50 amino acid residues [6]. The other proteins eluting from 7 min to
15 min displayed absorbance spectra without W contribution characterized by a shift of the maximum
absorbance from 280 to 278 nm (data not shown). Other fractions had W contribution, particularly the
31-min fraction. It was possible to recognize and isolate AS2 in this fraction due to its molecular weight
and its N-terminal sequence, which was a 47-residue-long protein having three W in its sequence [12].

2.2. HMEC Proliferation Inhibition (n = 2)

A screening was carried out with the nine protein fractions and the alkaloid pigments as control to
measure the capacity of these proteins to inhibit HMEC proliferation. This experiment was performed
twice with fractions from the second purification. The test was carried out with a 10 μM concentration
for the nine protein fractions and the alkaloid pigments. It was important in this test that living cells
remained detectable to differentiate between cytotoxicity and proliferation inhibition. Proliferation
inhibition was characterized by a decrease of absorbance (Figure 2). The absorbance was proportional
to the mitochondrial activity. Only three protein fractions were able to limit HMEC proliferation up or
below to 50% at 7 min, 12 min and 28 min (Figure 2). No absorbance due to cellular death was observed
with the alkaloid pigments (Figure 2, 4 min). Cytotoxicity of Anemonia viridis alkaloid pigments was
previously reported [17]. Trace of alkaloid pigments was observed in analytical HPLC of 7 min and
12 min proteins (data not shown) and the decrease of absorbance >50% could be due to cytotoxicity
and not to an inhibition of proliferation due to an antiangiogenic activity. Alkaloid pigments were
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present in fraction 17 min, 22 min and 26 min in the second purification and may explain the high
variation between the two experiments.

Figure 1. 3D Analytical HPLC of Anemonia viridis tentacles after phase extractions, centrifugation
and filtrations and before semi preparative HPLC. The UV absorbance of the effluent was measured
with a diode ray detector. (A) A 3D plot displaying elution time from 0 to 60 min (x axis) regarding
wavelengths from 220 to 330 nm (y axis). The z axis corresponds to different peak intensities and is
represented with a color scale going from 0 (purple) to 40 mAU (red). The horizontal arrow shows
the 280 nm wavelength. (B) Elution time regarding absorbance at 280 nm from 0 to 40 mAU and the
acetonitrile (%B) gradient in blue. The vertical arrow shows the retention time of the major peak at
4 min that is out scaled with an absorbance at 500 mAU.
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Figure 2. HMEC proliferation inhibition with 50 μg/L of the alkaloid fraction (4 min) and the nine
protein fractions purified from semipreparative HPLC. This experiment was carried out twice with
two different purifications. Alkaloid pigments were present in fraction 17 min, 22 min and 26 min in
the second purification and may explain the differences between the two experiments.

2.3. HMEC Tubulogenesis Assay (n = 3)

A first screening at 10 μM made with the fractions obtained from SP HPLC showed that the
capillary network formation was inhibited only with the 28-min fraction and not with the 7 min- and
12-min fractions where the remaining living cells were able to display a network (data not shown).
To measure a dose effect of the 28-min fraction on HMEC tubulogenesis, seven dilutions from 10 μM
to 3.2 nM (dilution factor 1/5) were tested (Figure 3). A capillary network with interconnected lines
similar to control is observed only at 3.2 nM (Figure S1 in Supplementary Materials). To determine
the half effect, a dose–response curve was established by measuring the capillary length with
METAMORPH 7.6 software for each dilution (Figure 3).

Figure 3. HMEC tubulogenesis assay with the 28-min fraction with concentrations going from 10 μM
to 3.2 nM in a triplicate experiment (n = 2). A network with interconnected lines similar to control
was observed only at 3.2 nM. The dose–response curve was established by measuring capillary length
with the METAMORPH software. The six dilutions were represented with the control in a decimal
logarithm scale regarding the capillary length measured in mm. The half effect corresponding to a
capillary length of 2.65 mm was observed at 14 nM.
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2.4. Primary Structure Analyses

The Edman N-terminal sequencing of the 28-min fraction made it possible to identify the first
31 amino acid residues and revealed a sequence homology with BDS sea anemones [7]. The sequence
was identical to BDS-1 excepted on position 18 with a phenylalanine (F) instead of Leucine (L) in
BDS-1. Although the 28-min fraction gave only one peak in analytical HPLC, the sequencing revealed
the presence of contaminants with a proline (P) instead of S7 and glycine (G) instead of Lysine (K) 9.
The mutation S/P 7 was observed in BDS2 [7].

A first Matrix-Assisted Laser Desorption Ionization Mass Spectrometry (MALDI MS) at low
resolution gave a molecular weight of 4730 Da for the 28-min fraction. However, high resolution
MALDI MS revealed that the 28-min fraction was most heterogeneous and contained up to ten
proteins (Figure 4). The three main proteins had average molecular weights corresponding to
4692, 4708 and 4742 Da. To further investigate on the monoisotopic mass of the protein content,
the 28-min fraction was also analyzed with high resolution Orbitrap Mass Spectrometry (Figure S2 in
Supplementary Materials).

Figure 4. High resolution MALDI MS of the 28-min fraction. Each peak was decomposed in different
isotopic forms. The isotopic average masses of the three main peaks were, respectively, 4692, 4708 and
4742 Da. Their mono isotopic masses were, respectively, 4689, 4705 and 4739 Da.

It was possible to determine the sequences of these three main proteins in the 28-min fraction
with both MALDI MS using In Source Decay (ISD) technology and HPLC-MS/MS analyses of the
digested fractions after Trypsin treatment (Figures S3–S5 in Supplementary Materials). ISD confirmed
the sequence homology between BDS1 and BDS5 from the N-terminal Alanine to F18 for BDS5 and
L18 for BDS1. The experiment revealed a third chain (BDS16) with a F18 as BDS5 but with a difference
of 50 Da compared to BDS5. A bottom up approach using HPLC-MS/MS was performed using a
digest of the fraction (Figure S4). The major peaks validated ISD results and identified a peptide with
minus 50 Da regarding the masses of the N-terminus of BDS5 and BDS1. This peptide corresponding
to the N-terminus of BDS16 was sequenced with ISD (Figure S5) to provide the full sequence of BDS16.
The three proteins identified in the 28-min fraction were therefore BDS-1 and two others proteins
named BDS-5 and BDS-16.
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Enzymatic digestion was carried out on the 28-min fraction with a Trypsin/Lys C mixture.
The disulfide bridges were not altered to allow the possibility of identifying their location. Amazingly,
in regular condition corresponding to 1 h incubation at 37 ◦C, the HPLC peak of the 28-min fraction
remained almost unaltered (Figure 5A). It was necessary to wait three days in similar conditions to
observe the complete digestion of the 28-min fraction. Resistance to Trypsin digestion was not
reported when BDS-1 was sequenced [14]. Sequencing of the peptides purified after complete
digestion of the 28-min fraction revealed that the peaks between 22 min and 24 min were the same
sequence 13GDLWIFR19 corresponding to the central part of BDS-5. The peptide corresponding to
this sequence had probably different conformational states that may explain the different elution
times observed between 22 min and 24 min. The Edman sequencing either for the N-terminus or
in peptides obtained from enzymatic digestion did not confirm in the 28-min fraction, the presence
of BDS-1 characterized by L18. Sequencing of the peak eluting at 20′ revealed the presence of three
peptides corresponding to expected sequences, the C terminus with 35WPNICCYPH43, the N-terminus
(1AAPCFCSGK9) and 20GTCPGGYGYTSNCYK34. The gap between 31NCYK34 was determined by ISD. It was
not possible to identify a peptide corresponding to the 10PGR12 sequence but this part of the BDS-5
sequence was previously identified in the N terminal sequencing of the 28-min fraction. Another
digestion of the non-reduced 28-min fraction was performed at different times to control from 20 h
to 70 h (Figure S6 in Supplementary Materials). The three peptides produced four different peptides,
two for the peptide 13–19 of BDS-5 and BDS-1 and two others with an average mass of 3842 and 3892
attesting that all the other peptides were crosslinked by disulfide bridges. It was possible to deduce
that the three disulfide bridges of BDS-5 were similar to BDS-1 and corresponded to 4C–C39, 6C–C32

and 22C–C40.

Figure 5. Enzymatic digestion of the 28-min fraction with a Trypsin/Lys C mixture at 37 ◦C for:
one hour (A); and three days (B). The 28-min fraction displayed only one peak and remained almost
unchanged after one-hour digestion, while it should have completely disappeared. This experiment
suggested that the 28-min fraction contained a Trypsin inhibitor. The Trypsin/Lys C mixture eluted at
42 min. Another digestion experiment with only Trypsin gave the same results with 72 h necessary to
have a complete digestion (Figure S6 in Supplementary Materials).
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2.5. Secondary and Tertiary Structure Analyses

A far UV study (178–260 nm) of AS2 and the 28-min fraction was carried out (Figure 6).
Absorbance spectra were similar and characterized by absorption at 190 nm of the π–π* transition of
the peptide bonds amid chromophore. A bump due to n–π* transition was observed at 210 nm [17].
The absorption spectra revealed that the protein concentrations were similar and the light transmission
was correct due to the linearity of the signal up to 180 nm (Figure 6A). CD spectra revealed a major
difference between AS2 and the 28-min fraction, thus a difference in the content in secondary structures
(Figure 7B). AS2 had a CD spectra characteristic of beta sheet and beta turns with no alpha helix.
This type of folding is typical of Anemonia viridis proteins binding on ionic channel such as AS2 or
BDS-1 [7]. The shift of this negative band at 196 nM showed that this was a well-structured protein
characterized by beta structures in accordance with a former Laser Raman structural study made with
AS2 [13]. The CD spectrum of the 28-min fraction was characteristic of an alpha helix with the splitting
of the π–π* transition in two bands, a positive one at 190 nm and a negative one at 205 nm, and a
negative band at 215 nm due to n–π* transition [17]. The low intensity of the CD bands and a bump at
200 nm in the positive band revealed contributions of beta structures [17]. The CD spectrum of BDS-1
had no positive band and was typical of CD spectra with only beta structures [7]. The alpha helix CD
signal was due probably to BDS-5 and might correspond to a two-turn alpha helix [17].

Figure 6. Far UV (178–260 nm) absorbance (A); and circular dichroism (B) spectra of AS2 (Blue) and
the 28-min fraction (red). CD spectra are presented as Δε per amide rather than in ΔA unit to have a
measure independent of mass and concentration [17].

Based on CD data, the BDS-5 model was built from the crystal structure of SHPI-1 in a
complex with Elastase [18]. SHPI-1 was purified from the Stichodactyla helianthus sea anemone [18].
This structure model was chosen because it was a low molecular weight protein (55 residues) cross
linked with three disulfide bridges and the content in secondary structures was compatible with
CD data, which was not the case for BDS-1 [7]. The atomic coordinates of alpha carbons of SHPI-1
N-terminus (residues 1–15) and C-terminus of SHPI-1 (residues 32–55) were used as template for BDS-5.
Then, atomic coordinates of lateral chains of BDS-5 residues were assigned without overlap to avoid
energy bumps. Ten loops were generated to connect BDS-5 residues 15–20. The lowest root means
square deviation loop regarding optimum dihedral angles was used to assign atomic coordinates to
the last five missing BDS-5 residues to complete the final structure.
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Figure 7. (A) The BDS-5 model 3D structure determined with molecular modeling from atomic
coordinates of SHPI-1 [18] in (C). It was also possible to build a BDS-5 model from BDS-1 structure
(B) since only one mutation F/L 18 existed between these two proteins but this model was not
compatible with CD data. Although one disulfide bridge (colored in yellow) is different in SHPI-1
structure, molecular modeling showed that it is possible to have a BDS-5 model structure compatible
with a Kunitz-type structure characterized by a C-terminal short alpha helix (colored in red).

A first energy minimization and dynamic procedure was carried out with only one disulfide
bridge (4C-C39) to connect the N and C terminus of BDS-5 with the four other cysteines being free.
Structural changes due to dynamic procedure and the constraint related to this 4C-C39 disulfide bridge
made it possible to have the SH group at the right position to constitute two other disulfide bridges,
6C-C32 and 22C-C40. A final energy minimization procedure made it possible to obtain a final BDS-5
model 3D structure with a low van der Waals energy (Figure 7). Kunitz-type structures are low
molecular weight proteins characterized by a short alpha helix, a two-beta strand sheet and three
disulfide bridges as the SHPI-1 sea anemone protein [18]. Molecular modeling showed that it was
possible to have a BDS-5 model 3D structure compatible with a Kunitz-type structure with disulfide
bridges similar to BDS-1. Attempt to create a BDS-5 model using a first disulfide bridge constraint
with 4C-C40 was not possible because it induced the collapse of the C terminal alpha helix to constitute
the two other disulfide bridges. It is important to note that another BDS-5 model was possible from
BDS-1 NMR structure [7]. In that case, the BDS-5 model was similar to BDS-1 with the F18 lateral chain
located at the L18 position (Figure 7B). In the two BDS-5 models, F18 appeared located similarly (data
not shown). It is interesting to note that F16 in the SHPI-1 crystal structure had also a similar position
(Figure 7A,C). R11 and F18 in SHPI-1 were the residues involved in the inhibition of Elastase [18], and
the BDS-5 3D structure model showed that R12 was located similarly to R11 in SHPI-1 (Figure 7A,C).
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The presence of a C terminal alpha helix induced a major change in the location of the 12RGD14 motif
for the BDS-5 structure model (Figure 7A) compared to BDS-1 NMR structure (Figure 7B). Contrary
to BDS-1, the 12RGD14 motif in the BDS-5 structure model was well exposed to solvent and on the
opposite side (Figure 7A).

3. Discussion

The purpose of this study was to identify and purify low molecular weight proteins from
Anemonia viridis susceptible to have antiangiogenic activity not acting on the VEGF pathway.
The purification protocol was set not to purify all compounds in Anemonia viridis having an
antiangiogenic activity but only low molecular weight proteins. The reason is that synthetic proteins
less than 50 residues can now be produced at low cost and have the great advantage to make possible
a sterile production, which is not the case for monoclonal antibodies such as Avastin requiring a
biological production. The high cost of Avastin is not related to the production as recombinant protein
but to the purification process to have a germ free pharmaceutical production. A low molecular
weight compound (<1000 Da) would be certainly less expensive to produce than a synthetic protein of
43 residues corresponding to BDS-5. However, a new chemical family of active principles requires
now very expensive toxicological studies to have a Drug Master File suitable for clinical studies.
Moreover, actual preclinical toxicity studies required for clinical studies are not sufficient to guarantee
an absence of long term toxicities. These long-term toxicities are often due to accumulation in tissues
of chemical compounds that cannot be or are insufficiently degraded. Therefore, a synthetic protein
(with a molecular weight <5000 Da) represents a good compromise between cost of production and
long-term safety issues.

This study shows that sea anemones are certainly a very interesting source of low molecular
weight protein active principles, which have been understudied [1]. Although most of these proteins
have three disulfide bridges and share sequence homologies, point mutations can totally change their
structures and their pharmacological properties [1]. This is well outlined in this study if we compare
BDS-5 with BDS-1. With its C-terminal alpha helix, BDS-5 appears to have a 3D structure different
from sea anemone protein binding on ionic channels such as BDS-1. Proteins binding on ionic channel
identified in sea anemones or in scorpions are characterized by a hydrophobic surface, which helps
for a correct positioning of basic residues located on the opposite side. These basic residues create
ionic bonds with acidic residues located in their ionic channel binding sites [6]. This is illustrated with
BDS-1 that have a hydrophobic surface, with L18 and W35 (Figure 7B), and on the opposite side R12,
which is one of the basic residues interacting with the binding site on potassium channel [7].

Although BDS-5 had never been purified and characterized, its sequence was previously known
from a search for amino acid sequence motifs in sea anemone polypeptides, where 14 BDS-like
sequences were identified in the Anemonia viridis genome [19]. This search was made in a cDNA
library built from an Expressed Sequence Tag (EST) analysis performed on Anemonia viridis revealing
14,504 unique protein sequences in its genome [20]. Another EST analysis made it possible to discover
BDS-15 [21]. Interestingly this study showed that BDS-1, BDS-3, BDS-4, BDS-5 and BDS-6 were the
most represented transcripts among BDS like proteins [22]. The F18 mutation is found in half of
the BDS like sequence. BDS-16 purified and sequenced in this study was never referenced before.
Amazingly, the RGD motif is highly conserved in BDS sequences but no activity on integrins has been
reported with BDS-1 or BDS-2. This is probably due to the N terminus in BDS-1 and BDS-2, which is
masking a part of the RGD motif (Figure 7B).

Kunitz-Type Inhibitors (KTI) have a conserved scaffold (a chain of 40–60 residues stabilized by
three disulfide bridges, a two-beta strand sheet and a short C terminal alpha helix) and the most
known is the Bovine Pancreatic Trypsin Inhibitor [7]. Another property of KTI is to have an active
site with amphoteric characteristic as described in the crystal structure of a Caribbean Sea anemone
SHPI-1 in a complex with an Elastase enzyme used in this study [18]. The amphoteric characteristic
is due to hydrophobic and hydrophilic poles made of F16 and R11 for SHPI-1 (Figure 7C), and F16
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and R12 for BDS-5 (Figure 7A), respectively. A KTI from a tick was able to inhibit Trypsin, Elastase
and interfere with blood vessel formation [22]. The RGD motif is recognized by Integrins that are
membrane proteins playing a major role in cancer progression and metastasis [23]. BDS-5 appears to
be a KTI with a RGD motif that could block angiogenesis in binding on integrins.

4. Materials and Methods

4.1. Phase Extractions and Filtrations from Crude Anemonia viridis

Living animals were collected in the south bay at Marseille in a harbor called “Base nautique du
Prado” where shallow and calm water made the development of an important colony of at least 1000
Anemonia viridis possible. No other sea anemone species were observed in this spot. They are spread on
little stones and they were collected alive fixed on their stone. The very same day the anemones (n = 10)
with an average size of 10 cm were transported in sea water to the lab at the faculty of Pharmacy
and the tentacles were immediately cut and frozen at −20 ◦C. Tentacles were then lyophilized (Jouan,
Nante, France) for 3 days. The dried tentacles were mashed and suspended in tert-butyl-methyl-Ether
(Merck, Lyon, France). After a first centrifugation at 4500 rpm for 20 min (Hettich, Vlotho, Germany),
the organic liquid phase containing hydrophobic compounds was eliminated and the dry pellet was
suspended in water containing 0.1% Trifluoroatic acid (TFA) (Carlo Erba, Barcelona, Spain). A second
centrifugation at 4500 rpm for 20 min was carried out and the pellet was eliminated. The liquid phase
containing hydrophilic compounds was then centrifuged in a 30 kDa Centrifugal Filter Unit (Millipore,
Burlington, MA, USA) at 4500 rpm for 20 min and then lyophilized. The liquid extract containing
compounds <30,000 Da was filtered at 0.22 μm with a filter (Millipore, Guyancourt, France) fixed on a
syringe and then lyophilized. UV spectrum of the filtered solution was carried out from 240 to 340 nm
with a Beckman DU640.

4.2. High Liquid Performance Chromatography (HPLC)

After filtration at 0.22 μm, the lyophilized material was suspended in water 0.1% TFA at 50 mg/mL.
Purification was carried out using a Beckman HPLC System Gold 125 (Brea, CA, USA) apparatus with
a Merck Lichrospher C8 reverse phase column (15 × 100 mm). Buffer A was water supplemented with
0.1% (v/v) TFA and buffer B was acetonitrile (Merck, Lyon, France) supplemented with 0.1% (v/v)
TFA. Gradient was buffer B from 15% to 35% in 40 min, then 5 min at 90% B and a return to initial
condition for 10 min at 15% B with a 2 mL/min flow rate. Fractions were collected manually and their
absorptions were measured with a Beckman DU 640B before being frozen at −20 ◦C and lyophilized.
HPLC analysis was carried out using a Merck Lichrospher RP-C8 column (4.6 × 100 mm) with similar
buffers but a 0.8 mL/min flow rate using a linear gradient from 10% to 50% B in 40 min, then 50% to
90% B in 2 min, 5 min at 90% B, a return to initial condition in two min at 10% B and a final stationary
phase of 10 min at 10% B. The total duration of the analytical run was 60 min. The UV absorbance of
the effluent was measured from 220 to 330 nm with a diode ray Beckman 168 Gold detector and is
expressed in milli Absorbance Unit (mAU).

4.3. VEGF Free HMEC Proliferation Assay

HMEC-1 cells were cultured in MCDB-131 medium containing 10% heat inactivated fetal bovine
serum, 2 mmol/L glutamine, 100 units/mL penicillin and streptomycin, 1 mg/mL hydrocortisone
and 10 ng/mL Epithelial Growth Factor. HMEC-1 cells were seeded on 0.1% gelatin-coated flasks and
cultured at 37 ◦C with 5% CO2. HMEC-1 cells were transferred in 96-well plates at 5000 cells/well in
culture medium. Twenty-four hours after seeding, cells were treated with extracts or the control vehicle
solution. After 72 h of treatment, cells were exposed to 0.5 mg/mL of diMethyl Thiazol Tetrazolim
(MTT) bromide for 3 h at 37 ◦C in culture medium. Cells were then washed with Phosphate Buffered
Saline (PBS), formazan crystals were solubilized with 100 μL DMSO and absorbance was measured at
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600 nm. MTT is degraded by a mitochondrial enzyme in living cells and forms a purple precipitate in
mitochondria that is measured at 600 nm.

4.4. Tubulogenesis Assays

HMEC-1 cells were cultured as described in the proliferation inhibition assay. HMEC-1 capillary
network formation on Matrigel were performed on Matrigel™ (Gibco, Beziers, France) added to
96-well plates and allowed to solidify for 30 min at 37 ◦C. HMEC-1 cells (10,000 cells/well) were added
atop the Matrigel™, treated with fractions or a control vehicle solution and incubated for 5 h at 37 ◦C.
Capillary-like structures formed in the gel were photographed and their length was quantified using
the METAMORPH 7.6 software [15].

4.5. Mass Determination and Sequencing

Matrix-Assisted Laser Desorption Ionization–Mass Spectrometry (MALDI-MS) spectra were
obtained on an UltraflXtreme apparatus (Bruker, Bremen, Germany) operating in positive linear
mode with delayed extraction. The samples were co-crystallized with a 10 mg/mL solution of
Hydroxy α-Cyano-4-Cinnamic Acid (HCCA) on the MALDI-MS target by the dry droplet method.
MALDI-MS spectra were acquired with an accelerating potential of 20 KV and a laser power set to the
minimum level necessary to get an efficient signal. Spectrum mass calibration was based on external
calibration using an appropriate peptides standard mixture (Peptide Calibration Standard, Brüker,
Bremen, Germany). Sequencing was carried out with the Edman degradation method on a PPSQ31 B
Shimadzu sequencer. Enzymatic digestion was carried out on 50 μg of the 28-min fraction and 1 μg
a Trypsin/Lys C mixture (Promega, Madison, WI, USA) in ammonium bicarbonate 100 mM pH 9 at
37 ◦C. Different digestions were carried out from one hour to three days. For Nano-HPLC-MS/MS
mass spectrometry, the 28-min fraction was reduced with DTT (Sigma-Aldrich, St. Louis, MO, USA),
and alkylated with iodoacetamide (Sigma-Aldrich) and incubated overnight at 37 ◦C in a solution
of 12.5 ng/μL of trypsin (Sequencing grade, Roche, Basel, Switzerland) in 25 mM NH4HCO3. The
protein digests were sequenced by Nano-LC–MS/MS (Dionex RSLC coupled to a hybrid Q orbitrap
mass spectrometer equipped with a Nano-ESI source; Q exactive ThermoFisher scientific, Waltham,
WA, USA) in the data-dependent acquisition mode (method top 10). Data were matched to the Uniprot
protein database. MALDI MS In Source Decay (ISD) was performed using an Ultraflextreme TOF/TOF
mass spectrometer controlled by the FlexControl 3.3 software (BrukerDaltonics, Bremen Germany). The
laser was increased (20%) to fragment protein in the source of the mass spectrometer using a specific
matrix enabling the generation of hydrogen radicals breaking the peptide backbone producing C ions
and z ions from 1000 to 5000 Da generating tag masses that could be used to search proteins in databases.
Spectra were acquired in positive reflectron ion mode with 2000 laser shots accumulated and the laser
power was set with an increase of 20% of fluensce with a frequency of 1000 Hz. The mass spectrometer
parameters were set according manufacturer’s settings for optimal acquisition performance. Sequences
were analyzed on Flex Analysis 3.0 software, (BrukerDaltonics, Bremen, Germany).

4.6. Far UV Absorption and Circular Dichroism (CD) Spectra

Spectra were measured with a 100 μm path length from 260 to 178 nm at 20 ◦C on a JASCO J-810
spectropolarimeter. Data were collected at 0.5 nm intervals using a step auto response procedure
(JASCO, Oklahoma City, OK, USA) and the buffer background was subtracted. Protein concentrations
were 1 mg/mL in 20 mM pH 7 phosphate buffer. Absorption spectra were measured to verify both
concentration and light transmission. CD spectra are presented as Δε per amide rather than in ΔA
unit to have a measure independent of mass and concentration according to the Beer Lambert law.
Furthermore, the signal was divided by the number of amino acid residues of the protein minus one to
have Δε per amide [17]. The instrument was calibrated with (+)-10-camphorsulfonic acid, a ratio of 2:1
was found between the positive CD band at 290.5 nm and the negative band at 192.5 nm.
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4.7. Molecular Modelling

BDS-5 model was built with the Insight II software from MSI Technologies, Inc. (San Diego, CA,
USA). The model was optimized with the Consistent Valence Force Field (CVFF) in term of the internal
energies, using the van der Waals energy to monitor each step of the model. Model of BDS-5 was
built with the InsightII Homology pulldown from the crystal structure of SHPI 1 in a complex with
Elastase [19] available in the Brookhaven data bank (PDB code 1SHP). Minimization was performed
with steepest descent and conjugate gradient algorithms. Dynamic was performed at 300 K for 1.1 ps
using 1000 steps.

5. Conclusions

In conclusion, BDS-5 could be a member of a new family of antiangiogenic compounds, although
the mechanism through which it acts has yet to be demonstrated. Further investigations are necessary
to demonstrate that BDS-5 is acting without binding to VEGF or to the VEGF receptor. BDS-5 appears
to be structurally related to Kunitz-type inhibitor and its antiangiogenic activity might be due to
an interaction with an Integrin due to a RGD motif well exposed to the solvent. BDS-5 could
improve cancer treatment in complementing existing antiangiogenic compounds binding on the
VEGF in antiangiogenic combinatory therapies. Complementary pharmacological characterization
and structural study with 2D NMR are planned with BDS-5. Chemical synthesis of BDS-5 might open
the road to a clinical development in cancer therapy, particularly for children, for whom anti-mitotic
compounds have devastating side effects.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/4/134/s1,
Figure S1: HMEC tubulogenesis assay with the 28’ fraction with concentrations going from 10 μM to 3.2 nM
in a triplicate experiment. A network with interconnected lines similar to control was observed only at 3.2 nM.
Figure S2: High resolution nano-HPLC MS of fraction 28’. The numbers in square indicate the charge state of the
peptides, the insert shows the isotopic envelopes of the quintupled charged main species. Figure S3: Maldi ISD of
fraction 28. A: annotation of the ions obtained by Maldi ISD of the three main species of the fraction. B: The insert
shows the common n-terminal part of BDS1 and BDS5. Figure S4: MALDI spectra of digest of the 28’ fraction after
reduction before Nano-HPLC ms/ms analysis on Orbitrap Q-exactive: The peaks 1 to 4 match with the sequence
of BDS-5 (table in insert), A is specific to BDS1 with a Leu/PHE mutation, B match with the BDS16 sequence
and was de Novo sequenced by hplc-ms/ms as shown below. Figure S5: MS/MS spectrum of the peptide of the
N-terminal part of BDS-16 with two mutations (S5 et P7 instead of F5 et S7 for BDS1 and BDS5). The spectrum is
annotated by the y-ions generated by the HCD fragmentation from the Q-exactive Orbitrap. Figure S6: Digestion
of the non-reduced fraction from 30 to 70 h. A: 30 H, B: 40 H C: 70 H, D: Reduction of the digest 70 H.
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Abstract: Sepia ink polysaccharide (SIP) isolated from squid and cuttlefish ink is a kind of acid
mucopolysaccharide that has been identified in three types of primary structures from squid
(Illex argentinus and Ommastrephes bartrami), cuttlefish Sepiella maindroni, and cuttlefish Sepia esculenta ink.
Although SIP has been proved to be multifaceted, most of the reported evidence has illuminated
its chemopreventive and antineoplastic activities. As a natural product playing a role in cancer
treatment, SIP may be used as chemotherapeutic ancillary agent or functional food. Based on the
current findings on SIP, we have summarized four topics in this review, including: chemopreventive,
antineoplastic, chemosensitive, and procoagulant and anticoagulant activities, which are correlative
closely with the actions of anticancer agents on cancer patients, such as anticancer, toxicity and
thrombogenesis, with the latter two actions being common causes of death in cancer cases exposed to
chemotherapeutic agents.

Keywords: Sepia ink polysaccharides; chemoprevention; antitumour; chemosensitization; anticoagulation

1. Introduction

Sepia ink, a black suspension of melanin granules, is a traditional Chinese medicine listed in the
Compendium of Materia Medica compiled by Shizhen Li, a famous doctor at the time of the Ming Dynasty,
and has been used in Asia for millennia [1]. The ancient medicine book records the treatment efficacies
on heart pain and haemostasis, especially gynaecological haemostasis [1]. Based on the plentiful findings
in the latest two decades, the dark ink has been proved useful and to be a kind of multifunctional
bioactive marine substance as antioxidant [1–8], anti-inflammatory [9,10], anti-ulcerogenic [10,11],
anti-retroviral [12], anti-hypertensive [13], antimicrobial [14–17], and anti-radiation reagent [18], and
to have anticancer properties [9,17,19–21], as well as haematopoietic [1,18], immunoregulatory [1,4,7],
procoagulant [22] and chemoprophylactic activities [1,5–8]. Sepia ink is a mixture secreted from two
glands: the ink gland in the ink sac, and a mucus-producing gland that is a poorly understood
funnel organ [23]. The ink contains melanin, proteins, peptidoglycans, amino acids, lipid, metals,
tetrodotoxin, etc. [1,23]. The peptidoglycans are composed of sepia ink polysaccharide (SIP) and
oligopeptide (SIO) [23]. SIPs derived from ink of different cuttlefishes and squids have distinct primary
structures. To date, only one kind of SIO has been characterized, and this is a tripeptide consisting
of glutamine (Gln), proline (Pro) and lysine (Lys), the peptide chain is N-Gln-Pro-Lys-C derived from
Sepia esculenta ink [21].

The biological functions of melanin, proteins, amino acids, SIO, and metals in the ink have been
investigated by various researchers [23]. According to the published work, in contrast, SIP has
undoubtedly attracted more attention. The polysaccharide is a glycosaminoglycan that can be
absorbed rapidly by the host gastrointestinal tract, and its content in serum can reach a peak at
1 h after gavage [24]. Reports have outlined the activities of this marine polysaccharide. In this paper,
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the biological properties based on chemopreventive, antineoplastic and chemosensitive effects, the
molecular mechanisms involved, and the molecular characteristics of SIPs have been summarized.

2. Molecular Characteristics of SIPs

As shown in Table 1, the polysaccharide from the ink of the squid Illex argentinus was the
first known SIP that was reported by Takaya et al. in 1994 [25]. The fucose-rich glycosaminoglycan
is composed by equimolar ratios of glucuronic acid (GlcA), N-acetylgalactosamine (GalNAc) and
fucose (Fuc). Its primary structure was initially determined to have a linear repeating structure of
(-6GalNAcα1-3GlcAβ1-3Fucα1-)n [25], but this was amended to (-3GlcAβ1-4(GalNAcα1-3)Fucα1-)n

by the discoverers themselves in their next work [26]. The main chain of the polysaccharide was a
repeating unit of di-saccharide, GlcA-Fuc, branched at Fuc H-3 by GalNAc [26]. Interestingly, the SIP’s
primary structure is identical to another SIP derived from squid Ommastrephes bartrami ink that was
reported by Chen et al. [27].

Apart from the two kinds of SIPs from squids, SIPs from cuttlefish have been reported in recent
years. A heteropolysaccharide was isolated from cuttlefish Sepiella maindroni ink using enzymolysis,
anion-exchange, and gel-permeation chromatography [28]. This SIP contained GlcA, mannose (Man),
GalNAc, and Fuc in a molar ratio of 1:1:2:2. Its primary structure was determined to comprise a main chain
composed of a repeating unit of (-Fuc-Fuc-GalNAc-Man-GalNAc-)n and a branch of GlcA at Man H-3;
the structural characteristic was (-4Fucβ1-4Fucβ1-4GalNAcα1-6(GlcAα1-3)Manα1-4GalNAcα1-)n,
which differentiates it from squid ink polysaccharides.

Recently, a novel SIP was isolated from the ink of cuttlefish Sepia esculenta in our laboratory [29].
This polysaccharide has a unique primary structure mainly composed of galactosamine (GalN)
and arabinose (Ara) in an approximate molar ratio of 1:1. The two monosaccharides account for
81.72% of the total monosaccharide mass. This SIP also contains small amounts of Fuc (9.00%), xylose
(Xyl, 4.32%), Man (0.09%), glucosamine (GlcN, 1.35%), GlcA (1.98%), and galacturonic acid (GalA,
1.53%). The detailed molecular structure of this SIP will be revealed in a future report.

Table 1. Molecular characteristics of SIPs.

Species
Monosaccharides

(Molar Ratio)
Primary Structure

Sulphate (Molar Ratio:
Sulphate/Monsaccharides)

Literature

Illex argentinus GlcA, GalNAc, Fuc
(1:1:1)

(-3GlcAβ1-4(GalNAcα1-3)Fucα1-)n
1/3 [25,26]

Ommastrephes bartrami no [27]

Sepiella maindroni Fuc, GalNAc, GlcA, Man
(2:2:1:1)

(-4Fucβ1-4Fucβ1-4GalNAcα1-6
(GlcAα1-3)Manα1-4GalNAcα1-)n

unknown [28]

Sepia esculenta GalN, Ara, Fuc (5:5:1) unknown unknown [29]

To date, a great number of bioactive polysaccharides have been characterized from marine
organisms, including marine animals, plants, and microorganisms. Most of these reports are focused
on polysaccharides from marine animals and plants. The published marine plant origin carbohydrates
mainly include marine algae saccharides, such as alginates, carrageenans, and fucoidans. Chitosans,
hyaluronans and chondroitin sulphates are the main polysaccharides of marine animals, and have been
studied for several decades. Table 2 indicates that these polysaccharides, which have unique molecular
characteristics, possess biological activities and action mechanisms [30–32]. Obviously, SIP is a different
polysaccharide compared with other marine origin polysaccharides. Based on structure and function
observations, SIP possesses specific activities that differ from the well-studied marine polysaccharides.
Therefore, the following section reviews research progress of SIP properties in recent years.
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Table 2. Molecular characteristics and properties of some marine polysaccharides [30–32].

Species Polysaccharides Monosaccharides Properties

Marine plants

alginate L-guluronate,
D-mannuronate antibacterial, tissue regeneration

carrageenan D-galactose,
D/L-galactose

anticoagulant, antitumour,
immunomodulatory, antihyperlipidemic,

antioxidant, antibacterial, antifungal, antiviral

fucoidan L-fucose antitumour, anticoagulant,
anti-adhensive,‘antiviral

Marine animals

chitosan D-glucosamine antimicrobial, antitumour, anti-inflammatory

chondroitin sulphate glucuronic,
N-acetyl-galactosamine

Improving function and elasticity of the
articular cartilage, hemostasis and

anti-inflammation, regulation of cell
development, cell adhesion, cell proliferation,

cell differentiation, anticoagulation

hyaluronan N-acetyl-D-glucosamine,
D-glucuronic acid

tissue regeneration, cell prolifernation, cell
differentiation, cell migration

3. Biological Activities of SIPs

SIP has been confirmed to have chemoprevention, antitumour, chemosensitization and anticoagulation
activities. This section summarizes the properties listed in Table 3.

Table 3. Biological activities of SIPs.

Species Sulfation Properties Targets Literature

Illex argentinus no no
antitumouractivity Meth-A [33]

Ommastrephes bartrami
no chemoprevention intestinal tract (mice) [34–40]

yes antitumour HepG2 [41]
anticoagulant blood (in vitro experiment) [42]

Sepiella maindroni yes antitumour SKOV-3, KB, HT-29, S180, B16F10 [43–47]

Sepia esculenta no chemoprevention testis, ovary, spleen, kidney, liver,
lung, heart, bone marrow (mice) [29,48–56]

antitumour B16F10, MDA-MB-231 [57,58]

3.1. Chemoprevention

3.1.1. Protection of the Reproductive System

With increasing incidence and mortality rates, cancer is the leading cause of death in China and
is a major public health problem. Because of its large population, China’s cancer cases constitute
almost 22% of global new cancer cases and close to 27% of global cancer deaths [59]. Furthermore,
cancers are becoming more likely to be found in younger patients, resulting in increasing numbers
of cancer patients of childbearing age. Since chemotherapy is still a major therapeutic method for
cancer, anticancer agents exerting toxic effects on the reproductive system in patients of childbearing
age is almost inevitable, and can potentially lead to damage and consequent infertility. Therefore,
screening substances with chemopreventive properties in order to attenuate the negative effects
of chemotherapeutic drugs is urgent for the treatment of the increasing number of cancer cases of
childbearing age.

SIP has been verified to have chemoprophylactic actions on the reproductive system [29,48–53].
When male mice exposed to cyclophosphamide were administered SIP, the abnormal rates of their
sperm declined, and the foetal abnormalities in female mice mated with them also declined, with total
foetal count and average foetal count increasing [48].

The toxicity mechanisms of cyclophosphamide are complicated. Drug-induced oxidative stress
and DNA strand breakage are two critical causes [60–64]. Cyclophosphamide-exposed mice/rats
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showed disruption of testicular antioxidant capacity and histopathologic changes through suppression
of the nuclear factor erythroid 2 related factor 2 (Nrf2)/antioxidant response element (ARE) signalling
pathway [48–52,60–62]; however, testicular functional disorders of the chemotherapeutic model
animals were prevented by SIP via activation of the antioxidant signalling pathway [48–52]. In addition,
SIP can prevent animals from cyclophosphamide-mediated mutation in vivo and H2O2/UV-induced
DNA strand break in vitro [28,65]. The testicular cells of cyclophosphamide-exposed mice,
including spermatogonia, Sertoli cells, and Leydig cells, were protected by SIP via repression
of cyclophosphamide-induced autophagy-associated cell death and apoptosis; the mechanisms
involved p38 mitogen-activated protein kinase and phosphoinositide 3-kinase (PI3K)/Akt signalling
pathways [51–53]. Similarly, for cyclophosphamide-mediated ovarian failure, SIP also successfully
inhibited follicle deletion and granule cell disruption by repressing cyclophosphamide-induced
autophagy-associated cell death and apoptosis via regulation of p38 mitogen-activated protein kinase
and PI3K/Akt pathways, resulting in functional rescue of the ovaries of cyclophosphamide-exposed
mice [29]. These data show that SIP can prevent mice from reproductive system damage caused by
cyclophosphamide-associated toxicities.

3.1.2. Protection of Intestinal Tract

Cyclophosphamide-mediated augmentation of intestinal pathogenic bacterial counts and
intestinal permeability was found to have a negative effect on cancer patients. Intestinal imbalance
and consequent infections were consequences of the immune system disruption resulting from
chemotherapy [66], and can be partly attributed to a decrease in immunoglobulin A (IgA) production
due to the anticancer agent-induced reduction of IgA-producing cells [67]. Tang et al. found that,
in cyclophosphamide-exposed mice, SIP could recover the balance of intestinal microflora by blocking
the anticancer agent-mediated reduction of the quantity of probiotic Bifidobacterium [34]. Intestinal
microbiota promote development and regulation of the acquired mucosal immune system [68,69]. As an
important element of the intestinal mucosal immune system, under exposure to a chemotherapeutic
agent, IgA-producing cell reduction is responsible for the imbalance in intestinal microflora. In one study,
SIP promoted the expression of IL-6, IL-10, and TNF-α and up-regulated the expression of IgA J chain
gene in IgA-producing cells and pIgR gene in epithelial cells. Meanwhile, SIP increased the expression
of unfolded protein response effecters XBP-1s and Bip to accelerate IgA secretion. As a result, the IgA
content in the intestinal tract of mice exposed to SIP was elevated [35]. A further investigation with
high-throughput sequencing analysis revealed that SIPs altered the imbalance of the gut microbial ecology
caused by cyclophosphamide; amounts of Ruminococcus, Bilophila, Oscillospira, Dorea and, especially,
Mucispirillum were reduced, resulting in the repression of early disruption of the colonic surface mucus
layer and an increase in the risk of inflammatory disorders [36].

The intestinal epithelium is a vital barrier contributing to preventing infection and to innate
immunity, and maintaining its integrity is necessary for normal intestinal function and a healthy body.
However, maintaining the integrity of the intestinal mucosa is almost impossible under exposure
to chemotherapeutic drugs. Chemotherapy-induced disruption of intestinal barrier function has
been confirmed [68,69]. The goblet cells, Paneth cells, and epithelial junctions (tight junctions and
adherent junctions) are responsible for the integrity of the barrier, but these three important elements
can be destroyed by the chemotherapeutic drug cyclophosphamide [37–40]. As a type of major
epithelial cell in the small intestine, goblet cells provide first-line protection for the host against
possible pathogens, which is an important part of the innate mucosal immune system. SIPs are capable
of increasing quantities of goblet cells in mice to express more mucins, such as Cyto18, avoiding
pathogens penetrating or colonising in the intestinal mucosa, and rescuing mucosal immunity of
cyclophosphamide-treated mice [37]. Additionally, Paneth cells, another intestinal epithelial cell
contributing to innate immunity by secreting antimicrobial proteins onto the mucosal surface, can be
promoted by SIP to express antimicrobial proteins, including lysozyme, angiogenin-4, defensin alpha
5, and type-2 secretory phospholipase. The mechanisms depend on the relatively highly developed
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endoplasmic reticulum structure, not on increases in the quantity of endoplasmic reticulum, which is
associated with the SIP-activated, IRE-1 mediated, XBP-1s pathway [38]. In addition, chemotherapy
damages epithelial junctions and destroys the intestinal barrier, resulting in disruption of the innate
immune system and consequent infections, and chemotherapeutic mucositis. Zuo et al. discovered
that SIP effectively improves expression of occludin, zonulae occluden 1/2/3, claudin, cingulin, and
E-cadherin genes, stabilizing tight junctions and adherent junctions, which was helpful for protecting
immune function of intestinal mucosa in mice exposed to chemotherapeutic drugs [39].

Histopathological observation showed that mice treated with SIP have longer small intestinal villi,
deeper crypts, and a larger ratio of villus height/crypt depth compared with cyclophosphamide-treated
mice [40]. Moreover, SIP-treated mice have stronger antioxidant capacity in the intestinal tissue when
compared with model mice [40].

3.1.3. Protection of Other Tissues/Organs

Apart from the reproductive system and intestinal tract, chemoprevention of some other
organs/tissues by SIP was also investigated in our laboratory, including liver, kidney, heart, spleen,
lung, and bone marrow. SIP repressed cyclophosphamide-induced alterations of biochemistry
indicators in the serum and tissues/organs of model animals, such as relative masses of liver and
spleen, activities of glutamic-pyruvic transamine, glutamic-oxalacetic transaminease, catalase, lactic
dehydrogenase, and creatine kinase in serum, antioxidant capacity of liver and heart, serum urea
nitrogen content, peripheral blood profile including quantities of erythrocytes, leukocytes, and platelets,
and haemoglobin content, as well as the DNA content in bone marrow [54–56].

3.2. Antitumour Activities

Initially, SIP’s antitumour activity was investigated by Takaya et al. in 1994 [33]. Their results
showed that SIP had no inhibitory activity on Meth-A fibrosarcoma cells transplanted into BALB/c
mice, but peptidoglycan had. Therefore, the researchers deduced that the antitumour activity was
attributable to the complex of SIP and other components (for example, peptide or melanin) [33].
However, in the last decade, many reports have verified the antitumour effects of SIP on several types
of tumours.

Unmodified naturally occurring SIPs were found to be able to inhibit both melanoma cell
B16F10 [57] and human adenocarcinoma cell line MDA-MB-231 [58]. Growth and proliferation of
B16F10 were repressed, tyrosinase activity and melanin production were also effectively reduced.
Similarly, proliferation and migration of MDA-MB-231 were significantly blocked [58]. It is well known
that polysaccharide sulphates have stronger antitumour properties. Now, several studies have also
reported anticancer activities of sulphated SIP (S-SIP).

A S-SIP isolated by Chen et al. inhibited invasion and migration, but not proliferation, of human
hepatocellular liver carcinoma cell line HepG2, and inhibited angiogenesis in a chick embryo
chorioallantoic membrane model [41].

Another S-SIP decreased MMP-2 expression of SKOV-3 and human umbilical vein vascular
endothelial cells ECV304, leading to inhibition of SKOV-3 cell penetration and ECV304 cell
migration [43]. The SIP inhibits proliferation, migration, invasion, and MMP-2 expression of human
epidermoid carcinoma cell line KB by inhibiting the EGFR/Akt/p38 MAPK/MMP-2 signalling
pathway [44]. Furthermore, the sulphated SIP combines with the cell membrane of human ovarian
cancer cell line SKOV-3, human colorectal adenocarcinoma cell line HT-29, and mouse fibroblast
cell line L929 cells. In SKOV-3 cells, SIP binds to epidermal growth factor receptor (EGFR) and
inhibits EGF-induced expression and activation of EGFR as well as cell migration. Consequently,
the SIP suppressed EGFR-mediated p38/MAPK and PI3K/Akt/mTOR signalling pathways to inhibit
migration, invasion, and MMP-2 expression of SKOV-3 cells [45].

Additionally, in vivo data showed that the derivative SIP repressed tumour growth and enhanced
immune function in S180-bearing mice, also induced SKOV-3 cells apoptosis in vivo and in vitro [46].
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Further investigation indicated that sulphated SIP decreased melanoma cell B16F10 pulmonary
metastasis in mice models, and down-regulated expression of the intercellular adhesion molecule
1 (ICAM-1) and basic fibroblast growth factor (bFGF) in lung metastasis nodules. Furthermore,
neovascularisation was suppressed in chick chorioallantoic membrane exposed to S-SIP [46]. In vitro
experiments exhibited an expression reduction of ICAM-1 and bFGF in SKOV-3 and EA.hy926 cells,
respectively [46]. These results suggested that S-SIP down-regulated the expression of ICAM-1 and
bFGF to inhibit tumour adhesion and angiogenesis. Consequently, invasion and migration of tumour
cells were restrained.

3.3. Chemosensitization

Combination treatment is frequently used in cancer treatment to reduce drug resistance, alleviate
adverse effects, and enhance anticancer efficacy.

Currently, only two papers have reported chemosensitization by SIP. Zong et al. found that
sulphated SIP increased the killing effects of cyclophosphamide on tumours and reduced the toxicity
of the chemotherapy drug on the thymus in S180-bearing mice [47]. Our previous work indicated that
SIP enhanced inhibition of proliferation and migration of MDA-MB-231 cells by cisplatin [58].

3.4. Anticoagulant and Procoagulant Activities

It has now been confirmed that chemotherapy induces hypercoagulability of blood, and consequent
thrombus formation is a critical cause of cancer death, so a potential anticancer agent should possess
anticoagulation properties.

Ancient Chinese medicine used sepia ink as a coagulant drug for internal haemorrhage, especially
as a coagulant for gynaecology. Modern medicine, directly or indirectly, has noted the coagulant
property of the ink [22,70]. Although there is no direct evidence, to date, indicating the coagulant
activity of SIP, a report of the haemostatic effects of a SIP-chitosan hybrid haemostatic sponge implies
that natural SIP might possess procoagulant activity [71]; however, the confusion should be removed
as early as possible by future investigation.

In contrast, a paper showed anticoagulant activity of SIP. Chen et al. prepared a derivative SIP
that was sulphated chemically in pyridine-sulphur-trioxide complex in a dimethyl sulphoxide system
or triethylamine pyridine-sulphur-trioxide complex in a dimethyl sulphoxide system. The sulphation
mainly occurred at the 4,6-positions of GalNAc, the active primary structure of the sulphated SIP
was identified to be (-GlcAβ1-4(4,6-SO4-GalNAcα1-3)Fucα1-)n. The sulphated SIP in vitro increased
partial thromboplastin time and prothrombin time, suggesting that the derivative SIP could play
an anticoagulation role by inhibiting endogenous and exogenous blood coagulation processes.
The sulphated SIP effectively suppressed activities of clotting factors, FIIa and FXa, mediated by
antithrombin III or heparin cofactor II [42].

Other reports have shown that the sulphated group in polysaccharides has an important function
with regard to anticoagulant activity; sulphation can promote anticoagulation of a non-sulphated
group polysaccharide, and the degree of sulphation is positively correlated to anticoagulation [42,72].
Recently reported natural SIPs include acid mucopolysaccharides with or without a small quantity
of sulphated groups. The low sulphated group content of polysaccharides has been deduced to
have procoagulant activity, but an experiment has shown that sulphation-modified SIP exhibited
anticoagulant activity [42], which implies that sulphated SIP is more suitable for developing an
ancillary antitumour drug for cancer treatment.

4. Conclusions

This review summarized chemopreventive, antineoplastic, chemosensitive, and procoagulant/
anticoagulant properties of SIPs, as well as their molecular characteristics. Various SIPs with distinct
primary structures from different sepia inks share similar biological actions. The number of sulphated
groups is crucial to the coagulant actions of SIP, with low sulphated group content leading to
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procoagulation activities and high sulphated group content leading to anticoagulation activities.
The sulphated SIP may be an important bioactive marine substance, which could be developed as
a clinical antitumour agent or chemotherapy-supplementary functional food for application in the
clinical treatment of cancer.
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Abstract: Acquired drug resistance constitutes an enormous hurdle in cancer treatment, and the
search for effective compounds against resistant cancer is still advancing. Marine organisms are
a promising natural resource for the discovery and development of anticancer agents. In this
study, we examined whether gliotoxin (GTX), a secondary metabolite isolated from marine-derived
Aspergillus fumigatus, inhibits the growth of adriamycin (ADR)-resistant non-small-cell lung cancer
(NSCLC) cell lines A549/ADR. We investigated the effects of GTX on A549/ADR cell viability with
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay and the induction
of apoptosis in A549/ADR cells treated with GTX via fluorescence-activated cell sorting analysis,
Hoechst staining, annexin V/propidium iodide staining, tetraethylbenzimidazolylcarbocyanine
iodide (JC-1) staining, and western blotting. We found that GTX induced apoptosis in A549/ADR
cells through the mitochondria-dependent pathway by disrupting mitochondrial membrane potential
and activating p53, thereby increasing the expression levels of p21, p53 upregulated modulator
of apoptosis (PUMA), Bax, cleaved poly (ADP-ribose) polymerase (PARP), and cleaved caspase-9.
More importantly, we discovered that GTX works in conjunction with ADR to exert combinational
effects on A549/ADR cells. In conclusion, our results suggest that GTX may have promising effects
on ADR-resistant NSCLC cells by inducing mitochondria-dependent apoptosis and through the
combined effects of sequential treatment with ADR.

Keywords: gliotoxin; NSCLC; adriamycin resistance; apoptosis

1. Introduction

Non-small-cell lung cancer (NSCLC), which accounts for 85% of lung cancer cases, is one of
the world’s leading causes of death, with an incidence of 1.8 million cases and 1.5 million deaths in
2012 [1,2]. Approximately 50% of patients diagnosed with NSCLC present with advanced disease (stage
III or IV) that is not responsive to curative treatment. Patients with advanced NSCLC survive for only
9–12 months [3]. One explanation for these discouraging statistics is the development of drug resistance.
Chemotherapy resistance has long constituted a major hurdle in the treatment of cancer, especially
in NSCLC. This leads to increases in the drug dosage, which in turn increase the cytotoxicity and
undesirable effects to normal cells/tissues. Chemotherapeutic resistance may occur as a consequence
of several factors, including increased efflux capability of membrane P-glycoproteins such as multidrug
resistance-related protein 1 (MRP1), multidrug resistance 1 (MDR1), or lung resistance protein (LRP);
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altered drug-metabolizing enzymes decreasing drug activation and increasing drug degradation;
conjugation of the drug with increased glutathione; subcellular redistribution; drug interactions;
elevated DNA repair; and failure of cells to undergo apoptosis [4]. Among these factors, apoptosis
resistance is one of the most well studied, and it may be caused by the altered expression of genes
involved in the apoptotic pathway [5]. Adriamycin (ADR), a topoisomerase II inhibitor belonging to
the anthracycline family, is commonly used in cancer chemotherapy [6,7]. However, the use of ADR
still has several limitations, such as acquired drug resistance, chronic cardiomyopathy, and congestive
heart failure [8]. Moreover, the response rate of NSCLC to ADR is only 30–50% [9]. Thus, there is an
urgent need to identify and develop an alternative approach to enhance the therapeutic outcome or
increase the efficacy of this drug.

Developing anticancer drugs from natural sources is one of the most important strategies in
the production of novel cancer therapies. Due to their extensive biodiversity, marine organisms
represent a tremendous library of bioactive compounds. Marine-originated compounds have gained
great interest as anticancer agents [10]. For example, Tuberatolide B isolated from the Korean marine
algae Sargassum macrocarpum inhibits the proliferation of breast, lung, colon, prostate, and cervical
cancer cells by disrupting the signal transducer and activator of transcription 3 (STAT3) signaling
pathway [11]. Kempopeptin C isolated from a marine cyanobacterium from the Florida Keys inhibits
the growth of invasive breast cancer by acting as a serine protease inhibitor [12]. Sinulariolide
isolated from the soft coral Sinularia flexibilis decreases the epithelial–mesenchymal transition (EMT)
in human bladder cancer cells [13]. Gliotoxin (GTX) is a secondary metabolite isolated from the
marine-derived fungus Aspergillus fumigatus. It is an epipolythiodioxopiperazine characterized by
a disulfide bridge across a piperazine ring (Please see Section 2.2) [14]. GTX has shown multiple
biological effects, including antifungal [15], antiviral [16], anti-inflammatory [17], and antitumor
activities in different cell lines [18,19]. In terms of its anticancer activity, GTX has shown great
potential in targeting neurogenic locus notch homolog protein 2 (NOTCH2) [20,21], the Wnt/β-catenin
pathway [18], farnesyltransferase, and geranylgeranyltransferase I [22]. However, the effects of GTX
on chemoresistant cancer cells remain to be clarified.

In this study, we investigated the activities of GTX on the induction of apoptosis in ADR-resistant
A549 cells using cell viability assays, detection of the formation of apoptotic bodies, cell cycle assay,
mitochondrial membrane analysis, and western blotting. We also found that pretreatment with GTX
for 12 h potentiated the effects of ADR, thereby reducing the effective concentration of ADR. Taken
together, GTX shows promise as a potential therapeutic agent against chemoresistant NSCLC.

2. Results

2.1. Establishment of an ADR-Resistant Cell Line

Over 3 months, we established a cell line with acquired ADR resistance, generated from the
A549 NSCLC cell line, named A549/ADR. The two cell lines were observed under a microscope and
significant morphological differences were detected between the A549/ADR cell line and the original
A549 line. The A549/ADR cells acquired an oval shape distinctly different from the epithelial-like
shape of the parent cells (Figure 1a). The viability of A549 and A549/ADR cells was investigated using
the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay, which is based on the
transformation of yellow tetrazolium salt MTT to purple formazan crystals by metabolically active
cells. The IC50 values of ADR in A549 and A549/ADR cells were 0.55 and 1.40 μM at 48 h time point,
respectively, for a resistance index of 2.55 for A549/ADR cells. Furthermore, 0.5 μM ADR did not
decrease the proliferation of A549/ADR cells, whereas the viability of A549 cells gradually decreased
after 48 h (Figure 1b).
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Figure 1. Characterization of the adriamycin (ADR)-resistant A549 cell line. (a) The morphologies
of A549 and A549/ADR cells were observed under a microscope; (b) Effects of ADR on A549 and
A549/ADR cells for 48 h. Cell viability was determined by the MTT assay. The results of independent
experiments were averaged and are presented as percentage cell viability. Values represent means ±
standard deviation (SD) (n = 3) (* p < 0.05).

2.2. GTX Overcame ADR Resistance in A549 NSCLC Cells

Whereas ADR had strong cytotoxic effects on A549 cells but relatively weak effects on A549/ADR
cells, GTX was effective in inhibiting the proliferation of both the parental A549 and resistant
A549/ADR cells, with IC50 values of 0.40 and 0.24 μM, respectively. Interestingly, treatment of
cells with GTX 0.5 and 1 μM significantly reduced the viability of A549/ADR cells than the viability of
A549 cells. Apparently, there was no significant resistance against GTX compared to ADR. Moreover,
GTX was more effective in inhibiting the proliferation of both cell lines than ADR (IC50 0.40 and 0.24
vs. 0.55 and 1.40 μM) (Figure 2b).

Figure 2. Gliotoxin (GTX) treatment reduces A549/ADR cell viability. (a) Chemical structure of GTX;
(b) Effects of GTX on A549 and A549/ADR cells for 48 h. Cell viability was determined by the MTT
assay. Results of independent experiments were averaged and are presented as percentage cell viability.
Values represent means ± standard deviation (SD) (n = 3) (* p < 0.05).
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2.3. GTX Induced Apoptosis in A549/ADR Cells

2.3.1. GTX Induced Cell Cycle Arrest in A549/ADR Cells

Propidium iodide (PI) staining and flow cytometry analysis were performed to investigate the
cell cycle distribution of A549/ADR cells treated with 0.0625, 0.125, 0.25, and 0.5 μM GTX for 24 h
(Figure 3a). Compared with the control sample, there was a dose-dependent increase of the sub-G1
population, from 1.37 to 52.49%, coupled with a decrease in the G1 population, from 65.41 to 28.44%
(Figure 3a). This indicates that GTX-induced cell death of A549/ADR cells was mediated by sub-G1
cell cycle arrest and apoptosis.

Figure 3. GTX treatment induces apoptosis in A549/ADR cells. (a) Cell cycle analysis of A549/ADR
cells treated with GTX. Cells were seeded in 60-mm dishes and treated with different concentrations of
GTX (0, 0.0625, 0.125, 0.25, and 0.5 μM) for 24 h. Cells were then stained with propidium iodide (PI)
solution and analyzed by flow cytometry; (b) Cells were treated with increasing doses of GTX. After
24 h, apoptotic cells were detected by staining with Hoechst 33342 and observed under a fluorescence
microscope; (c) Annexin V/PI staining analysis by flow cytometry. After cells were treated with 0, 0.125,
0.25, and 0.5 μM GTX for 24 h, they were stained with PI and annexin V-fluorescein isothiocyanate
(FITC) together with binding buffer for 15 min before analysis. Values represent means ± standard
deviation (SD) (n = 3) (* p < 0.05).

2.3.2. Hoechst 33342 Staining of A549/ADR Cells Treated with GTX

Chromatin condensation and apoptotic body formation, two characteristics of apoptosis, were
investigated by Hoechst 33342 staining assay. Hoechst 33342 is a cell-permeable DNA stain that can be
absorbed by both viable and dead cells. Viable cells with intact DNA show weak fluorescence signals,
whereas cells undergoing apoptosis with condensed chromatin exhibit stronger fluorescence when
observed under a fluorescence microscope. In this experiment, A549/ADR cells were treated with
four concentrations of GTX for 24 h. As shown in Figure 3b, the number of A549/ADR cells with
intense fluorescence signals increased in a dose-dependent manner, which indicates that apoptosis
was the major cell death mechanism induced by GTX treatment.

2.3.3. Annexin V/PI Staining

To continue to assess the lethality of GTX, A549/ADR cells were subjected to flow cytometry
analysis after treatment with 0.125, 0.25, and 0.5 μM GTX for 24 h, and double stained with annexin
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V-fluorescein isothiocyanate (FITC) and PI solution. Detecting apoptosis with annexin V is based on the
location of the membrane phospholipid phosphatidylserine (PS). In healthy cells, PS is located on the
cytoplasmic side of the plasma membrane. However, in the early stages of apoptosis, PS translocates
to the outer side of the membrane and can be detected by fluorescence-bound annexin V. The results
are illustrated as a quadrant model with PI signal on the y-axis and annexin V intensity on the x-axis.
The lower left quadrant shows the viable cells (negative for both PI and annexin V). The lower right
quadrant shows the early apoptotic cells (PI negative, annexin V positive). The upper left quadrant
shows necrotic cells (PI positive, annexin V negative), and the upper right quadrant shows the late
apoptotic population (PI positive, annexin V positive). The results of quadrant statistical analysis
showed that the number of annexin V-positive cells increased with increasing GTX dose. The apoptotic
population in untreated cells was 3.73%, whereas it increased to 9.37% in 0.25 μM GTX-treated samples,
and 43.37% in 0.5 μM GTX-treated samples (Figure 3c). Taken together with the previous experiments,
these results indicate that GTX caused apoptosis in ADR-resistant A549 cells.

2.4. Disruption of Mitochondrial Membrane Potential by GTX in A549/ADR Cells

Mitochondrial membrane potential (ΔΨm) is an important indicator of cell condition,
and depletion of ΔΨm is evidence of the early induction of apoptosis. Figure 4 shows that treatment
with GTX (0–0.5 μM) increased the depolarization of mitochondrial membranes in A549/ADR cells, as
indicated by the reduction in the level of ΔΨm (Figure 4). These data suggest that apoptosis caused by
GTX treatment was induced through the intrinsic pathway.

Figure 4. GTX attenuates mitochondrial membrane potential in A549/ADR cells. Cells were
treated with three concentrations of GTX for 24 h, stained with tetraethylbenzimidazolylcarbocyanine
iodide (JC-1)-FITC together with binding buffer, and analyzed by flow cytometry. Values represent
means ± SD (n = 3) (* p < 0.05).

2.5. Effects of GTX on the Expression of Apoptosis-Related Proteins

Western blot analysis was used to examine the expression of total p53, phosphorylated p53 (p-p53),
p21, p53 upregulated modulator of apoptosis (PUMA), Bax, poly (ADP-ribose) polymerase (PARP),
cleaved PARP, cleaved caspase-9, cleaved caspase-8 and Bid in A549/ADR cells after GTX treatment.
β-actin was used as the loading control. As shown in Figure 5, GTX treatment significantly increased
the expression of p53 and p-p53, and consequently, its downstream targets, including p21, PUMA,
and Bax. Furthermore, the levels of cleaved PARP and cleaved caspase-9, two important apoptotic
markers, were dose-dependently increased by GTX treatment (Figure 5).
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Figure 5. GTX induces A549/ADR cell death via the mitochondria-dependent pathway. Cells were
treated with 0, 0.125, 0.25, and 0.5 μM GTX for 24 h and cell lysates were subjected to western blotting
for various apoptosis-related markers including p53, phosphorylated p53 (p-p53), p21, PUMA, Bax,
PARP, cleaved PARP (c-PARP), cleaved caspase-9 (c-caspase-9), cleaved caspase-8 and Bid. β-actin was
used as a loading control. The graphs are the densitometric quantification of the western blotting result
(* p < 0.05).

2.6. GTX Potentiates the Effects of ADR on A549/ADR Cells

To determine the effects of the two drugs on ADR-resistant A549 cells, we treated these cells
with GTX, ADR, or both (24 h GTX pretreatment) for 24 or 48 h. The MTT assay, cell cycle assay,
and western blot analysis were performed to determine the ability of GTX to potentiate the effects of
ADR in the ADR-resistant cell line. As shown in Figure 6a, the MTT assay indicated that A549/ADR cell
viability was more severely decreased by the combinatorial treatment than with the single treatments.
The CI values calculated by using Calcusyn (Biosoft, UK) were ranged between 0.8 and 1.3, which is
comparable to the additive effect ranging from 0.9 to 1.1. Moreover, to study the cell cycle distribution
after different treatments, we pretreated GTX for 24 h and then ADR for another 24 h, then we stained
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A549/ADR cells with PI solution and analyzed them with flow cytometry. The sub-G1 population was
elevated from 11.44% for 0.125 μM and 50.02% for 0.25 μM GTX treatment alone to 29.09% and 61.16%
for the combination treatment (Figure 6b). After we determined that GTX in combination with ADR
potentiated the cytotoxicity in A549/ADR cells, we conducted western blot analysis to investigate
changes in cleaved PARP and PARP, with β-actin as a loading control. We found that the level of PARP
decreased in the GTX alone treatment and the expression of cleaved PARP in the GTX+ADR treatment
group were higher than those in the individual treatments (Figure 6c). Moreover, the level of Bax was
increased while the expression of Bcl-2 remained constant, this led to the increase of the Bax/Bcl-2
ratio, which plays an important role in apoptosis induction.

Figure 6. Pre-treatment with GTX for 24 h potentiates the effects of ADR in A549/ADR cells.
A549/ADR cells were pretreated with GTX for 24 h and subsequently treated with ADR. The effects of
the combination treatment were investigated by MTT assay (a); cell cycle analysis (b); and western
blotting (c), the bar graphs represent the densitometric quantification of the western blotting result
(* p < 0.05). Columns with different letters are significantly different between samples of the same ADR
dose treatment (p < 0.05).

3. Discussion

Cancer raises many treatment challenges owing to the variable effectiveness of the primary
therapies, surgery, radiation, and chemotherapy. Acquired drug resistance is considered a major
barrier to a positive treatment outcome. ADR has been widely used to treat various kinds of solid
tumors, including NSCLC. However, its efficacy is limited, as cancer cells often become resistant after a
prolonged period of drug exposure. Natural resources have been used to develop antitumor agents [23].
In addition to terrestrial plants and microorganisms, marine species have emerged as a source of
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biologically active compounds for various purposes including anticancer effects. Among candidate
marine-derived compounds, GTX is a fungal secondary metabolite isolated from the marine-derived
Aspergillus fumigatus. Not much is known about the effects of marine products on drug resistant
cancer cells. Previous studies have investigated the cytotoxicity of GTX in various cancer cell lines,
however, the effects of GTX on chemoresistant cancer cells remains to be elucidated. In the present
study, we examined the potential of GTX against drug resistant NSCLC A549/ADR cells and explored
its underlying mechanism of action.

After testing a wide array of natural compounds in search of the most potent chemicals against
both typical NSCLC A549 cells and ADR-resistant A549/ADR cells, we identified GTX as a compound
that overcame ADR resistance and significantly inhibited both cell lines. Moreover, we reasoned that
compounds with a lower IC50 are of interest for further study, as we can minimize the generic toxicity
linked to ion transport. Although ADR had relatively low effectiveness in A549/ADR cells compared
with A549 cells, GTX inhibited both cell lines in a similar manner. Interestingly, A549/ADR cell line was
even more sensitive to GTX than A549 at high concentrations. This phenomenon could be explained by
the fact that our A549/ADR has a higher expression level of multidrug resistance-associated protein
1 (MRP1) compared to the A549 cell line (data not shown). Previously, it has been reported that
MRP1-overexpressing cells are more sensitive to a selective subset of chemical compounds due to
collateral sensitivity [24,25]. In addition, De Groot et al. indicated that ADR-resistant small-cell lung
cancer cells overexpressing MRP1 was more sensitive to indomethacin compared to the parental cell
line [26]. In this study, the IC50 of GTX in A549 cells was 0.46 μM, which was more effective than in
HeLa cervical cancer cells or SW1353 chondrosarcoma cells (both IC50 > 90 μM) [19], and equally
potent in six breast cancer cell lines (IC50 ranging from 38 to 985 nM) [19]. Furthermore, GTX was
also more effective than ADR (IC50 values were 0.40 and 0.24 compared with 0.55 and 1.40 μM,
respectively). As the concentrations of IC50 or higher of ADR or GTX themselves exert dramatic effect
on A549/ADR cells, we decided to choose the concentrations that are lower than the IC50 for our study
on the combinational effect of ADR and GTX on A549/ADR cells.

Apoptosis is an ordered and well-arranged biological phenomenon that occurs under both
physiological and pathological conditions. Apoptosis has been extensively studied for years in the
cancer field. It is widely recognized that the induction of apoptosis is one of the most essential
criteria in the development of antitumor agents [27]. In this study, we found that GTX inhibited the
proliferation of A549/ADR cells by promoting mitochondria-mediated apoptosis. First, apoptosis
induction by GTX was evidenced by the accumulation of populations of sub-G1 cells, the formation of
apoptotic bodies, and increased numbers of annexin V-positive A549/ADR cells. Beside the apoptotic
population, the percentage of necrotic cells were 0.3 ± 0.2, 0.5 ± 0.3, 0.9 ± 0.2, 4.5 ± 0.9 for GTX
treatment at 0, 0.125, 0.25, 0.5 μM, respectively. In fact, apoptosis can be accompanied by necrosis,
or necrosis can occur as the secondary phase after the apoptotic program has been completed [28].
To determine the type of apoptosis, we next used JC-1 staining to investigate whether the mitochondrial
membrane potential was disrupted by GTX treatment. We observed a shift in fluorescence signal
from red (~590 nm) to green (~529 nm), indicating the depolarization of the mitochondrial membrane
as a result of mitochondria-dependent apoptosis. Additionally, we further explored the apoptotic
pathway using western blotting. p53, which plays a crucial role in regulating the apoptotic pathway,
was wild-type in both cell lines. As indicated by western blotting, p53 was upregulated, and the
downstream targets of p53 were subsequently upregulated, including p21 (a cell cycle regulator),
PUMA, and Bax (two pro-apoptotic proteins belonging to the Bcl-2 family). Moreover, the protein
levels of proteolytically cleaved caspase-9 and cleaved PARP increased, clearly indicating the onset
of apoptotic cell death. Furthermore, to exclude the possibility the extrinsic pathway is involved in
GTX-induced apoptosis, we examined the expression level of cleaved caspase-8 and Bid. We observed
that the expressions of both cleaved caspase-8 and Bid were not significantly altered by GTX treatment,
therefore GTX induced apoptosis in A549/ADR via the intrinsic pathway.
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A combination of natural compounds and approved chemotherapeutic agents to increase their
efficacy has gained enormous attention in recent years. Several phytochemicals have been shown
to elevate the outcome of ADR treatment, for example, schisandrin B reversed ADR resistance in
MCF-7 breast cancer cells [29], neferine improved the effects of ADR on A549 lung adenocarcinoma
cells [30], and resveratrol and didox increased the effects of ADR on HCT116 colorectal cancer cells [31].
Our findings suggest that GTX enhanced the cytotoxicity of ADR in an ADR-resistant A549 cell line.
First, the MTT assay revealed that combined treatment resulted in a higher proportion of cell death.
Then, by using a cell cycle distribution analysis, we demonstrated that sequential treatment with GTX
and ADR elevated the sub-G1 population. Finally, western blot results showed that the combination
of GTX and ADR enhanced the expression of significant protein in the apoptotic pathway, such as
cleaved PARP and the Bax/Bcl-2 ratio. Moreover, the ability of GTX to reduce PARP protein level,
which plays an important role in DNA damage repair pathway [32], could serve as a mechanism to
potentiate the effect of DNA-damage-inducing agent ADR.

4. Materials and Methods

4.1. Cell Line, Reagents, and Chemicals

F-12K, bovine serum albumin, trypsin/ethylenediaminetetraacetic acid, fetal bovine serum,
and 100× antibiotic-antimycotic were purchased from Invitrogen (Carlsbad, CA, USA). Adriamycin
(≥ 98% purity), gliotoxin (≥ 98% purity), hoechst 33342, dimethyl sulfoxide, MTT, PI, RNase A, and
anti-β-actin antibodies were purchased from Sigma-Aldrich (St. Louis, MO, USA). Anti-cleaved PARP,
-PARP, -Bax, -PUMA, -cleaved caspase-9, -p21, -p53, and -p-p53 (serine 15) antibodies were purchased
from Cell Signaling Technology, Inc. (Beverly, MA, USA). Polyvinylidene fluoride membranes for
western blotting were purchased from Millipore (Billerica, MA, USA). Mitochondrial membrane
potential detection JC-1 kit and an annexin V-FITC apoptosis detection kit were purchased from BD
Biosciences (San Jose, CA, USA).

4.2. Cell Culture

A549 human NSCLC and ADR-resistant NSCLC A549/ADR cells were cultured in F-12K medium
supplemented with 10% heat-inactivated fetal bovine serum (FBS), 1% antibiotics at 37 ◦C in a CO2

incubator. All cells were gradually passaged when they reached 90% confluence. All cultures were
maintained at 37 ◦C in a humidified incubator with 5% CO2. A549/ADR cells were obtained by
using the dose-escalating method. Briefly, after examining the cell viability of A549 cells treated
with different concentrations of ADR for 48 h, we chose 0.03 μM as our starting concentration for
our procedure. A549 cells were maintained in medium containing ADR for two weeks with each
concentration. ADR doses were gradually increased until it reached 0.5 μM, this process lasted for
approximately three months. After that, we enriched three colonies that remained on the dish and
performed MTT assay as well as western blotting for the MRP1 protein expression and chose the one
with the highest cell viability and MRP1 expression as our ADR-resistant cell line.

4.3. Cell Viability Assay

The cell viability assay was performed as previously described [33]. Briefly, exponential-phase
cells were seeded to 96-well plates (2.5 × 104 cells/mL). After 24 h, cells were incubated in with various
concentration of gliotoxin for 48 h. Then MTT agent was added into each well and incubated for 4 h
at 37 ◦C. The MTT results were read immediately at 570 nm with a Sunrise microplate reader (Tecan,
Salzburg, Austria). The percentage of viable cells was calculated based on the following formula: mean
value of (control group–treated group)/control group × 100%. All results were assessed in triplicate at
each concentration.
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4.4. Flow Cytometry

PI and JC-1 staining for investigating cell cycle distribution and mitochondrial membrane potential
were performed as previously described [33]. Briefly, A549/ADR cells were plated in 60 mm plates
(15 × 104 cells/plate) and treated with gliotoxin (0–0.5 μM) for 24 h. Then cells were harvested, washed
with phosphate-buffered saline (PBS), and fixed in 70% ethanol. Before analysis, cells were treated with
the solution containing 2 mM EDTA-PBS, RNase A (25 ng/mL) and propidium iodide (40 μg/mL).
In terms of JC-1 staining assay, we harvested the GTX treated cells, then cells were washed with 1×
assay buffer, stained with JC-1 for 15 min at 37 ◦C and washed again with 1× assay buffer. All analyses
were performed using a FACSCalibur flow cytometer (BD Biosciences). Data were analyzed with
CellQuest software (BD Biosciences). Each experiment was repeated at least three times.

4.5. Western Blot Analysis

Western blotting was performed as previously described [33]. Briefly, A549/ADR cells were
plated in 60 mm dishes (15 × 104 cells/plate). 24 h after being treated, cells were harvested and lysed
in lysis buffer (20 nM Tris-HCl, 150 mM NaCl, 1 mM Na2EDTA, 1 mM EGTA, 1% NP-40, 2.5 mM
sodium pyrophosphate, 1 mM β-glycerophosphate, 1 mM Na3VO4). Protein concentrations were
measured and normalized using a BCA Protein Assay kit. Lysates were then separated by 10–15%
sodium dodecyl sulfate-polyacrylamide gel electrophoresis and transferred onto a PVDF membrane
using glycine transfer buffer. Membranes were then blocked for non-specific bindings by 5% skim
milk solution. After that, membranes were incubated with primary antibodies overnight at 4 ◦C,
followed by an additional 40 min incubation with secondary antibodies. The resultant membranes
were analyzed using a BS ECL Plus kit (Biosesang Inc., Seongnam, Korea).

4.6. Statistical Analysis

Group comparisons were performed using Student’s t-test and one-way analysis of variance
with Statistical Package for the Social Sciences software (SPSS v. 20.0, IBM Corp., Armonk, NY, USA).
p < 0.05 was considered statistically significant.
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Abstract: Despite the increasing availability of new classes of cancer treatment, such as immune-
and targeted therapies, there remains a need for the development of new antiproliferative/cytotoxic
drugs with improved pharmacological profiles that can also overcome drug resistant forms of cancer.
In this study, we have identified, and characterised, a novel marine polysaccharide with the potential
to be developed as an anticancer agent. Sulphated polysaccharides isolated from the common cockle
(Cerastoderma edule) were shown to have antiproliferative activity on chronic myelogenous leukaemia
and relapsed acute lymphoblastic leukaemia cell lines. Disaccharide and monosaccharide analysis of
these marine polysaccharides confirmed the presence of glycosaminoglycan-like structures that were
enriched in ion-exchange purified fractions containing antiproliferative activity. The antiproliferative
activity of these glycosaminoglycan-like marine polysaccharides was shown to be susceptible to
heparinase but not chondrotinase ABC digestion. This pattern of enzymatic and antiproliferative
activity has not previously been seen, with either marine or mammalian glycosaminoglycans. As such,
our findings suggest we have identified a new type of marine derived heparan sulphate/heparin-like
polysaccharide with potent anticancer properties.

Keywords: marine mollusc; glycosaminoglycans; antiproliferative; anticancer; heparan sulphate

1. Introduction

Glycosaminoglycans (GAGs) are a complex family of polysaccharides found in both vertebrates
and invertebrates. They bind to many proteins and mediate a diverse range of biological functions,
including both cellular and physiological events [1]. These molecules are widely exploited as
therapeutics, for example, hyaluronic acid (HA) and chondroitin sulphate (CS) are used to treat
osteoarthritis, and of course heparin has been used as an anticoagulant and antithrombotic drug
for more than 70 years [2]. However, no native mammalian GAGs have been shown to have direct
cytotoxic or antiproliferative effects on cancer cells. There are five families of mammalian GAGs,
each based on their repeating disaccharide units. These are heparan sulphate (HS) including the
related molecule heparin, CS, dermatan sulphate (DS), keratan sulphate and the unsulphated HA.
Heparan sulphate and CS/DS GAG chains are initially synthesised as an alternating backbone of
N-acetylated amino sugar, either N-acetylglucosamine (GlcNAc) in HS or N-acetylgalactosamine
(GalNAc) in CS/DS and glucuronic acid (GlcA), or its C5 epimer iduronic acid (IdoA). Epimerisation
takes place to differing extents in HS and heparin and in the conversion of CS into DS. Further
modifications occur by N-sulphation of the amino sugar (GlcNS) in HS/heparin and O-sulphation
at various positions on the sugar units, commonly 2-O- and 6-O-positions [3]. The extent of both
epimerisation and sulphation defines the interactions that take place between GAGs and their protein
receptor partners [4]. Mammalian GAGs, in particular HS, are very heterogeneous in structure and
are organised into subdomains that contain regions of high sulphation [5], which are important for
interactions with proteins [6].
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Marine invertebrates are a rich source of potential therapeutics and marine carbohydrates have
been shown to have complex structures and biological activities [7]. Marine polysaccharides differ
considerably from their mammalian counterparts, in terms of their structure and biological activities.
As a result, they provide important new opportunities as carbohydrate based therapeutics [8].
The principle marine glycans are comprised of non-sulphated chitin, chitosan, sulphated GAGs,
sulphated fucans and sulphated galactans. Marine polysaccharides from seaweed and algae have
been shown to have anticancer activities but these are largely related to polysulphated fucans that are
not directly members of the GAG family [8]. Sulphated fucans or fucoidans from marine sources are
comprised of homogeneous unbranched polymers of (1–3) or (1–4) linked L-fucose units, which can
be substituted with sulphate groups at positions C-2, C-4 and rarely at C-3. They may also be
heterogeneous branched polymers with variable content of uronic acids and neutral sugars [9].
Single fucose units, or short fuco-oligosaccharide branches, can also be present on the polysaccharide
backbone, usually at the C-4 position. Structural features within Fucoidans have been linked to many
beneficial effects including anticancer [10–12], antiviral [13], anti-inflammatory [14] and antithrombotic
activities [15]. GAG-like polysaccharides have been isolated from many marine species, including
molluscs and in some instances, HS structures were found to be similar to heparin. Marine DS and CS
have backbone structures comparable to mammalian GAGs but with differing sulphation patterns.
Fucosylated CS and CS/DS hybrid chains have also been identified from marine sources [16,17].
Marine GAGs have not previously been linked with antiproliferative or cytotoxic effects on cancer cells.

In this study, we have shown that marine derived GAG-like polysaccharides from the
common cockle (Cerastoderma edule) have antiproliferative activity on two cancer cell lines.
Enzyme depolymerisation and structural analysis suggest that novel HS-like structures are responsible
for the antiproliferative activity of the marine derived polysaccharides.

2. Results

2.1. Polysaccharide Isolation and Anticancer Activity

Numerous studies have portrayed the potential medicinal properties of marine polysaccharides,
mainly from seaweed, and some have even demonstrated cytotoxic effects using both in vitro and
in vivo models [18]. In this study, we show for the first time that marine polysaccharides isolated from
molluscs, with structural similarities to mammalian GAGs, have in vitro antiproliferative effects on
cancer cell lines.

Marine polysaccharides were isolated from common cockles, following a typical cetylpyridinium
chloride extraction procedure [19]. The cockle polysaccharides were assessed against two leukaemia
cell lines (K562 and MOLT4) for their ability to suppress cancer cell growth. The cockle polysaccharides
showed considerable inhibition of cell proliferation with these cell lines, as determined by
3-(4,5-dimethylthiazole-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay (Figure 1).

Some batch-to-batch variability in IC50 values was seen with different isolations of cockle
polysaccharides, presumably because of the complex heterogeneous mixture of polysaccharide chains
present. Cisplatin was used in all assays, as a control for comparison of different preparations.
Typical IC50 values were around 9 μg/mL and 1 μg/mL, respectively, for cell lines K562 and MOLT4.
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Figure 1. Antiproliferative activity of cockle polysaccharides on cancer cell lines. Two cancer cell lines
K562 (A) and MOLT4 (B) were treated with increasing doses of cockle polysaccharides and cell viability
was determined by MTT assay, as detailed in the “Materials and Methods” section. Inserts show
effects of cisplatin treatment on viable cell number. Cells were cultured under standard conditions and
maintained at 37 ◦C in a humidified 5% CO2 atmosphere. Cell viability is expressed as a percentage
relative to untreated control cells. All experiments were conducted in triplicate and the IC50 values
were calculated using non-linear regression analysis (GraphPad Prism 5.0).

2.2. Annexin V Apoptosis Detection and Cell Cycle Analysis

Cell Cycle analysis of MOLT-4 cells (Figure 2A,C) showed an increase in cell numbers in both G1
and G2/M phases after 24 h exposure to cockle polysaccharides, accompanied by a lowering of cells in
S-phase. These data, and the presence of cells in sub G1, indicate a complex mechanism of cell death,
following treatment of MOLT-4 cells with cockle polysaccharides, potentially mediated via apoptosis.
Flow cytometry and Annexin V/propidium iodide (PI) staining, was used to further investigate the
mechanism of cell death following cockle polysaccharide treatment (Figure 2B,D). Leukaemia cell line
MOLT-4 showed small but significant increases in late apoptotic (Annexin V+/PI+) cells when treated
with cockle polysaccharide, However, early apoptotic (Annexin V+/PI−) showed the biggest change
in cell populations after a 24 h incubation. Necrotic (Annexin V−/PI+) cells showed little change over
untreated controls. The results shown in Figure 2 clearly implicate apoptosis as the most likely cause
of the cytotoxicity seen following treatment by cockle polysaccharides. However, primary necrosis
cannot be ruled out. Data from K562 cells were not obtained, as their inherent tendency to aggregate
proved problematic in the flow cytometry studies.

2.3. Effect of Enzymatic Degradation on Cockle Polysaccharide Anticancer Activities

The extraction procedure used, whilst designed to enrich the content of sulphated GAG or
GAG-like structures, will also bring contamination from other marine polysaccharides. These non-GAG
polysaccharides may contribute solely, or in part, to the observed antiproliferative activity of the
cockle polysaccharides. Enzymatic treatment of the cockle polysaccharides by heparinases I, II,
III and chondroitinase ABC was used to investigate any link between typical GAG-like structures
and the observed antiproliferative activity. Figure 3 demonstrates that there is no appreciable change
in antiproliferative activity when cockle polysaccharides are incubated with chondroitinase ABC.
Heparinase treatment (individually and in combination) however, did lead to a significant loss of
biological activity, with an approximate increase in IC50 values for combined heparinases I, II, III of
around 4- and 8-fold for K562 and MOLT4 cell lines respectively. There was little difference between the
individual heparinases enzymes, however in replicates heparinase II, was consistently more effective
at reducing the antiproliferative effects of the cockle polysaccharides. Despite the significant loss in
activity, inhibition was not entirely destroyed by heparinase treatment, even when used in combination.
This suggest that a proportion of resistant disaccharide linkages may exist and that resistant fragments
are of sufficient size to still function as an antiproliferative. Taken together, the data suggest that
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HS/heparin like GAG structures are key contributors to the antiproliferative activity of the cockle
polysaccharides, with CS-like GAGs contributing little to the anticancer affect.

Figure 2. Cell cycle analysis and Annexin V apoptosis assay. MOLT4 cells were treated with 50 μg of
cockle polysaccharides for 24 h then stained using Annexin V conjugated Fluorescein isothiocyanate
(Annexin V-FITC) and/or PI. (A) Flow cytometry cell cycle analysis of PI stained cells with or without
cockle polysaccharide treatment. A single representative experiment is shown. (B) Flow cytometry
scatter plot of Annexin V-FITC/PI stained cells with or without cockle polysaccharide treatment.
A single representative experiment is shown. (C) Quantitative cell cycle analysis as determined by
PI staining and flow cytometry. The percentage of cells in each phase is shown for control (�) and
cockle polysaccharide treated (�) cells. Results are presented as the mean ± SD of three independent
experiments. Statistical significance was determined using the two-tailed Student’s t-test. p < 0.05
was considered statistically significant (*). (D) Quantitative analysis of apoptosis as determined by
Annexin V-FITC/PI staining and flow cytometry. The percentage of cells in each quadrant is shown
for control (�) and cockle polysaccharide treated (�) cells. Results are presented as the mean ± SD of
three independent experiments. Statistical significance was determined using the two-tailed Student’s
t-test. p < 0.05 was considered statistically significant (*).

2.4. Comparisons of Marine GAG Antiproliferative Activity with Mammalian GAGs

The potent antiproliferative effect of cockle polysaccharides was surprising, as the anticancer
activity appeared to be linked to the presence of mammalian HS/heparin-like structures, which to
our knowledge have never shown direct antiproliferative effects on cancer cell lines in vitro. Further
investigation confirmed that mammalian derived GAGs (porcine mucosal) had no antiproliferative
activity in our MTT assay system. Figure 4 shows that no measurable IC50 could be determined
for mammalian HS, with either cancer cell line, yet the cockle polysaccharides continued to show
significant antiproliferative activity. In fact, at low concentrations mammalian HS showed slight
stimulatory activity on cell growth. The results suggest that, if HS-like-GAG chains are involved in the
antiproliferative activity of cockle polysaccharides, then they must contain unique structural features
not found in typical mammalian GAGs.
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Figure 3. Effect of heparinase (I, II, and III) and chondroitinase ABC enzymatic degradation on cockle
polysaccharide antiproliferative activity. Sensitivity of the cockle polysaccharide antiproliferative activity to
enzymatic degradation was determined by MTT assay. Antiproliferative activity of cockle polysaccharides
on K562 cells (A) and MOLT4 cells (B), with and without heparinase or chondrotinase ABC digestion.
Intact cockle polysaccharides (�), heparinase I treated (Δ), heparinase II treated (�), heparinase III treated
(�), heparinase I, II, and III treated (�) and chondroitinase ABC ( ). The data are presented as the
percentage of viable cells following treatment with cockle polysaccharides, relative to untreated control.
All experiments were conducted in triplicate and the results are shown as the mean ± the SD. Cells were
cultured in suspension and maintained at 37 ◦C in humidified 5% CO2 atmosphere.

Figure 4. Comparison of mammalian GAGs and cockle polysaccharides antiproliferative activity.
Differences in biological activities of mammalian GAGs and cockle polysaccharides on K562 (A) and
MOLT4 (B) cell lines was assessed by MTT assay, cockle polysaccharides (�), mammalian HS (�).
Data are presented as the percentage of viable cells following treatment with cockle polysaccharides,
relative to untreated control. All experiments were conducted in triplicate and the results are shown
as the mean ± the SD. Cells were cultured in suspension and maintained at 37 ◦C in humidified 5%
CO2 atmosphere.

2.5. Disaccharide Analysis of GAGs

Disaccharide analysis was used solely to confirm the presence of typical unsaturated HS and
CS/DS disaccharides, following treatment of the cockle polysaccharides with heparinase I, II and III or
chondroitinase ABC and was not part of any detailed structure/activity study.

Initial analysis of the HS/heparin disaccharide compositions, produced by combined heparinase
I, II, III digestion, showed that susceptible chains within the cockle polysaccharide preparations
did contain the major disaccharide species found in mammalian HS and heparin. Care must be
taken in attributing total HS disaccharide compositions to these chains, as activity data (Figure 3)
suggest that the combined heparinase I, II, and III digests are possibly incomplete. The major
differences between disaccharides derived from heparinase digestion of mammalian HS and the
cockle polysaccharide (Table 1) were the low levels of unsulphated disaccharide ΔHexA-GlcNAc
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and the high levels of the disulphated disaccharide ΔHexA-GlcNS(6S) released from the cockle
polysaccharides. Other disaccharides were obtained at similar levels to those seen with many
typical mammalian HS types. The heparinases failed to generate high quantities of the trisulphated
disaccharide ΔHexA(2S)-GlcNS(6S) from the crude cockle polysaccharides, indicating that the HS-like
cockle polysaccharides chains are more akin to mammalian HS than heparin. CS/DS disaccharide
analysis was carried out, despite the fact that chondrotinase ABC treatment of cockle polysaccharides
failed to show any significant loss of antiproliferative activity. The principle disaccharide components
produced by chondroitinase ABC digestion were ΔHexA-GalNAc(4S), ΔHexA-GalNAc(6S) and
ΔHexA-GalNAc(4S)(6S). The results clearly show that CS/DS-like chains are also present in the
cockle polysaccharide preparations.

Disaccharide analysis data support the initial suggestion that the reduction in antiproliferative
activity, following treatment of cockle polysaccharides with heparinases, was due to their breakdown.
Resulting in the release of unsaturated disaccharides commonly found in mammalian HS/heparin.
The lack of activity seen with the mammalian GAGs in the MTT assay, and the presence of heparinase
resistant fragments within the cockle polysaccharides, suggests that the active HS-like-chains differ
considerably from their mammalian counterparts.

Table 1. Disaccharide analysis of crude unfractionated cockle polysaccharides. 1: Data are presented as
a percentage of the moles of CS/DS and HS unsaturated disaccharides produced by chondroitinase
ABC and heparinase I, II, and III digestion.

HS Disaccharides Disaccharides Produced (%) 1

ΔHexA-GlcNAc 26.6
ΔHexA(2S)-GlcNAc 0.0
ΔHexA(2S)-GlcNH2 0.0
ΔHexA-GlcNAc(6S) 4.1

ΔHexA(2S)-GlcNAc(6S) 4.0
ΔHexA-GlcNS 25.5

ΔHexA(2S)-GlcNS 9.5
ΔHexA-GlcNS(6S) 24.7

ΔHexA-GlcNH2(6S) 0.0
ΔHexA(2S)-GlcNS(6S) 5.6

ΔHexA(2S)-GlcNH2(6S) 0.0

CS/DS Disaccharides Disaccharides Produced (%) 1

ΔHexA-GalNAc 3.2
ΔHexA-GalNAc(4S) 33.5
ΔHexA-GalNAc(6S) 17.2

ΔHexA(2S)-GalNAc(4S) 0.0
ΔHexA(2S)-GalNAc(6S) 0.7
ΔHexA-GalNAc(4S)(6S) 45.4

ΔHexA(2S)-GalNAc(4S)(6S) 0.0

Abbreviations: ΔHexA, 4,5 unsaturated uronic acid; GlcNAc, N-acetylglucosamine; GlcNS, N-sulphated
glucosamine; GlcNH2, glucosamine; GalNAc, N-acetylgalactosamine; 2S, 2-O-sulphate; 4S, 4-O-sulphate; 6S,
6-O-sulphate.

2.6. Ion-Exchange Chromatography

The complexity of the cockle polysaccharide mixtures limited our ability to identity particular
structural features responsible for their antiproliferative effects. Clearly, the cockle polysaccharides
contain both HS and CS/DS-like chains and probably other non-GAG chains. Consequently,
ion-exchange chromatography was performed to evaluate further the structure/activity features of the
components contained within the unfractionated cockle polysaccharides preparations. The elutant
was monitored at 280 nM to detect the peptide fragments still attached to the polysaccharide chains
following the initial protease digestion. A typical elution profile is shown in Figure 5, with six peaks
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generally occurring. The absorbance measured under each peak was broadly comparable to the dry
weights of polysaccharides obtained after desalting and lyophilisation.

Figure 5. Ion-exchange chromatography of cockle polysaccharides. Cockle polysaccharides were applied
to a DEAE-Sepharose column and eluted using a 0–1.5 M NaCl gradient over 70 min. Peaks were pooled
as indicated by the bars shown, lyophilised and Fractions 1–6 stored at −20 ◦C for further analysis.

2.7. MTT Assay of Ion-Exchange Purified Cockle Polysaccharide Fractions

Antiproliferative activity of ion-exchange purified cockle polysaccharides against K562 and
MOLT4 cells (Figure 6) showed that most of the antiproliferative activity was seen with Fraction 5,
with negligable antiproliferative activity observed with Fractions 1–3. The elution profile from the
ion-exchange column suggests that the low levels of activity observed with Fractions 4 and 6 are
probably due to cross contamination from Fraction 5. The results indicate that the antiproliferative
cockle glycans are a relatively minor component of the unfractionated mixtures (approximately 1–2%
of the total dry mass applied to the column).

Figure 6. Antiproliferative properties of the ion-exchange purified cockle polysaccharide fractions.
Measurement of antiproliferative activity of ion-exchanged purified fractions on K562 (A) and MOLT4
(B) cells was achieved by MTT assay. Fraction 1 (�), Fraction 2 (�), Fraction 3 (Δ), Fraction 4, (�),
Fraction 5 (�) and Fraction 6 ( ). The data are presented as the percentage of viable cells following
treatment with cockle polysaccharides, relative to untreated control. All experiments were conducted
in triplicate and the results are shown as the mean ± the SD. Cells were cultured in suspension and
maintained at 37 ◦C in humidified 5% CO2 atmosphere.
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2.8. Disaccharide Analysis of Ion-Exchange Purified Polysaccharides

Disaccharide analysis of the ion-exchange purified fractions was used to identify further the
nature of the different glycan chain types within the cockle polysaccharide preparations and to
confirm the role of HS-like-GAG structures in the antiproliferative activity. Table 2 shows the
relative distribution of unsaturated disaccharides and the amounts produced when each fraction was
treated exhaustively with a combination of heparinases I, II and III. The total weight of disaccharides
produced from each microgram of sample digested showed that only Fraction 5 produced a significant
amount of unsaturated disaccharides. Fractions 2, 3, 4 and 6 produced approximately 30-, 150-, 30-,
6- and 5-fold less disaccharide than Fraction 5, respectively, suggesting that the early eluting fraction
contain mainly non HS-like chains. The composition of Fractions 5 and 6 showed the presence of
all the major disaccharides found in mammalian HS/heparin. The enrichment of the trisulphated
disaccharide ΔHexA(2S)-GlcNS(6S) and the disulphated disaccharides ΔHexA(2S)-GlcNS with an
approximate four-fold and three-fold increase, respectively, in comparison to the unfractionated cockle
polysaccharides (Table 1), likely contributes significantly to the later elution of these chains from the
ion-exchange column. Fraction 1 appears to generate a higher proportion of sulphated disaccharides
than any other fraction; however, the quantity, in μg, of disaccharides produced is very small in
comparison to the total material digested. In fact, there is little correlation between the increase in the
number of sulphates per disaccharide produced from heparinase digestion and the elution position of
Fractions 1–4. This is likely linked to the limited digestion of the glycan chains contained within them.

Table 2. HS Disaccharide analysis of ion-exchange purified cockle polysaccharide fractions. Data are
presented as a percentage of the moles of unsaturated disaccharides produced by heparinase I, II,
III digestion of the ion-exchange fractions (F1–F6).

HS Disaccharides F1 (%) F2 (%) F3 (%) F4 (%) F5 (%) F6 (%)

ΔHexA-GlcNAc 4.6 28.0 84.4 31.9 9.8 6.8
ΔHexA(2S)-GlcNAc 0.0 0.0 0.0 0.0 0.9 0.4
ΔHexA(2S)-GlcNH2 0.0 0.0 0.0 0.1 0.2 0.0
ΔHexA-GlcNAc(6S) 0.2 2.4 1.6 5.3 4.9 3.3

ΔHexA(2S)-GlcNAc(6S) 30.4 10.9 0.0 0.0 3.1 4.6
ΔHexA-GlcNS 0.7 8.6 12.9 28.4 10.4 5.9

ΔHexA(2S)-GlcNS 16.6 25.2 0.5 12.8 24.4 34.0
ΔHexA-GlcNS(6S) 4.9 10.9 0.6 15.9 19.4 16.4

ΔHexA-GlcNH2(6S) 0.0 0.0 0.0 0.1 0.2 0.0
ΔHexA(2S)-GlcNS(6S) 42.7 14.0 0.0 5.7 26.3 28.6

ΔHexA(2S)-GlcNH2(6S) 0.0 0.0 0.0 0.0 0.3 0.1
Unsulphated 4.6 28.0 84.4 31.9 9.8 6.8

N-SO3 64.8 58.8 14.0 62.6 80.5 84.8
2-O-SO3 89.6 50.2 0.6 18.5 55.3 67.6
6-O-SO3 78.1 38.2 2.2 27.0 54.2 53.0

Total GAG disaccharides produced
by heparinase digestion (μg) 0.01 0.002 0.01 0.05 0.29 0.06

Average sulphate per disaccharide 2.33 1.47 0.17 1.08 1.9 2.05

Abbreviations: ΔHexA, 4,5 unsaturated uronic acid; GlcNAc, N-acetylglucosamine; GlcNS, N-sulphated
glucosamine; GlcNH2, glucosamine; GalNAc, 2S, 2-O-sulphate; 6S, 6-O-sulphate

Disaccharide analysis of each fraction, following chondroitinase ABC digestion (Table 3),
also showed early eluting fractions lacked correlation between the sulphate content of the resultant
disaccharides and the fractions elution position. Again, this is likely linked to the incomplete nature
of the digests, as confirmed by the quantity, in μg, of disaccharides released by digestion. The later
eluting fractions produced disaccharides compositions close to those seen for the unfractionated cockle
polysaccharides (Table 1). The later eluting Fractions 5 and 6 contain CS-like-GAG chains, however
Figure 3 suggests that these chains do not contribute to the antiproliferative activity of Fraction 5.
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Table 3. CS/DS Disaccharide analysis of ion-exchange purified cockle polysaccharide fractions.
Data are presented as a percentage of the moles of unsaturated disaccharides produced by
chondroitinase ABC digestion of the ion-exchange fractions (F1–F6).

CS/DS Disaccharides F1 (%) F2 (%) F3 (%) F4 (%) F5 (%) F6 (%)

ΔHexA-GalNAc 70.6 72.4 86.4 8.8 3.5 3.6
ΔHexA-GalNAc(4S) 23.1 26.7 13.6 89.9 56.8 35.0
ΔHexA-GalNAc(6S) 3.8 0.2 0.0 1.4 3.7 4.3

ΔHexA(2S)-GalNAc(4S) 0.0 0.0 0.0 0.0 0.0 0.0
ΔHexA(2S)-GalNAc(6S) 0.0 0.0 0.0 0.0 1.8 3.9
ΔHexA-GalNAc(4S)(6S) 2.5 0.8 0.0 0.0 34.2 53.2

ΔHexA(2S)-GalNAc(4S)(6S) 0.0 0.0 0.0 0.0 0.0 0.0
Unsulfated 70.6 72.4 86.4 8.8 3.5 3.6

2-O-SO3 0.0 0.0 0.0 0.0 1.8 3.9
4-O-SO3 25.6 27.5 13.6 89.9 91.0 88.2
6-O-SO3 6.3 1.0 0.0 1.4 39.7 61.5

Total GAG disaccharides produced
by ABC lyase digestion (μg) 0.002 0.006 0.006 0.026 0.285 0.086

Average sulfate per disaccharide 0.32 0.28 0.14 0.91 1.31 1.51

Abbreviations: ΔHexA, 4,5 unsaturated uronic acid; GalNAc, N-acetylgalactosamine; 2S, 2-O-sulphate; 4S,
4-O-sulphate; 6S, 6-O-sulphate

Taken together, the data imply that the majority of heparinases and chondrotinase ABC susceptible
linkages, and therefore GAG-like structures, are present in the later eluting fractions from the
ion-exchange separation. The production of a significant quantity of HS disaccharides, from the
highly active Fraction 5, confirms the link between HS-GAG-like structures and the antiproliferative
activity of the cockle polysaccharides. However, the residual activity of the heparinase resistant chains
must also be taken into account when judging any structure/activity relationships.

2.9. Monosaccharide Analysis of Ion-Exchange Purified Polysaccharides

The lack of information regarding the identity of the uronic acid moieties, using the method of
disaccharide analysis employed in this study, means that we cannot identity potentially important
structural features within the GAG-like chains. We are also missing structural detail on the content of
non-GAG-like components of the cockle polysaccharide preparations. These issues can be clarified by
total acid hydrolysis and monosaccharide analysis of both the unfractionated cockle polysaccharides
and the ion-exchanged purified fractions. Analysis of the unfractionated cockle polysaccharide
preparations (Table 4) showed the presence of significant quantities of the monosaccharides, GalNH2,
GlcNH2, and GlcA, which are typically found following acid hydrolysis of mammalian and marine
GAG chains. Interestingly, there was no detectable IdoA component. Fucose made up about
10% of the monosaccharides produced and could be derived from fucoidan-like or fucosylated CS
glycans. The neutral sugars glucose (Glc) and galactose (Gal) were by far the most predominant
monosaccharaides present in the unfractionated cockle polysaccharide preparations and represent
components typically found in marine N- and O-linked glycans. Mannose represented less than 4%
of the monosaccharides released by hydrolysis, and was predominantly found in Fractions 2 and
6. The data support the presence of GAG-like chains, as was indicated by both the susceptibility of
cockle polysaccharides to heparinase/chondroitinase ABC digestion, and the production of a range
of unsaturated disaccharides, typically found in mammalian GAG chains. Analysis of ion-exchange
purified fractions showed enrichment of the GAG related monosaccharides GalNH2, GlcNH2, and GlcA
in the later eluting fractions (Fractions 3–6) and critically the antiproliferative Fraction 5, which also
contained the highest amount of GlcA.
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Table 4. HPAEC-PAD analysis of monosaccharides derived from unfractionated (crude) cockle
polysaccharide and ion-exchange purified fractions (F1–F6). Samples (50 μg) were degraded to
monosaccharides by treatment with TFA prior to high performance anion exchange chromatography
with pulsed amperometric detection (HPAEC-PAD) analysis. The peaks observed were identified
by comparison to the elution position of known monosaccharide standards. Data are presented as a
percentage of the moles of monosaccharide produced by acid hydrolysis.

Monosaccharide Crude (%) F1 (%) F2 (%) F3 (%) F4 (%) F5 (%) F6 (%)

Fuc 11.1 5.1 5.8 3.3 3.6 14.2 2.1
GalNH2 16.7 3 4.0 11.7 35.6 21.8 9.5
GlcNH2 9.9 3.9 2.1 11.9 10.4 14.5 3.6

Gal 19.1 2.3 3.0 11.0 14.4 20.1 8.8
Glc 35.2 73.5 57.4 52.9 30.0 10.4 50.4

Man 3.7 5.0 28.1 7.4 2.7 4.9 23.5
GlcA 4.3 1.0 0.7 1.9 3.3 14.1 2.1
IdoA 0.0 0.0 0.0 0.0 0.0 0.0 0.0

Abbreviations: Fuc, fucose; GalNH2, galactosamine; GlcNH2, glucosamine; Gal, galactose; Glc, glucose; Man,
mannose; GlcA, glucuronic acid; IdoA, iduronic acid :

Overall, the data indicate the presence of a diverse range of glycan chains, including GAG-like
structures, within the unfractionated cockle polysaccharide preparations. The components found in
the active Fraction 5 are clearly GAG-like in nature. The lack of IdoA is an interesting observation,
yet this does not, on its own, explain the unique activity of the cockle derived HS-like GAG chains.
The complexity of the cockle polysaccharide preparations, even within the ion-exchange purified
fractions, and the limitations of the compositional analysis tools used in this study make it difficult to
determine the exact structural differences between the antiproliferative cockle HS-like GAG chains and
their inactive mammalian counterparts. We also need to consider the nature of the antiproliferative
activity that remains following extensive heparinase digestion.

3. Discussion

We have shown for the first time that marine derived polysaccharides, with proven anticancer
activity, are susceptible to the effects of heparinase digestion. The results, in conjunction with the
lack of antiproliferative activity of mammalian GAGs, suggest that atypical GAG structures are
present in marine polysaccharides from mollusc sources. These unique structures can be directly
linked, at least in part, to the antiproliferative activity seen on human cancer cell lines treated with
cockle polysaccharides.

Anti-metastatic and antiproliferative activity of marine derived polysaccharides has previously
been observed from a variety of sources, such as algae, ascidians, euechinoidea, molluscs and
bacteria [20]. The active molecules identified to date are classes of sulphated polysaccharides,
such as sulphated fucans and sulphated galactans, which are defined as non-GAG glycans.
They differ from typical mammalian GAG family members in several ways, including their relative
homogeneity, in terms of their monosaccharide compositions and distribution. Their most dramatic
structural differences lie in the type of monosaccharide building blocks that make up these chains.
Sulphated fucans are polymers of fucopyranso units, which may contain variable amounts of neutral
monosaccharides and uronic acids and are predominantly classed as fucoidans [9,21], whereas
sulphated galactans are almost exclusively composed of Gal units [22]. None of the glycosidic linkages
within these marine polysaccharides has any reported susceptibility to the enzymes used in this study.
Hence, the reduction in antiproliferative activity we observed following heparinase digestion of the
cockle polysaccharides suggests that the anticancer activity of the intact chains is linked to the presence
of archetypal mammalian GAG disaccharide structures. Clearly, this is divergent with the literature
that to date has exclusively linked anticancer activity of marine polysaccharides to non-GAG glycans.
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Some heterogeneity has been reported for some of the sulphated fucans [23], and galactans [24].
However, none of the variations was connected to the presence of mammalian like GAG disaccharides.

We have not yet considered previously discovered marine polysaccharides that are closely
related to traditional mammalian GAG structures, such as fucosylated CS, dermatan sulphate-like
polysaccharides, GlcA containing HS and highly sulphated hybrid heparin/HS chains. Despite their
widespread presence, no antiproliferative activity, on cancer cell lines, has previously been attributed
to these polysaccharides classes. Fucosylated CS from holothuroidea has been reported to be insensitive
to chondroitinase ABC digestion, without prior removal of fucose residues [25] and highly sulphated
dermatan-like polysaccharides from tunicates have been shown to be sensitive to chondroitinase
ABC digestion [26,27]. In our study, unsaturated disaccharides were produced by chondroitinase
ABC digestion of cockle polysaccharides, although this had no effect on the antiproliferative
activity. We have not confirmed the presence of fucosylated CS or dermatan like polysaccharides
in the active cockle polysaccharide fractions. As such, we cannot rule out a contribution by these
types of structure to the observed antiproliferative effects. However, the absence of IdoA in the
monosaccharide analysis suggest that dermatan-like structures are unlikely to be present in the cockle
polysaccharide preparations.

The heparin/HS type of polysaccharide chains identified from marine sources include a report
of a unique hybrid heparin/HS polysaccharide found in the head of shrimp. These marine
heparin/HS hybrid GAGs were extensively degraded by heparinase enzymes [28]. The GlcA
containing HS-like GAGs derived from the mollusc Nodipecten nodosus represents another heparinase
sensitive structure that may be linked to the antiproliferative activity of the cockle polysaccharides [29].
Although no antiproliferative activity has been reported, to date, with either of these types of
glycan chains, the cockle polysaccharides did loose significant antiproliferative activity, following
heparinase degradation (Figure 3). This observation might be linked to the presence of similar
hybrid heparin/HS or GlcA-rich HS structures in the cockle polysaccharide preparations. However,
appreciable antiproliferative activity did remain, even after extensive heparinase treatment of the
unfractionated cockle polysaccharides. Suggesting that other atypical GAG structures are potentially
involved in the antiproliferative activity. A reductionist assessment of the structural features within
these heparinase resistant sequences represents an attractive approach that may well lead to a more
thorough understanding of precise structural features required to facilitate that anticancer activity
seen in this study.

Disaccharide analysis was employed to identify compositional differences between the building
blocks of known marine/mammalian GAGs and the antiproliferative chains within cockle-derived
polysaccharides. Our data showed that heparinase I, II, III treatment of cockle polysaccharides liberated
all of the most abundant unsaturated disaccharide types typically observed in mammalian GAGs.
The rare 3-O-sulphated disaccharides were not detected in any of the cockle polysaccharide samples,
using the methods described here. The most significant feature of the analysis appeared to be related
to the overall levels of N-sulphated disaccharides produced by heparinase digestion, which accounted
for approximately two thirds of the disaccharide units obtained from the unfractionated cockle
polysaccharide preparations. The antiproliferative ion-exchange purified, Fraction 5, yielded in
access of 80% N-sulphated disaccharides, as opposed to the much lower levels, typically around
50%, produced by combined heparinase digestion of mammalian HS. For example, porcine mucosal
HS contains approximately 40% N-sulphated disaccharides [30]. Mammalian heparins typically
have higher N-sulphate levels, averaging around 85% of the disaccharide units [31]. The other
notable differences are in the levels of the disaccharides ΔHexA(2S)-GlcNS and ΔHexA-GlcNS(6S)
generated by combined heparinase digestion of some of the ion-exchange purified fractions, making up
24.4% and 19.4% of the disaccharides liberated from the active Fraction 5, respectively, as opposed
to the percentage of these disaccharide in porcine mucosal heparin (0.9% and 14.6%, respectively),
porcine mucosal HS (10.4% and 3.9%, respectively), bovine kidney (2.9% and 5.1%, respectively) and rat
liver HS (14.5% and 6.2%, respectively) [30,31]. Despite Fraction 5 showing significant antiproliferative
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activity in comparison to the inactive porcine mucosal HS, it seems unlikely that the increased presence
of these disaccharides is solely responsible for the differences in antiproliferative activity observed
in this study. In fact, the analysis of the disaccharides liberated from the unfractionated cockle
polysaccharides, and the active Fraction 5, by heparinase gave no definitive clues to the differences in
biological activity seen between the marine sourced cockle polysaccharides and mammalian GAGs.
Overall, the lack of antiproliferative activity of mammalian GAGs suggest that a radically different
type of HS-like structure may be present in the cockle polysaccharides.

Analysis of the monosaccharide composition of the cockle polysaccharides, again failed to give
a conclusive insight into the specific glycan structures that might be facilitating the antiproliferative
activity of these glycan chains. The monosaccharide analysis did confirm that GAG-like structures
where enriched in the unfractionated cockle polysaccharides and the active Fraction 5. However,
this compositional detail and the complete absence of IdoA in the cockle polysaccharides does not yet
represent sufficient evidence to conclude the exact nature of the antiproliferative glycan structures.

It might be suggested that the antiproliferative effects observed in this study, simply represent
a non-specific structure/activity relationship linked to the very high sulphate content of the cockle
polysaccharides and the active Fraction 5. To the authors knowledge no studies have demonstrated
any direct antiproliferative effects of mammalian heparins on cancer cells, using in vitro MTT assays,
despite their high sulphation levels. A report has been published, in which a clinical preparation of low
molecular weight heparin showed slight inhibition of a human lung adenocarcinoma A549 cell line by
MTT assay. However, 50% inhibition was never achieved at the concentrations used [32]. In addition,
the low molecular weight heparins used failed to induce apoptosis, unlike the cockle polysaccharides
(Figure 2). Intact high molecular weight porcine mucosal heparins, used in our study, failed to show
any inhibition of cancer cell growth (results not shown). In addition, the activity profile for the
ion-exchange purified fractions showed that the more heavily sulphated Fraction 6 had significantly
less antiproliferative activity than the earlier eluting Fraction 5. However, both fractions produced
HS/heparin like disaccharides following heparinase treatment and Fraction 6 had a higher overall
sulphate content (Table 2). Taken together, these results suggest that the high levels of sulphation
found in these cockle polysaccharides are not the principle reason for their antiproliferative activity.
Hence, it is likely that specific sequences within the polysaccharides are mediating their biological
activities in a distinct manner.

Marine polysaccharides continue to attract great interest as molecules with the potential for
therapeutic development. In this study, we have identified antiproliferative and apoptotic activity
in sulphated polysaccharides isolated from a marine mollusc. These novel GAG-like chains differ
significantly from their mammalian counterparts, in terms of structure and anticancer activity, and have
the potential to be developed into new a new class of cancer therapeutics.

4. Materials and Methods

4.1. Extraction of Sulphated Polysaccharides

Polysaccharides were extracted from common cockle (Cerastoderma edule), obtained from the Irish
Sea, British Isles, using a standard protocol [19]. Shells were removed and the entire soft body tissue
was defatted by incubation with acetone for 72 h. Defatted tissue was left to dry for 24–48 h then
ground to a fine powder. The powder (4 g) was suspended in 40 mL of 0.05 M of sodium carbonate
pH 9.2, and 2 mL of Alcalase enzyme (Merck, Millipore, Watford, UK) added. Samples were then
incubated at 60 ◦C for 48 h with constant agitation at 200 rpm. The mixture was then cooled at 4 ◦C and
trichloroacetic acid (Sigma-Aldrich, Gillingham, UK) added to a concentration of 5% (w/v) and left for
10 min. Precipitated peptides were removed by centrifugation (5000× g for 10 min). The supernatant
was retained and three volumes of 5% (w/v) potassium acetate in ethanol was added to one volume of
supernatant and the mixed solution left overnight at 4 ◦C. Precipitated cockle polysaccharide chains
were recovered by centrifugation (5000× g for 30 min) and the pellet washed with absolute alcohol.
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The recovered precipitate (1 g) was then dissolved in 40 mL of 0.2 M NaCl solution and centrifuged
(5000× g for 30 min) to remove any insoluble material. Cetylpyridinium chloride (Sigma-Aldrich)
(0.5 mL of a 5% (w/v) solution) was added to the supernatant and the precipitate formed, recovered by
centrifugation (8000× g for 30 min). The precipitate was subsequently dissolved in 10 mL of 2.5 M NaCl
solution, followed by the addition of 5 volumes of ethanol. The precipitated cockle polysaccharide
chains were recovered by centrifugation (8000× g for 30 min) before being dialysed against water for
72 h. The dialysate was lyophilized to obtain a white powder containing approximately 2.0 mg of
cockle polysaccharides.

4.2. Maintenance of Cell Lines

Human cancer cell lines K562 (Chronic myelogenous leukaemia) and MOLT-4 (acute T
lymphoblastic leukaemia) were grown in RPMI-1640 medium containing 1 g/L glucose (Lonza Group
Ltd., Basel, Switzerland), supplemented with 10% (v/v) inactivated FBS (Labtech International
Ltd., Heathfield, UK), 2 mM L-glutamine (Labtech International Ltd.), 100 Units/mL penicillin and
100 ug/mL streptomycin (Labtech International Ltd.). All cell lines were maintained in 25 cm2 flasks
under a humidified atmosphere of 95% air and 5% CO2 at 37 ◦C.

4.3. Cell Viability Assay

Cell viability was assessed using an MTT (3-(4,5 dimethylthiazol2-yl)-2,5 diphenyltetrazolium
bromide) (Sigma-Aldrich) assay. Cells were seeded at a density of 5 × 104 cells/well and cultured
overnight in 96-well plates containing 100 μL of culture medium prior to treatment with polysaccharide
samples. Treatment was conducted for 96 h following addition of various concentrations of cockle
polysaccharides and mammalian GAGs (Celsus, Cincinnati, OH, USA) (0–50 μg/mL), with cisplatin
(0–25 mM) as a positive control. At the end of the incubation period, 50 μL MTT solution (5 mg/mL
in PBS) was added to each well and incubated for 3 h at 37 ◦C. Next, 200 μL of DMSO was added to
each well and the plates agitated to dissolve the formamazan crystal product. The amount of MTT
converted to formazan is indicative of the number of viable cells. The plates were gently agitated
until the colour reaction was uniform and the absorbance was measured at 570 nm using a multi-well
plate reader. The cell viability effects from exposure of cells to each concentration of crude cockle
polysaccharides, commercial mammalian GAGs and cisplatinum (Sigma-Aldrich) were analysed as
percentages of the untreated control cell absorbance. The average cell survival obtained from triplicate
determinations, at each concentration, was plotted as a dose–response curve. The IC50 values were
calculated using nonlinear regression analysis (GraphPad Prism 5.0, La Jolla, CA, USA)

4.4. Cell Cycle and Annexin V Apoptosis Assay

Cells were seeded into sterile 6-well plates at 5 × 105/mL, and incubated with or without
cockle polysaccharides at 37 ◦C. Cells were harvested at designated time intervals, centrifuged at
2000× g for 5 min, washed twice with cold PBS and resuspended in 1 × binding buffer (0.1 M HEPES
(Sigma-Aldrich), 1.4 M NaCl and 25 mM CaCl2) at a concentration of 1 × 106 cells/mL. Cells (100 μL)
were then transferred into 5 mL culture tube and stained with Annexin V-FITC (5 μL) and propidium
iodide (PI) (Sigma-Aldrich) (10 μL). The stained cells were gently vortex for few seconds and incubated
in the dark for 15 min at room temperature. Binding buffer (400 μL) was added to each tube prior
analysis by flow cytometer (BD FACSVerse, Franklin Lakes, NJ, USA). Prior to flow cytometry cell
cycle analysis, cells (100 μL) were centrifuged, washed in PBS three times and incubated at room
temperature with 50 μL of Ribonuclease A (RNase) (50 mg/mL) before staining with a solution
containing 50 μg/mL propidium iodide (PI) for 30 min in the dark.

4.5. Enzymatic Digestion

Polysaccharide samples were digested by heparinase or chondroitinase ABC prior to MTT
assay, as follows. Enzyme buffer comprised of 10 mM calcium acetate and 50 mM sodium acetate
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pH 7.0 containing 30 mIU of heparinase I, II, III (Grampian Enzymes, Aberdeen, UK) separately
or in combination was added to solutions of 100 μg of cockle polysaccharides in enzyme buffer.
Chondroitinase ABC (Grampian Enzymes, Aberdeen, UK) (30 mIU) in enzyme buffer was added to
100 μg cockle polysaccharides and incubated for 24 h at 37 ◦C. The enzyme digests were monitored
spectrophotometrically at 232 nM and the reactions terminated by heating at 100 ◦C for 5 min.

4.6. Ion-Exchange Chromatography

Crude cockle polysaccharide preparations were fractionated by anion exchange chromatography,
using an FPLC system (Pharmacia, Stockholm, Sweden). Samples were applied to an ion-exchange
column (16 × 200 mm), packed with 10 mL of DEAE-Sepharose (GE Healthcare, Little shallot, UK).
Cockle polysaccharides were eluted using a linear 0–1.5 M NaCl gradient in 50 mM sodium phosphate
buffer pH 7.0 over 70 min at a flow rate of 1 mL/min. Absorbance was monitored at 280 nm, 1 mL
fractions were collected. and pooled as indicated.

Pooled fractions, corresponding to the peaks in the elution profile were dialysed extensively
against water using 14 kDa molecular weight cut-off tubing (Scientific Laboratory Supplies,
Nottingham, UK). After dialysis, peaks were lyophilised, and stored at −20 ◦C.

4.7. HPAEC-PAD Monosaccharide Analysis

HPAEC-PAD was preformed to determine monosaccharide composition, using a Dionex ICS-3000
system (Sunnyvale, CA, USA) [33]. Crude cockle polysaccharides (50 μg) or pooled peaks from the
ion-exchange chromatography separation, were dissolved in 200 μL of MilliQ water. The mixture was
then hydrolysed using 1 mL of trifluoroacetic acid at 100 ◦C for 6 h to ensure complete hydrolysis of
polysaccharides to monosaccharides. Monosaccharide samples were next centrifuged at 2000 rpm for
2 min. Acid was removed using a dry nitrogen flush after addition of 50 μL of 50% (v/v) aqueous
isopropyl alcohol. Monosaccharide samples (20 μg) were applied to a Dionex CarboPac PA1 column,
4 mm × 250 mm, using a 4 μm and 4 mm × 50 guard column at a flow rate 1 mL/min. Monosaccharides
were eluted using a gradient formed from three solvents: water as solvent A, 100 mM NaOH with
5 mM NaOAc as solvent B, and 100 mM NaOH with 250 mM NaOAc as solvent C. Peaks were detected
using pulsed amperometric detector with standard quad waveform.

4.8. Disaccharide Analysis

The cockle polysaccharide samples were fractionated by ion-exchange chromatography prior to
disaccharide analysis as described previously.

Crude cockle polysaccharide or ion-exchange fractionated polysaccharides were incubated with a
mixture of 10 mIU each of heparinases I, II, and III in lyase buffer (100 mM sodium acetate pH 7.0,
containing 0.1 mM calcium acetate). Samples were incubated overnight at 37 ◦C and the reaction
terminated by heating to 100 ◦C for 5 min. The samples were passed through a 10 K MWCO spin
filter then dried before further analysis. GC-MS and isotopic aniline tagging (GRIL-Glycan Reductive
Isotope Labelling) was used for composition analysis and mass detection of disaccharide yield from
heparinase treated cockle polysaccharides [34]. 15 μL of 12C6 labelled Aniline and 15 μL of 1 M sodium
cyanoborohydride, freshly prepared in DMSO:acetic acid (7:3, v/v), was added to 8 ρmol of dried
heparinase derived disaccharides. Reactions were carried out at 37 ◦C for 16 h, and then dried in a
centrifugal evaporator. The dried samples were prepared for LCQ-MS analysis by resuspending in
running buffer (8 mM acetic acid, 5 mM dibutylamine (DBA)) followed by centrifugation at 14,000× g
for 7 min. The supernatant (5 μL) was spiked with an 8 ρmol solution of unsaturated disaccharide
standards tagged with13C6 aniline (2 μL) and the sample made up to 10 μL with running buffer.
Aniline isotopic and non-isotopic disaccharides were separated on a C18 reversed-phase column
(0.46 cm × 25 cm, Vydac). The solvent system used to elute the samples was 100% buffer A (8 mM
acetic acid, 5 mM DBA) for 10 min, 17% buffer B (70%, methanol 8 mM acetic acid 5 mM DBA) for
15 min, 32% buffer B for 15 min, 40% buffer B for 15 min, 60% buffer B for 15 min, 100% buffer B
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for 10 min and 100% buffer A. Ions of interest were detected in negative ion mode and the capillary
temperature and spray voltage were kept at 140 ◦C and 4.75 kV, UV detection was at 232 nm.
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Abstract: Bromophenol is a type of natural marine product. It has excellent biological activities,
especially anticancer activities. In our study of searching for potent anticancer drugs, a novel
bromophenol derivative containing indolin-2-one moiety, 3-(4-(3-([1,4′-bipiperidin]-1′-yl)propoxy)-
3-bromo-5-methoxybenzylidene)-N-(4-bromophenyl)-2- oxoindoline-5-sulfonamide (BOS-102) was
synthesized, which showed excellent anticancer activities on human lung cancer cell lines. A study
of the mechanisms indicated that BOS-102 could significantly block cell proliferation in human
A549 lung cancer cells and effectively induce G0/G1 cell cycle arrest via targeting cyclin D1 and
cyclin-dependent kinase 4 (CDK4). BOS-102 could also induce apoptosis, including activating
caspase-3 and poly (ADP-ribose) polymerase (PARP), increasing the Bax/Bcl-2 ratio, enhancing
reactive oxygen species (ROS) generation, decreasing mitochondrial membrane potential (MMP,
ΔΨm), and leading cytochrome c release from mitochondria. Further research revealed that BOS-102

deactivated the PI3K/Akt pathway and activated the mitogen-activated protein kinase (MAPK)
signaling pathway resulting in apoptosis and cell cycle arrest, which indicated that BOS-102 has the
potential to develop into an anticancer drug.

Keywords: bromophenol; molecular mechanisms; apoptosis; cell cycle; PI3K/Akt; p38/ERK; ROS;
human lung cancer

1. Introduction

In China, cancer morbidity and mortality are increasing year by year. It has become the leading
cause of death and seriously affected the quality of life of people with cancer [1]. Lung cancer is the
cancer with the highest mortality rate in the world [1–3]. Among lung cancers, approximately 85% of
cases are non-small cell lung cancer (NSCLC). Thus, it is highly desirable to develop safe and effective
drugs to treat NSCLC and to improve the quality of life of patients with lung cancer.

Apoptosis can occur by one of two representative pathways: the mitochondrial pathway and
the death receptor-mediated pathway [4]. In the mitochondrial pathway, ROS plays an important
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role [5]. Generated ROS directly activates the mitochondrial permeability transition and results in
mitochondrial membrane potential (MMP, ΔΨm) loss, causing the release of cytochrome c. Then the
released cytochrome c activates caspases, and the activated caspases eventually lead to apoptosis [6–8].
In addition, ROS could also induce other various signaling pathways, such as the PI3K/Akt signaling
pathway, which plays an important role in cell proliferation and survival [9]. When cells are subject
to external stimuli, such as anticancer drug stimulation, the PI3K/Akt signaling pathway may be
down-regulated, and finally induce cell apoptosis. The PI3K/Akt pathway also plays an important
role in cell cycle regulation; the mechanism of this pathway is the regulation of CDK4 and cyclin D1,
which could block cell cycle in G1 phase [10].

ROS is a second messenger in cells, and plays an important role in cell proliferation or apoptosis [11].
It has been demonstrated that ROS generation in cells could activate mitogen-activated protein
kinase (MAPK) signaling pathways including p38 MAPK and ERK1/2 [12]. MAPK pathways are key
mediators of eukaryotic transcription and they control gene expression via phosphorylation [13].

Bromophenols, an important kind of natural marine product, extracted from a variety of marine
organisms, exhibit excellent biological activities, such as antitumor and antibacterial activities [14–16].
However, the natural bromophenol in the marine organisms is in low content, and its separation is
difficult. Additionally, there are more or less deficiencies in its efficacy, stability, biological toxicity, and
bioavailability. These are extremely limited for its further research and development [15].

Synthesis of new bromophenol compounds, or modifications to the structure of natural
bromophenols, can effectively improve the biological activity of bromophenol compounds. Based on
this foundation, a series of bromophenol compounds with potent anticancer activities were designed
and synthesized in our previous works [14]. These compounds showed anticancer activity on human
cancer cell lines, such as the human lung cancer cell line, human hepatoma cell lines, the human
cervical cancer cell line, and the human colon cancer cell line. Among of them, a novel bromophenol
derivative containing indolin-2-one moiety, 3-(4-(3-([1,4′-bipiperidin]-1′-yl)propoxy)-3-bromo-5-
methoxybenzylidene)-N-(4-bromophenyl)-2-oxoindoline-5-sulfonamide (BOS-102, Figure 1) showed
excellent anticancer activities on human lung cancer cell lines [17]. In order to study whether compound
BOS-102 has the potential to develop into an anticancer drug, more experiments regarding the
molecular mechanisms, including cell apoptosis analysis, cell cycle analysis, ROS generation analysis,
mitochondrial membrane potential analysis, and potential signaling pathways (PI3K/Akt and MAPK)
analysis in A549 lung cancer cells were explored in this study.

Figure 1. The structure of BOS-102.
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2. Results

2.1. BOS-102 Inhibits Cell Proliferation

We examined the effect of BOS-102 on cell viability using MTT assay. The results suggested
that BOS-102 could induce cytotoxicity of several tumor cell lines, including human lung cancer
cell line A549, human hepatoma cell line HepG2, human primary glioblastoma cell line U87 MG,
and human pancreatic cell line PANC-1. BOS-102 could also induce cytotoxicity on normal cells,
such as human umbilical vein endothelial cells (HUVECs). As shown in Figure 2A, BOS-102 could
inhibit cell proliferation of cancer cell lines, including A549 (IC50 = 4.29 ± 0.79 μM), HepG2
(IC50 = 13.87 ± 1.40 μM), U87 MG (IC50 = 23.98 ± 8.80 μM), PANC-1 (IC50 = 12.48 ± 1.66 μM), and
HUVECs (15.43 ± 1.07 μM). In our study, A549 cells were much more sensitive. Thus, A549 cells were
used in the subsequent experiments.

Figure 2. BOS-102 inhibits the viability, migration, and colony formation in human cancer cell
lines. (A) The inhibitory effect of BOS-102 on the cell proliferation of A549, HepG2, U87 MG, and
PANC-1 cells. Cells were treated with various concentrations of BOS-102 (0, 3, 6, 12, 24 μM) for
48 h. After incubation, cell viability was evaluated by MTT assay; (B,C) A549 cells were treated with
BOS-102 (0, 2.5, 5, 10 μM) for 10 day and colony formation was determined by staining with crystal
violet. The data represent mean values (±SD) obtained from three separate experiments. ** p < 0.01 vs.
control group.

2.2. BOS-102 Inhibits Colony Formation

A colony formation assay was performed to study the effect of BOS-102 on cell colony formation.
A549 cells were seeded in six-well plates at a density of 500 cells per well. After 24 h, cells were treated
with BOS-102 (0, 2.5, 5, 10 μM), and incubated for 10 days. In our study, the results showed that
BOS-102 can significantly inhibit the colony formation of A549 cells (Figure 2B,C).

437



Mar. Drugs 2018, 16, 43

2.3. BOS-102 Induces A549 Apoptosis

To evaluate effect of BOS-102 on the induction of apoptosis, A549 cells were treated with BOS-102

(0, 2.5, 5, 10 μM) for 48 h. After stained with Annexin V/PI, cells were analyzed by flow cytometry.
As shown in Figure 3A,B, BOS-102 induced apoptosis in A549 cells in a concentration-dependent
manner. Compared with treatment of BOS-102 at 2.5 μM, the percentage of apoptotic cells was
increased from 16.2 ± 2.5% to 79.2 ± 4.5% after treatment with BOS-102 at 10 μM (Figure 3A,B).
Moreover, Z-VAD-FMK (the pan-caspase inhibitor) was used in our study. The results showed that
Z-VAD-FMK could inhibit BOS-102-induced apoptosis (Figure 3D) and BOS-102-induced cytotoxicity
in A549 cells (Figure 3E).

Apoptosis often causes cell morphological changes, such as nuclear apoptotic bodies [18]. It is
interesting to investigate the effect of BOS-102 apoptosis induction by Hoechst 33258 staining in the
A549 cell line. A549 cells were treated with BOS-102 (0, 2.5, 5, 10 μM) for 48 h. As shown in Figure 3C,
after staining with Hoechst 33258, cell nuclear condensation, chromosome condensation, and apoptotic
bodies were observed in BOS-102-treated cells.

Figure 3. BOS-102 induces intrinsic apoptosis in A549 cells. (A,B) FACS analysis via Annexin V/PI
staining was used to identify apoptosis induced by BOS-102. A549 cells were treated with various
concentrations of BOS-102 (0, 2.5, 5, 10 μM) for 48 h; (C) A549 cells were treated with BOS-102 (0, 2.5,
5, 10 μM) for 48 h. Hoechst 33258 staining was used to detected the apoptosis and photographed using
fluorescence microscopy (Bar = 50 μm); (D) A549 cells were treated with 5 μM BOS-102 alone or in
combination with Z-VAD-FMK (10 μM) for 48 h. The percentages of apoptotic cells were determined
by flow cytometr (FACS) analysis via Annexin V/PI staining; (E) A549 cells were treated with 5 μM
BOS-102 alone or in combination with Z-VAD-FMK (10 μM) for 48 h, cell viability was evaluated by
MTT assay; and (F) Western blot analysis of apoptosis-related proteins, including PARP, Bcl-2, Bax,
and Caspase-3. β-actin was used to normalize the protein content. The data represent mean values
(±SD) obtained from three separate experiments. * p < 0.05, ** p < 0.01 vs. control group, ## p < 0.01 vs.
102(+)/Z-VAD-FMK(−) group.

2.4. Effect of BOS-102 on the Expression of Apoptosis-Related Proteins

When apoptosis occurred, the expression of apoptosis related proteins, such as Bax, Bcl-2,
caspase-3, and PARP may change. Western blot was used to detect the expression of these proteins.
After treatment with BOS-102 for 48 h, the expression of Bax was increased while the Bcl-2 was
decreased (Figure 3F). Furthermore, caspase-3 and PARP were also activated after BOS-102 treatment
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(Figure 3F). Our results indicated that BOS-102 induced apoptosis on A549 cells probably through the
mitochondrial-mediated apoptotic pathway.

2.5. BOS-102 Induces G0/G1 Cell Cycle Arrest and Down-Regulates Cyclin D1 and CDK4 in A549 Cells

To investigate the effects of BOS-102 on cell cycle distribution, A549 cells were treated with
BOS-102 (0, 2.5, 5, 10 μM) for 48 h and analyzed by flow cytometry. The results showed that the G0/G1
phase was increased in a dose-dependent manner after BOS-102 treatment. (Figure 4A,B). Treatment
with BOS-12 for 48h caused a remarkable dose-dependent accumulation of cells in G0/G1 phase;
from 46.06% (0 μM) to 74.37% (10 μM), these findings denoted that BOS-102 could induce G0/G1 cell
cycle arrest.

To explore the mechanism for BOS-102-induced cell cycle arrest, Western blot analysis was used
to examine the effect of BOS-102 treatment on the expression levels of cell cycle-related proteins,
such as cyclin D1 and CDK4. In our study, BOS-102 treatment caused a significant decrease in the
protein levels of cyclin D1 and CDK4 (Figure 4C).

Figure 4. BOS-102 induces G0/G1 cell cycle arrest. (A,B) Cell cycle distribution was monitored by
FACS. A549 cells were treated with various concentrations of BOS-102 (0, 2.5, 5, 10 μM) for 48 h.
Cells were harvested and fixed in 70% ethanol overnight, then cells were stained with PI and analysis
by FACS; and (C) Western blot analysis of cell cycle-related proteins, including Cyclin D1 and CDK4.
β-actin was used to normalize protein content. The data represent mean values (±SD) obtained from
three separate experiments. ** p < 0.01 vs. control group.

2.6. BOS-102 Induces Mitochondrial Dysfunctionin in A549 Cells

The maintenance of MMP (ΔΨm) is significant for mitochondrial integrity and bioenergetic
function [19]. The decline of MMP is a marker of apoptosis. We used JC-1 to detect the decline of MMP
of A549 cells after BOS-102 treatment. In this study, the results indicated that BOS-102 significantly
reduced the MMP in A549 cells compared with the control group (Figure 5E,F). Additionally, we
detected the expression of cytochrome c in mitochondria and cytoplasm using Western blot analysis.
The results indicated that BOS-102 decreased cytochrome c in mitochondria, while increased it in
cytoplasm (Figure 5G). The results indicated that BOS-102 induced apoptosis in A549 cells through
the mitochondrial apoptotic pathway.

2.7. BOS-102 Induces ROS Generation in A549 Cells

ROS generation is considered as one of the key mediators of apoptotic signaling. We used
DCFH-DA to detect ROS in A549 cells. In our study, a rapid production of ROS was occurred after
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the treatment of BOS-102 (0, 2.5, 5, 10 μM) for 48 h. The result showed that DCFH-DA fluorescence
intensity was increased in a dose-dependent manner. Compared with control group, the content
of ROS was increased to 185.84 ± 24.91%, 211.50 ± 7.69%, and 233.36 ± 18.52% (Figure 5A–C).
Next, A549 cells were treated with 5 μM BOS-102 combined with/without 5 mM N-acetyl cysteine
(NAC) for 48 h, respectively. Interestingly, we observed that the ROS inhibitor NAC blocked
ROS generation in A549 cells (Figure 5D). We also observed that NAC blocked BOS-102-induced
apoptosis in A549 cells (data not shown). These results indicated that ROS generation is important in
BOS-102-induced apoptosis.

Figure 5. BOS-102 induces ROS generation and loss of MMP in A549 cells. (A–C) A549 cells
were treated with various concentrations of BOS-102 (0, 2.5, 5, 10 μM) for 48 h, the medium was
discarded, and cells were incubated at 37 ◦C in the dark for 20 min with culture medium containing
DCFDA. Cells were harvested and analysis using FACS and fluorescence microscopy (Bar = 50 μm);
(D) A549 cells were treated with 5 μM BOS-102 alone or in combination with NAC (5 mM) for 48 h.
ROS generation was detected by FACS after staining with DCFDA; (E,F) A549 cells were treated
with various concentrations of BOS-102 (0, 2.5, 5, 10 μM) for 48 h. The cells were collected and
incubated with JC-1 for 20 min at 37 ◦C, cells were then washed twice with PBS and the values of MMP
were analyzed by FACS; (G) Immunoblotting of mito-cytochrome c and cyto-cytochrome c. The data
represent mean values (±SD) obtained from three separate experiments. ** p < 0.01 vs. control group.
## p < 0.01 vs. 102(+)/NAC(−) group.

2.8. BOS-102 Suppresses the PI3K/Akt Signaling Pathway

When apoptosis occurs, the PI3K/Akt signaling pathway plays an important role, which is also
an important modulator in ROS-related cell apoptosis. In our study, we used Western blot analysis
to detect the expression levels of PI3K/Akt after treatment of BOS-102. As shown in Figure 6A,
the phosphorylation of Akt and PI3K were decreased in a dose-dependent manner after BOS-102

treatment. Furthermore, pretreatment of antioxidant NAC, a ROS inhibitor, could efficiently reverse
the BOS-102-induced Akt phosphorylation (Figure 6B). These results indicated that BOS-102 induced
cell apoptosis by inhibiting the PI3K/Akt signaling pathway.
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Figure 6. Effects of BOS-102 on PI3K/Akt pathway. (A) A549 cells were treated with various
concentrations of BOS-102 (0, 2.5, 5, 10 μM) for 48 h and then the expressions and phosphor of
PI3K and Akt were assessed by western blot analysis; and (B) the effect of antioxidant NAC on
BOS-102-induced Akt activation. All data were representative of three independent experiments.
** p < 0.01 vs. control group. ## p < 0.01 vs. 102(+)/NAC(−) group.

2.9. BOS-102 Activates the P38/ERK Signaling Pathway

It is well known that the MAPK signaling pathway plays a critical role in regulating cell apoptosis.
The effect of BOS-102 on this pathway was detected using Western blot. As shown in Figure 7,
at various concentrations after application of BOS-102, the phosphorylation of ERK and p38 were
significantly increased. These results indicated that the ERK/p38 signaling pathway was involved in
BOS-102-induced apoptosis.

Figure 7. Effects of BOS-102 on the MAPK pathway. A549 cells were treated with various
concentrations of BOS-102 (0, 2.5, 5, 10 μM) for 48 h and then the expressions and phosphor of
p38 and ERK were assessed by Western blot analysis. All data were representative of three independent
experiments. ** p < 0.01 vs. control group.
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3. Discussion

Non-small cell lung cancer is the most common form of lung cancer globally. Currently, surgery
and radiotherapy are available therapeutic approaches for lung cancer patients, but both of them cause
severe pain and side-effects [2]. It is highly desirable to develop safe and effective drugs to treat lung
cancer and to reduce the pain of patients with lung cancer. In the current study, we reported that
BOS-102 could inhibit the proliferation of several cancer cell lines, including human lung cancer cell
line A549 (IC50: 4.29 ± 0.79 μM), human hepatoma cell line HepG2 (IC50: 13.87 ± 1.40 μM), human
primary glioblastoma cell line U87 MG (IC50: 23.98 ± 8.80 μM) and human pancreatic cell line PANC-1
(IC50: 12.48 ± 1.66 μM). In addition, BOS-102 could inhibit the proliferation of normal cells such as
human umbilical vein endothelial cells (HUVECs). In the following experiment, we demonstrated that
BOS-102 significantly inhibited colony formation in A549 cells (Figure 2B,C), which was largely due to
the effect of BOS-102 induced G0/G1 cell cycle arrest and apoptosis. Furthermore, we investigated the
molecular mechanisms of anti-cancer effect of BOS-102, which was likely mediated through various
signaling pathways.

As we all know, there are two main methods for cell growth inhibition: cell cycle arrest and
apoptosis. In mammalian cells, cell-cycle progression is controlled by a series of cyclin-dependent
kinase (CDK)–cyclin complexes. CDK family members, such as CDK2, CDK4, and CDK6, play
a key role in the cell-cycle control of tumor cells [20]. Our results showed that the proportion in
the G1 phase was significantly increased from 46.06% to 74.37% after treatment of BOS-102 for
48 h (Figure 4A,B), denoting that BOS-102 induced G0/G1 arrest in A549 cells. Furthermore, the
mechanisms of BOS-102-induced cell cycle arrest were investigated using Western blot analysis.
Our results showed that the expression of cyclin D1 and CDK4 was decreased after treatment of
BOS-102 in A549 cells (Figure 4C). As we all know, activation of cyclin D1 is important when cells
were transiting through G1 into the S phase, then the activated cyclin D1 binds to CDK4 and, finally,
induces cells from G1 to the S phase [21,22]. In our study, the expression of cyclin D1 and CDK4 were
decreased after treatment of BOS-102, indicating that BOS-102 could exert its anti-proliferative effect
via inducing G0/G1 cell cycle arrest, and the molecular mechanisms may be through the modulation
of cyclin D1 and CDK4.

Apoptosis is a normal physiological phenomenon that can be observed in various tissues and
cells. When apoptosis happens, various morphological changes will appear, such as cell surface
changes, nuclear pyknosis, DNA fragmentation, and chromosome condensation [23]. Morphological
changes in A549 cells were analyzed by Hoechst 33258 staining (Figure 3C). The phosphatidylserine
externalization (cell surface changes) in A549 cells was detected by flow cytometry after staining
with Annexin V-FITC/PI, and our results showed that BOS-102 induced A549 apoptosis in a
concentration-dependent manner (Figure 3A,B). In order to detect whether caspase was involved
in BOS-102-induced apoptosis, we used the pan-caspase inhibitor, Z-VAD-FMK, which can inhibit
caspase processing and apoptosis induction in tumor cells in vitro. In our study, Z-VAD-FMK inhibited
BOS-102-induced A549 apoptosis and cell hypoproliferation (Figure 3D). These experiments indicated
that BOS-102 could induce apoptosis in A549 cells via a caspase-dependent pathway.

It is well known that apoptosis can be activated by various stressors, among which ROS is
the major cause of toxicity. It has been reported that ROS acts as a second messenger in the signal
process [7,24]. ROS can induce apoptosis via a variety of mechanisms. For instance, increased ROS
can active the intrinsic pathway by stimulating the depolarization of MMP [25]. The depolarization of
MMP can activate the intrinsic apoptosis pathway and be tightly regulated bythe Bcl-2 family, such as
Bcl-2 (anti-apoptotic protein) and Bax (pro-apoptotic protein) [26]. In the present study, an increase
of ROS generation was observed in the BOS-102-treated A549 cells (Figure 5A–C). Furthermore, the
ROS generation ability of BOS-102 could be inhibited by NAC, a specific inhibitor of ROS (Figure 5D).
Our results also clearly indicated that MMP was collapsed after treatment of BOS-102 (Figure 5E,F).
As we all know, the loss of MMP leads to cytochrome c release, and the released cytochrome c
can activate caspase-3 and PARP. In this study, after BOS-102 treatment, the expression of Bax
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was increased while Bcl-2 was decreased (Figure 3E). Additionally, cytochrome c was released to
cytoplasm (Figure 5G), resulting in caspase and PARP activation (Figure 3F) and cell apoptosis
(Figure 3A,B). In general, our data demonstrated that BOS-102 could induce A549 cells apoptosis via
the ROS-mediated mitochondria pathway.

The PI3K/Akt pathway plays an important role in regulating cell survival and death [27].
Therefore, the suppression of the PI3K/Akt signaling pathway may be an effective approach to
the treatment of human lung cancer. Phosphorylated Akt can promote the apoptosis-related protein
Bcl-2 and cell cycle-related protein cyclin D. Our study found that BOS-102 treatment could induce
decreased phosphorylation of PI3K and Akt (Figure 6A). In our previous study, our results suggested
that ROS generation played an important role in BOS-102-induced apoptosis, whether the PI3K/Akt
pathway was also connected with ROS generation. In the following study, pretreatment of NAC could
efficiently reverse the BOS-102-induced PI3K and Akt phosphorylation (Figure 6B), suggesting the
PI3K/Akt pathway might also be implicated in BOS-102-induced apoptosis, and this process was via
excessive generation of ROS.

Mitogen-activated protein kinase (MAPK) signaling pathways also play an important role in
the development of cancer. An increase in intracellular ROS can activate MAPK signaling pathways,
including p38 MAPK and ERK1/2 [12]. It has been demonstrated that p38 and ERK play a vital role
in cell survival and apoptosis [13]. On the one hand, some literatures reported that ERK activation
was beneficial to cell proliferation and survival [28]. On the other hand, there is also some literature
reported that ERK activation could induce cell apoptosis [4,13,29]. In our study, we found that the
phosphorylation of p38 and ERK were increased after treatment of BOS-102 (Figure 7), indicating that
the MAPK signaling pathway was also related to BOS-102-induced apoptosis in A549 cells.

4. Materials and Methods

4.1. Reagents

BOS-102 was synthesized by our lab according to our previous publish [17], with a purity of 98%.
The purity of compound BOS-102 was measured by HPLC (Shimadzu, Kyoto, Japan), carried out on a
Shimadzu LC-20A system (Shimadzu, Kyoto, Japan) equipped with a Shimadzu InertSustain C-18
reverse phase column (4.6 mm × 250 mm × 5 μm, Shimadzu, Kyoto, Japan) and SPD-20A detector
(Shimadzu, Kyoto, Japan). In this study, BOS-102 was dissolved in dimethyl sulfoxide (DMSO) and
shored in −20 ◦C for less than one month before use. The vehicle (DMSO) was used as a control
group, and the concentration of DMSO used in the experiments was less than 0.1%. The Dulbecco’s
modified Eagle’s medium (DMEM) and Eagle’s Minimum Essential Medium (MEM) were obtained
from Hyclone (Logan, UT, USA). Fetal bovine serum (FBS) was obtained from ExCell Bio (Shanghai,
China). Medium 200 and Low Serum Growth Supplement (LSGS) were obtained from Thermo
Fisher Scientific (Waltham, MA, USA). The ROS assay kit, JC-1 assay kit, apoptosis assay kit, and
Hoechst 33258 staining kit and N-acetyl cysteine (NAC), the pan-caspase inhibitor (Z-VAD-FMK) were
obtained from Beyotime (Nanjing, China). Antibodies against cyclin D1, CDK4, Caspase-3, Bcl-2,
Bax, PARP, phosphorylation-Akt, Akt, phosphorylation-p38, p38, phosphorylation-ERK1/2, ERK1/2,
cytochrome c, and β-actin were purchased from Cell Signaling Technology (Beverly, MA, USA).
Phosphorylation-PI3K and PI3K were purchased from Abcam (Cambridge, UK). The anti-mouse IgG
and anti-rabbit secondary antibodies raised from goat were obtained from Abcam (Cambridge, UK).

4.2. Cell Culture

Human lung cancer cell line A549 cells and human pancreatic cell line PANC-1 cells were cultured
in Dulbecco’s Modified Eagle’s medium (DMEM) supplemented with 10% FBS, 100 U/mL penicillin,
and 100 U/mL streptomycin. Human hepatoma cell line HepG2 cells and human primary glioblastoma
cell line U87 MG cells were cultured in Eagle’s Minimum Essential Medium (MEM) supplemented
with 10% FBS, 100 U/mL penicillin and 100 μg/mL streptomycin. Human umbilical vein endothelial
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cells (HUVECs) were cultured in Medium 200-supplemented LSGS. Cells were cultured at 37 ◦C in
humidified CO2 (5%).

4.3. In Vitro Cytotoxicity Test

The cytotoxicity of BOS-102 was tested with standard 3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl
tetrazolium bromide (MTT) testing. Briefly, cells (A549, HepG2, U87 MG, PANC-1, and HUVECs) were
seeded in 96-well plates (3 × 103 cells/well for A549, U87 MG, and PANC-1 cells, 5 × 103 cells/well for
HepG2 and HUVEC cells) and allowed to settle 24 h, then cells were treated with varying concentrations
of BOS-102 (0, 3, 6, 12, 24 μM). After 48 h, MTT (5 mg/mL) was added in the plates, and incubated at
37 ◦C for 4 h. After removing the supernatant, the transformed crystals were dissolved in 150 μL DMSO
and measured using a microplate reader (BioTek, Winooski, VT, USA) at 490 nm. Experiments were
performed in triplicate on six wells for each measurement.

4.4. Colony Forming Assay

A549 cells were seeded in 6-well plates at a density of 500 cells per well. After 24 h, cell were
treated with BOS-102 (0, 2.5, 5, 10 μM). Then cells were incubated for 10 days to allow for colony
formation. After staining with crystal violet, colonies containing more than 50 cells were counted
and evaluated [30].

4.5. Assays for Apoptosis

Cell apoptosis analysis was detected using Annexin V/PI staining assay. Briefly, cells
(1 × 105 cells/well) were seeded in a six-well plate and incubated for 24 h. Then, cells were treated
with BOS-102 (0, 2.5, 5, 10 μM) for 48 h. Cells were harvested, washed with cold PBS, and stained with
Annexin V-FITC (Annexin V-Fluorescein isothiocyanate) and PI (propidine iodide). Then cells were
analyzed in three different experiments using flow cytometry (Becton Dickinson, Franklin Lakes, NJ,
USA).

4.6. Flow Cytometric Analysis of Cell Cycle

A549 cells were seeded into 6-well plates at a density of 5 × 105 cells per well and treated with
BOS-102 (0, 2.5, 5, 10 μM) for 48 h. Cells were harvested, fixed in cold 75% ethanol at −20 ◦C overnight.
Cells were washed with PBS, re-suspended with cold PBS containing 20 μg/mL RNaseA and 50 μg/mL
PI. After incubation at room temperature in the dark for 30 min. Cells were analyzed in three different
experiments using flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA).

4.7. Morphological Analysis of Apoptosis

Cell morphology of apoptosis cells was evaluated by Hoechst 33258 staining. A549 cells were
treated with BOS-102 (0, 2.5, 5, 10 μM) for 48 h. Then cells were washed with PBS and stained with
Hoechst 33258. After washing twice with PBS, cells were visualized on a fluorescence microscope
(Olympus, Tokyo, Japan).

4.8. ROS Determination

ROS production was measured after staining with 2′,7′-dichlorohydrofluorescein (DCFH-DA).
Briefly, A549 cells (1 × 106) were seed in six-well plates and treated with BOS-102 (0, 2.5, 5, 10 μM).
After 48 h incubation, cells were stained with 10 μM DCFH-DA for 20 min at 37 ◦C in the dark.
Then cells were washed with PBS and harvested. Fluorescence was detected on a flow cytometer
(Becton Dickinson, Franklin Lakes, NJ, USA) and a fluorescence microscope (Olympus, Tokyo, Japan).
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4.9. Analysis of the MMP

MMP was assessed using flow cytometry after staining with JC-1. Briefly, A549 cells (1 × 106)
were seed in six-well plates and treated with BOS-102 (0, 2.5, 5, 10 μM) for 48 h. Cells were harvested
and incubated with JC-1 at 37 ◦C for 20 min. After two washes with PBS, cells were analyzed using
flow cytometry (Becton Dickinson, Franklin Lakes, NJ, USA).

4.10. Western Blot Analysis

A549 cells were treated with various concentrations of BOS-102 (0, 2.5, 5, 10 μM) for 48 h.
Cells were lysed in RIPA lysis buffer on ice for 15 min. The protein concentrations of the cell lysates
were determined with a BCA protein kit (Beyotime, Nanjing, China). Proteins were mixed with loading
buffer containing 5% 2-mercaptoethanol and then heated for 5 min at 95 ◦C. Protein lysates were
subsequently loaded into each lane of a 12% SDS–PAGE and transferred onto PVDF membranes.
Membranes were blocked in 5% (w/v) non-fat milk for 1 h. Then, the membranes were probed with a
primary antibody at 4 ◦C overnight, and incubated with HRP-conjugated secondary antibody. Finally,
proteins were visualized using a BeyoECL Plus enhanced chemiluminescence system (Beyotime,
Nanjing, China). The protein level was normalized to β-actin. Protein bands were quantified with
Image J (Image 2×, NIH, Bethesda, MD, USA).

4.11. Statistical Analysis

Statistical analysis was performed using GraphPad Prism 5.0 (San Diego, CA, USA). The data
were presented as mean ± SD. Statistical comparisons were performed using one-way analysis of
variance. Value of p < 0.05 was considered statistically significant.

5. Conclusions

In summary, our study extensively evaluated the anti-proliferative effect of BOS-102 in human
lung cancer cells, which was mediated through the arresting cell cycle in the G0/G1 phase and
inducing cell apoptosis. Furthermore, our results provided evidence that BOS-102 induced apoptosis
in A549 cells through ROS-mediated inhibition of PI3K/Akt and activation of p38/ERK signaling
pathways (Figure 8). Overall, our study indicated that the novel bromophenol derivative BOS-102 has
the potential to develop into an anticancer drug.

 

Figure 8. The proposed molecular mechanisms of cell cycle arrest and apoptosis induced by BOS-102

in A549 cells.
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Abstract: Recently, it was shown that the majority of genes linked to human diseases, such as
cancer genes, evolved in two major evolutionary transitions—the emergence of unicellular organisms
and the transition to multicellularity. Therefore, it has been widely accepted that the majority of
disease-related genes has already been present in species distantly related to humans. An original way
of studying human diseases relies on analyzing genes and proteins that cause a certain disease using
model organisms that belong to the evolutionary level at which these genes have emerged. This kind
of approach is supported by the simplicity of the genome/proteome, body plan, and physiology
of such model organisms. It has been established for quite some time that sponges are an ideal
model system for such studies, having a vast variety of genes known to be engaged in sophisticated
processes and signalling pathways associated with higher animals. Sponges are considered to be the
simplest multicellular animals and have changed little during evolution. Therefore, they provide
an insight into the metazoan ancestor genome/proteome features. This review compiles current
knowledge of cancer-related genes/proteins in marine sponges.

Keywords: porifera/sponge; evolution; cancer; cancer genes; molecular oncology

1. Introduction

While cancer evolution is still not fully understood, it is clear that the appearance of
multicellularity is directly related to the origin of this widespread disease. Cancer can be described
as a consequence of errors within the multicellular system causing the proliferation of “selfish” cell
lines [1]. It is most likely that cancer appeared in parallel with multicellularity and the development of
true tissues and organs, and that the genes responsible for cellular cooperation and multicellularity
evolved together. When malfunctioning, these genes may cause cancer [2]. Intensive research in the
field of molecular oncology over the recent decades expanded the initial division of cancer genes to
oncogenes and tumor suppressor genes, by involving genes connected to angiogenesis, differentiation,
adhesion, as well as to invasion processes, inflammation etc. Although little is known about cancer in
invertebrates, especially non-bilaterians and unicellular relatives of animals, the available literature
sources report on tumorous formations in some phyla, for example flatworms, molluscs, and insects [1].
Even some of the simplest “early branching” non-bilaterian animals, such as cnidarians, may develop
tumors [3]. Comparative genomics studies have implied that a number of genes linked to human
diseases were already present in species distantly related to humans [4] and similar has been suggested
for cancer genes [5]. It seems that most of cancer-related protein domains have appeared during the two
main evolutionary peaks, the emergence of unicellular eukaryotes and the transition to multicellular
metazoans [5]. Since no systematic studies were thus far performed to reveal the occurrence of
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tumors in invertebrates, the current knowledge about cancer and status of cancer-related genes in
simple animals is scarce. Studying cancer-related genes at the level at which they have first emerged,
in a simpler model system, may provide an insight into their basic cellular functions.

The sponges (phylum Porifera) are the simplest and likely the most ancient group of animals
that have separated from other metazoans more than 800 million years ago [6]. They are sessile
as adults and lack true tissues and organs as well as any recognizable sensory or nerve structures.
Despite their simple morphology, sponges genomes are complex [7] and many of their genes bear
a striking similarity to vertebrate homologs [8]. Should we postulate that tumors had developed
together with the emergence of tissues and organs, it would be likely for sponges to be unable to
form tumors. Their genomes nevertheless, contain the majority of genes whose human homologs are
implicated in cancer [7]. Research of cancer associated genes in simple animals with no tissues and
blood vessels, such as sponges, could help in understanding the more complex signalling circuitry
of their homologs in higher animals, such as vertebrates. Although comparative genomics studies
have shown that many genes linked to cancer diseases in humans were already present in marine
sponges [5,8], a precise understanding of their status and especially their biochemical and biological
functions in sponges is more than limited.

Herein, we review the current knowledge on cancer-related genes/proteins in marine sponges
(Figure 1) as well as the available experimental data about their biochemical characteristics and
functions. Although genes/proteins are roughly divided according to their most prominent function,
most of them are known to be involved in several cancer-causing processes.

Figure 1. Schematic illustration of described sponge homologs of human cancer-related genes/proteins
and cancer-associated processes.

2. Proliferation and Cell Cycle

The fundamental feature of cancer growth involves continuous, unsustained proliferation which
eventually leads to tumor mass formation. Cell division in multicellular organisms is normally tightly
controlled by numerous mechanisms which maintain a sophisticated balance between positive and
negative regulators of cell proliferation. The controlled progression through the cell cycle ensures the
well-being of an organism as a whole. Numerous cellular key players control these events, including
receptors on the cell surface, various signalling molecules that conduct signals from the membrane to
the nucleus, as well as transcription factors and repressors which enable or impede transcription of
particular genes [9]. Numerous genes/proteins linked to proliferation and cell cycle progression have
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been described in sponges (Porifera). First and foremost are protein kinases, which, among various
signalling pathways, also control cell proliferation [10].

2.1. Protein Kinases

The protein kinase family encompasses enzymes that catalyse transfer of the phosphate
group from a high energy molecule such as adenosine triphosphate (ATP) to a specific substrate.
Protein kinases play a significant role in cell-life regulation: in signal transmission pathways,
cell differentiation control, proliferation, metabolism, DNA damage repair, cell motility, response to
external stimuli, and apoptosis. Mutations, or other genetic alterations causing changes in their activity,
often result in malignant transformation.

Protein kinase C. Protein kinase C (PKC) is a class of serine/threonine kinases which represents
one of the most studied signaling kinases [11]. Although the expression of PKCs is changed in
multiple cancer types, their diverse biological functions make it difficult to define the relationship
between these changes and the initiation of a disease. Analysis of the gene coding for PKC in the
sponge Geodia cydonium showed that it contains 13 exons and 12 introns and that exons encode the
regulatory and catalytic domains typical for the metazoan PKCs. Further analysis of the promoter
activity revealed that this, phylogenetically oldest, PKC gene contains a promoter functional in the
heterologous mammalian cell system [12]. It was shown that sponge aggregation factor (AF) functions
not only as a cell adhesion molecule, but also as a mitogenic agent [13]. In this context, PKC is involved
in the AF induced transmembrane signalling. The activation of PKC leads to phosphorylation of
many nuclear components, including the topoisomerase II, which subsequently activates the DNA
replication process [14]. Two PKCs, GCPKC1 and GCPKC2, have been sequenced from G. cydonium [15].
A comparison of the complete structures of the sponge PKCs, with those of higher metazoans, but also
of protozoan, plant, and bacterial Ser/Thr kinases, revealed that the animal kinase domains display
homologies with those from plants, protozoa, and bacteria. This implies that the Ser/Thr kinase
domain has an universal common ancestor. However, the overall structure of the metazoan PKCs
differs from non-metazoans, which suggests their distinct functions [15].

2.2. Protein Tyrosine Kinases

Protein tyrosine kinases (PTKs) specifically phosphorylate tyrosines on their target proteins.
According to their cellular localization PTKs are divided in two major categories: receptor PTKs or
transmembrane proteins (RTKs) and non-receptor or cytoplasmic PTKs. They are almost exclusively
found in Metazoa and many have been described in sponges [16–21].

The receptor tyrosine kinase. The phylogenetic analysis of the protein-serine/threonine kinases
(PS/TKs) from three sponges, the demosponges G. cydonium and Suberites domuncula and the calcareous
sponge Sycon raphanus, suggests a common ancestry of PTKs with the PS/TK superfamily, from which
the G. cydonium RTKs have diverged first [22]. The analysis of the G. cydonium RTK gene revealed
that it contains introns outside of its TK domain, unlike the introns in higher animals that are inserted
into the TK region [23]. Since the RTK from G. cydonium has been identified as the phylogenetically
oldest member of PTKs [24], it was assumed that introns within the TK domains of genes from higher
animals were inserted after the sponge taxa have branched off from all other metazoans [23].

The FES/FER non-receptor tyrosine kinases. Two different forms of Feline Sarcoma and FES
Related proteins (FES/FER) exist in mammals [25] and both can be activated by a number of
extracellular signals [26]. FER/FES non-RTKs are engaged in cytoskeletal rearrangements, as well
as in cell-matrix and cell-cell interactions, while genetic analyses implicate their involvement in the
regulation of inflammation and innate immunity [27]. The implication of FES and FER in human
pathology still remains to be fully elucidated, but their high oncogenic potential has been implied in
several recent studies [28,29]. The analysis of cDNA from the sponge S. raphanus disclosed a protein
highly similar in its primary structure and organization of domains with tyrosine kinases (TKs) from
the FES/FER family of non-RTKs [18]. The protein from S. raphanus was named FES/FER_SR since
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it exhibited high homology to the mammalian FES/FER proteins. Phylogenetic analysis revealed
that FES/FER_SR from S. raphanus is the most ancient known member of the FES/FER family of
non-RTKs [18]. Their role in organisms without tissues and organs, such as sponges, is not yet clear.

The SRC non-receptor tyrosine kinases. SRC (Rous sarcoma oncogene cellular homolog) is
a non-receptor PTK that has been implicated in the development of malignant tumors in humans [30].
SRC is involved in many signaling pathways, such as gene transcription, cell cycle progression,
cell adhesion, apoptosis, transformation, and migration. An extensive analysis of SRC PTKs from the
marine sponge S. domuncula revealed nine different cDNAs encoding three different SRC proteins,
SRC1SD, SRC2SD, and SRC3SD [16]. Considering that the N-termini of each of these proteins are
unique, it can be speculated that the three sponge SRC kinases have different biological functions.
Furthermore, it seems that all three SRCs from S. domuncula display the highest homology with SRCA
PTKs from higher Metazoa. Phylogenetic analysis showed that SRC-related Src Homology 2 and 3
(SH2 and SH3) domains from different species are more conserved than SH2 and SH3 domains within
different S. domuncula proteins [16]. The described data suggests that src genes are very ancient, that
they already existed in the common ancestor of all Metazoa and that the ancestral src gene was already
a multidomain protein composed of SH3, SH2 and tyrosine kinase (TK) domains.

Bruton’s tyrosine kinase. Bruton’s tyrosine kinase (BTK) belongs to the TEC (Tec Protein Tyrosine
Kinase) family of PTKs and is required for maturation of the b-lineage lymphoid cells. Mutations in
the BTK gene were shown to cause X-linked agammaglobulinemia (XLA) in humans and X-linked
immunodeficiency (Xid) in mice [31,32]. Poriferan BTK-like protein (BTKSD) has been described from
the marine sponge S. domuncula. This 700-aa-long protein contains all typical TEC family domains and
shows the highest homology with the human BTK protein [17]. Phylogenetic analysis of PTKs from
the TEC family revealed that the BTK/TEC genes have an ancient origin and have remained highly
conserved during evolution [33]. These genes have probably been present in the common ancestor
of all metazoans before gene duplications and the separation of sponges from other animal lineages.
The structural analysis of the sponge and human promoter implies similar regulation of both genes;
the kinase activities of the sponge BTKSD enzyme and its human homolog are in the same range [33].
Therefore, it is reasonable to presume that the ancestral-type protein was structurally and functionally
similar to the multifunctional enzyme present in higher animals. Given that the BTK function in
mammals is associates with the modulation of actin polymerization, a similar role of BTK-like protein
in sponges is also expected. Modulation of actin polymerization by TEC family kinases probably
has a significant role in cellular processes such as proliferation, motility, and adhesion [34]. Further,
it was shown that PTKs of the TEC family possess a key role in production of the lipopolysaccharide
(LPS)-induced tumor necrosis factor involved in the cellular response to bacterial infections [35].
Since S. domuncula is very efficient in fighting bacterial infections [36], it is possible that the role of BTK
in sponges also includes antimicrobial defence.

Cyclins, cyclin-dependent kinases, and other key proliferation molecules. Cyclin-dependent
kinases (CDKs) are a group of serine/threonine kinases, critical in the regulation of the cell cycle [37].
A comprehensive evolutionary study of cyclins and CDKs in metazoans and their unicellular relatives
has been published by Lihuan Cao et al. [38]. It seems that the sponge genome lacks three cyclin
subfamilies, cyclin A, cyclin D, and cyclin O, while the CDK4/6 subfamily is also missing from its
genome. Although it has already been present in the placozoan Trichoplax adhaerens, the authors
speculate that the establishment of the CDK4/6-cyclin D complex may have been fully functional in
cell cycle control during eumetazoan emergence.

Finally, it seems that p53 (tumor protein p53), the guardian of the genome and putative tumor
suppressor gene, is also present in the sponge genome as well as the powerful MYC (myelocytomatosis
oncogene cellular homolog) and RAS (Rat sarcoma) oncogenes [7,39]. It has even been reported that
the choanoflagellate Monosiga brevicollis already contains a subset of transcription factors, such as
p53 and MYC, previously thought to be specific for metazoans [40]. The evolutionary history of p53
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gene family as well as MYC [41] has been studied, but not specifically in the sponge genome [42].
The RAS-like family of proteins will be discussed further in the text.

3. Players in Cellular Senescence and Apoptosis

It is widely accepted that normal cells are able to pass only through a limited number of divisions.
The unlimited proliferation of cancer cells has been associated with impairment of two major cellular
cancer defence mechanisms: senescence and crisis/apoptosis. Senescence is normally a consequence of
shortening of telomeres, multiple tandem hexanucleotide repeats that protect the ends of chromosomes
from end-to-end fusion. The progressive shortening of telomeres can be stopped by telomerase,
which can add repetitive nucleotide sequences to the ends of chromosomes [43]. In eukaryotic cells the
telomere activity is usually restricted to germ and stem cells. In all other normal cells after a limited
number of divisions the cell enters a senescent, but viable state. If the cell breaks this barrier, the crisis
occurs which immediately redirects the cell to engage in the apoptotic program. The rare event of
cellular immortalization of potential cancer cells occurs by the knock-down of both of these barriers.
This is usually due to unlocking the transcriptional program which leads to dedifferentiation followed
by upregulating of telomerase expression [9].

As expected, telomeres are an integral part of sponge chromosomes. The telomere sequence
has been analyzed in three different sponge species and it consists exclusively of (TTAGGG) n-type
sequences that are widely distributed in many multicellular animals belonging to the various phyla
and classes [44]. The telomerase activity was determined in two different sponges: S. domuncula
and G. cydonium [45]. A quantitative analysis revealed that tissues from both sponges contained
telomerase activity of approximately 30% and 20%, respectively, of the activity in the positive
reference cells. In higher animals the high telomerase activity is strictly limited to germ cells and
metastatic tumors, while stem cells, needed for tissue renewal and injury repair, have intrinsically
low levels of telomerase [46]. It is known that sponge tissue has a very low germ cell number, so this
finding may indicate that all of the sponge cells have some, low telomerase level and, therefore,
maintain permanently their proliferation potential. The isolated sponge cell in cell culture, however,
stops proliferating [47] and loses the telomerase activity, opposed to the human tumor cells, which in
culture conditions obtain both proliferation and telomerase activity. All these findings indicate that
sponges have already developed the senescence/apoptotic program.

Apoptosis is a form of programmed cell death which can be found in multicellular metazoans and is
a necessary prerequisite for the optimal functioning of these organisms. Apoptosis is a highly controlled
mechanism which serves to eliminate redundant, infected, necrotic, or simply unwanted cells during
development, senescence, morphogenesis, organogenesis, and defence, or other physiological and
pathophysiological events [48]. In multicellular organisms apoptosis serves as a major barrier against
uncontrolled proliferation, which leads to cancer. The apoptotic process can generally be divided
into two pathways. The extrinsic pathway is triggered upon ligation of tumor necrosis factors (TNFs)
transmitting the apoptotic signal into the cell. The intrinsic pathway is stress-dependent and controlled
by members of the Bcl-2 protein family. Both pathways culminate with the activation of proteolytic
enzymes, caspases, the executors of programmed cell death.

It seems that the sponge genome possesses components of both pathways. Experimental evidence
proves that marine sponges, like G. cydonium or S. domuncula, undergo the process of apoptosis during
formation of asexual reproduction bodies or in stress response [49]. The poriferan pro-apoptotic
molecule DD2 (death domain 2), a death domain containing molecule, was identified by screening
G. cydonium library with degenerate primers directed towards a conserved region of human FAS
receptor (fas cell surface death receptor). Interestingly, this protein has two death domains which have
not been found in any known protein involved in the TNF signalling pathway.

Moreover, evolutionary ancient members of the intrinsic, Bcl-2 (B-cell lymphoma 2) family
members have been identified in sponge [50]. The sponge G. cydonium expresses a pro-survival
Bcl-2 homolog BHP2 that impairs apoptosis in sponge tissue induced by heat shock or tributyltin
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exposure [51]. Recently, Caria et al. [52] performed structural and binding studies on BHP2 and
BAK-2 (Bcl-2 Antagonist/Killer) from G. cydonium and the freshwater sponge Lubomirskia baicalensis.
The results of their findings suggest that the molecular machinery and mechanisms for executing
Bcl-2-mediated apoptosis are evolutionary ancient and resemble their mammalian versions.

Furthermore, FAU (Finkel-Biskis-Reilly murine sarcoma virus (FBR-MuSV) ubiquitously
expressed), recently identified as a pro-apoptotic regulatory gene mediated by Bcl-G (a pro-apoptotic
member of the Bcl-2 family), has also been identified in the sponge genome [53]. FAU gene encodes
a fusion protein composed of an ubiquitin-like protein (FUBI) at its N terminus and ribosomal
protein S30 at the C terminus. The protein is then post-translationally processed into two separate
proteins, FUBI and S30 ribosomal protein. FAU has been identified as a pro-apoptotic regulatory gene,
whose expression has been downregulated in human ovarian, prostate, and breast cancer [54–56].
A study of the FAU protein from the marine sponge S. domuncula showed that sponge FAU protein
displays a pro-apoptotic activity, as it increases apoptosis in human HEK293T cells (human embryonic
kidney cells) as well as its human homolog and was shown to be more similar to its human homolog
than to the one from Caenorhabditis elegans or Drosophila melanogaster. These findings implicate that the
common metazoan ancestor probably possessed the FAU protein that was structurally and functionally
similar to its recent version and has changed very little during evolution [57]. Additionally, the number,
phases, and position of its introns were not significantly changed from sponges to humans. Ribosomal
proteins (RPs) are evolutionary conserved components of ribosomes crucial for the correct ribosome
assembly. Many ribosomal protein genes (RPGs) have additional extraribosomal functions, being
involved in replication, regulation of cell growth, apoptosis, and cancer development [58]. RPs have
shown to be important tools for studying intron evolution, since the analysis of RPG introns in
sponges revealed the same rate of conservancy between two different sponge species compared to the
conservancy between sponges and humans [59,60]. Since S30 ribosomal protein is produced from the
fusion protein transcribed from the pro-apoptotic regulatory gene FAU, its extraribosomal function
may be connected to the regulation of apoptosis [57].

As mentioned above, the apoptotic process is eventually executed by specific proteases, caspases.
According to Wiens et al. [49], altogether three caspase-like proteins have been found in Porifera.
The smaller number of caspase family genes, compared to vertebrates, probably implies the simplicity
of this proteolytic cascade in sponges, but undoubtedly suggests that this process was already present
and engaged in first simple multicellular animals.

4. Cell Anchoring Molecules

Adhesion of cells is a primary prerequisite for tissues architecture. Cell within tissues adhere to
each other, as well as to the extracellular matrix (ECM); these connections are collectively called
the anchoring junctions. Several types of anchoring junctions have been identified, depending
on the type of adhesion, and they are in general responsible not only for anchoring cells within
a certain tissue, but also for their migration. Anchoring junctions are multiprotein complexes in which
cell-adhesion molecules (CAMs) play a crucial role. There are five principal classes of CAMs: cadherins,
immunoglobulin (Ig) superfamily, selectins, mucins, and integrins. Integrins mediate cell-matrix
interactions whereas other types of CAMs participate in cell–cell adhesion [61]. Cell adhesion is
essential in all aspects of vertebrate cell growth, migration, and differentiation. CAMs are involved
in a wide variety of cellular functions including signal transduction, cellular communication and
recognition, embryogenesis, inflammatory and immune responses, and apoptosis [62], therefore,
they play a significant role in cancer progression and metastasis. For example, tumor invasion and
metastasis frequently coincide with the loss of E-cadherin-mediated cell–cell adhesion [63].

During the last century sponges have been repeatedly used as a model system for studying cell
adhesion [26,64]. The first extracellular particle named aggregation factor (AF), which promotes
the species-specific aggregation of sponge cells, was isolated from two sponges in 1973 [65,66].
The G. cydonium AF was shown to bind the plasma membrane-bound aggregation receptor (AR),
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after which the RAS gene is expressed [67]. The RAS gene product further binds to the anti-aggregation
receptor (aAR), which has been identified as a lectin receptor [68,69]. After the first cell–cell adhesion
molecule, galectin [70], and the first cell–matrix adhesion receptor, integrin [71,72], were identified in
sponge G. cydonium, it became clear that sponges contain proteins involved in adhesion, which also
show homology to those in humans [73]. The extracellular matrix (ECM) represents a platform
for cell adhesion via integrin receptors, signal transduction, cell development, and cell division.
Sponge mesohyl, a space between the external pinacoderm and the internal choanoderm, is composed
of collagen, fibronectin-like molecules, and dermatopontin [74], which are also found in the ECM
of higher metazoans. Therefore, it seems that the sponge mesohyl could serve as a primitive ECM
in sponges.

Cadherins. Cadherins (CDHs) are a major component of adherent junctions, typically present
in vertebrate epithelial tissues. Adherent junctions are composed primarily of type I cadherins,
transmembrane glycoproteins that form Ca+2-dependent homotypic complexes. Loss of cadherins
enables cancer cells to detach from the original tissue and trigger the metastatic cascade. It is widely
accepted that the key molecule in metastasis onset is E-cadherin, specifically. Cadherins (CDHs)
and cadherin-related proteins are found in the genomes of all sequenced metazoans, including
diverse bilaterians, cnidarians, sponges, and also in choanoflagellates, the closest unicellular relatives
of animals [75]. CDH1 and CDH2 (type I) are found to be involved in metastasis suppression.
Nichols et al. [76] have described the incomplete type I CDH1 from the draft genome of sponge
Oscarella carmela.

Integrins. Integrins form a large family of cell adhesion receptors involved in cell adhesion,
migration, and signalling [77]. Integrins are heterodimers composed of one α and one β subunit.
Eighteen different integrin α subunits and eight β subunits have been described [78].

All animals express integrins, indicating that this family evolved early in the history of
metazoans. Both α and β subunits have been found throughout the invertebrates species, including
sponges [71,72,79].

5. Metastasis Suppressor Genes

Metastasis is a process in which tumor cells detach from the original tissue, travel to nearby or
distant sites in the body and form secondary tumors. Metastasis suppressors inhibit the tumor cell
ability to metastasize, having little or no effect on the primary tumor growth. Metastasis suppressors
are involved in one or several steps of the metastatic cascade, which includes the following: detachment
of the cell from the main tissue, breaking through the basal lamina and invasion of the surrounding
tissue, entrance to the nearby blood or lymphatic vessels, surviving the transit through the lymphatic
or blood system and extravasation from blood/lymphatic vessels into the distant tissue, where they
can grow into macroscopic tumors [80]. The ongoing discoveries of genes/proteins that are directly
involved in the metastatic cascade seem to be an important step forward in our understanding of
this process.

NME1. The human NME1 (non-metastatic 1) is the first identified and the most studied
metastasis suppressor [81], present in all three domains of life: Bacteria, Archaea, and Eukarya [82].
The NME1 protein possesses the nucleoside diphosphate kinase (NDPK) activity, but also has
some additional functions such as histidine kinase activity, transcription factor activity, etc. [83,84].
A single gene coding for the human NME1 homolog was found in the genome of the marine sponge
Amphimedon queenslandica [7] and S. domuncula cDNAs [8,85]. These sponge homologs are similar
in primary structure and possess conserved residues essential for NDPK activity. Biochemical and
functional characterizations of non-bilaterian homologs of the human NME1 protein are still scarce.
Our group has shown that sponge genes NMEGp1 are intron-rich and that these introns are relatively
short. The analysis of sponge NMEGp1 promoters showed that some of the motifs crucial for human
promoter activity are also present in sponges. Furthermore, the analysis of protein activity showed
that the sponge S. domuncula NMEGp1Sd protein possesses a hexameric form and has a similar
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level of kinase activity as the human NME1 protein. The sponge homolog interacts with its human
ortholog/homolog in human cultured cells and shows the same subcellular localization pattern as
human NME1. Also, if expressed in human tumor cells, the sponge homolog significantly reduces
its migration potential. Based on the evidence presented, we have concluded that the sponge NME
protein can replace its human homolog in at least some of its biological functions which are usually
associated with “higher” metazoans. We also presumed that the biochemical function of NME1,
which is responsible for metastasis suppression in human, is present in the sponge, and was possibly
also present in the ancestor of all Metazoa [86,87]. On the contrary, our studies on another member
of the NME family in sponges, NME6, indicates that this ancient gene/protein probably changed its
biochemical/biological function during the course of evolution. It is not yet elucidated whether this
protein is also linked to tumor formation or progression [88].

Small GTPases. RAS-like superfamily of GTPases (small GTPases) are a family of enzymes that
bind and/or hydrolyze GTP. The state of the bound nucleotide acts as a switch between the active and
inactive state of the enzyme. The RAS superfamily is divided into five subfamilies: RAS, RHO, RAN
(Ras-related nuclear protein), RAB (Ras genes from rat brain), and ARF (ADP ribosylation Factor) [89].
Small GTPases play an important part in numerous cellular processes but it is generally accepted
that the RAS family is responsible for cell proliferation, RHO for cell morphology, RAN for nuclear
transport, and RAB and ARF families for vesicle transport. Therefore, it is clear that the RAS-like
superfamily is implicated in several aspects of cancer occurrence and progression [90]. The analysis
of the EST database from the marine sponge S. domuncula has revealed cDNA sequences encoding
50 different RAS-like small GTPases. Forty-four sponge proteins from the RAS family are described
here: six proteins from the RAS subfamily, five from RHO, six from ARF, one RAN, and 26 RABs
or RAB-like proteins. Small GTPases from sponge are more related in their primary structure to
the orthologues from vertebrates than to those from other invertebrates. These findings imply that
diversification of genes encoding RAS-like small GTPases happened after the duplications that occurred
very early in the evolution of Metazoa [39].

6. Cancer Associated Genes in Marine Sponges-Final Remarks and Future Challenges

Apart from humans, tumors have mostly been described in other vertebrates, especially in farm
animals and pets, as well as in other animals kept in captivity [1]. Furthermore, they have also been
reported in invertebrate deuterostomes [1], protostomes [80,91], and even in simple non-bilaterian
animals [3,92,93], although these findings should be taken with caution since laboratory breeding and
culture conditions may be far from those found in their natural habitats [3]. Therefore, it is doubtful
whether these organisms would develop tumors also in a natural environment. Indirect evidence of the
presence of tumors in simple non-bilaterian animals also comes from the fact that marine invertebrates,
especially sponges, produce bioactive compounds [94], some of which have an antitumor activity on
human cells in culture [95–97]. The role of these compounds in sponge biology is not fully understood.
Since, sponges are sessile and lack capabilities for physical defences, they are often targets of marine
predators. Therefore, it is expected that sponges have developed a range of defensive chemicals in
order to disable and repel predators. They also use their defensive substances to keep plants and
other animals’ offsprings from settling onto their surface [98,99]. Although it is widely accepted that
sponges use these compounds for ecological purposes it cannot be excluded that at least some of these
substances, are used in physiological processes, e.g., as a primitive form of immunological defence,
in the regulation of cell count or for various metabolic purposes. Some of the compounds they produce
are directly engaged in specific signalling pathways. However, it should be taken into consideration
that more than one pathway is usually affected by each of those compounds.

About a hundred novel compounds that exhibit significant inhibitory activity towards
a range of protein kinases have been detected so far [100]. Some of these act as inhibitors of
protein kinase C (PKC): xestocyclamine A [101] (Z)-Axinohydantoin), debromo-Z-axinohydantoin,
hymenialdisine, debromohymenialdisine [102], frondosins A–E [103], BRS1 (C30 BIS-Amino,
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BIS-Hydroxy polyunsaturated lipid) [104], sesquiterpenoid quinones, nakijiquinones A–D [105,106],
cytotoxic sesterpenes spongianolides A–E [107], lasonolide A [108–110], azetidine compound
penazetidine A [111], and numerous others. Several compounds that display inhibitory activity
towards CDKs have also been isolated from marine sponges, such as hymenialdisine [112,113],
microxine, variolin B [114,115], fascaplysin [116], and konbu’acidin A [117]. It has also been
shown that marine sponges possess tyrosine protein kinase (TPK) inhibitors: the penta-, hexa-
and hepta-prenylhydroquinone 4-sulfates [118], melemeleone [119], and polyketide inhibitors [120].
Furthermore, (+)-aeroplysinin-1 from sponge displays a strong antitumor effect by blocking
the proliferation of EGFR-dependent human breast cancer cell lines MCF-7 and ZR-75-1 [121],
while curcuphenol displays a SRC protein kinase inhibition and curcudiola focal adhesion kinase
(FAK) inhibition [122].

So far, as much as 60 compounds isolated from marine sponges have been shown to induce
anticancer activity through apoptosis. For the majority of them, the proapoptotic mechanism has
not yet been fully elucidated [123]. The pre-clinical study on Renieramycin M reveals that this
substance induces apoptosis in cancer cell lines through the p53-dependent pathway and consequently
inhibits cancer progression and metastasis [96]. Renieramycin M, a tetrahydroisoquinoline,
is the first anticancer drug to be approved by the European Union and by the Food and Drug
Administration (FDA) for the treatment of advanced soft tissue sarcomas [124]. Selected compounds
for which cellular and molecular mechanisms were explored in depth include: aaptamines [125],
psammaplysene A (PsA) [126], stellettin B [127–129], candidaspongiolide [130], heteronemin [131–133],
and dideoxypetrosynol A [134]. Many compounds produced by marine sponges display antiproliferative
activity targeting various signaling pathways of the cell-cycle progression such as aragusterol A [135],
(19Z)-hlichondramide [136], smenospongine [137], and crambescidin 800 [138]. Some can also act
as anti-inflammatory molecules targeting TLR (Toll-like receptor) signalling pathways [139], or as
inhibitors of matrix proteinases [140]. Further, it has been shown that macrolide halichondramide
(HCA) has an antimetastatic effect on human prostate cancer cells PC3, inhibiting their migration
and invasion through the modulation of the crucial cadherin switches [141]. The specific role of these
substances in sponge ecology and metabolism will hopefully be disclosed by future studies.

Based on the data collected so far, we can only speculate on the presence of cancer during the early
animal evolution. It is presumed that tumors in invertebrates do not exhibit a malignant phenotype,
while the progress in malignancy probably runs in parallel with the development of the immune
system [142], as well as the development of a highly effective vasculatory system in vertebrates [143].

Despite the lack of true organs and tissues in sponges, they obviously possess a number of
genes/proteins related to tumor onset and progression. Their genomes contain many gene homologs
of those involved in human cancer development. Furthermore, the majority of sponge proteins
transcribed from these genes possess the same domain organization as their homologs from higher
metazoans, yet, their function within the sponge cells remains to be elucidated. Tumors in sponges
have not been identified so far and, because of its simple structure, the formation of tumors within
the sponge body is highly unlikely. Nevertheless, a number of studies indicated that sponge proteins
may reflect at least some of the biochemical characteristics related to their homologs in higher animals,
particularly humans. We know today that several other physiological processes are linked to tumor
emergence, such as angiogenesis, inflammation, or cellular energetics [9]. Evidence shows that at least
some of the components involved in these processes are present in sponges, but no systematic research
is done in this context [7,144].

Sponges represent an important model, not only for studying ancestral metazoan homologs and
their features before the diversification and specialization of these genes in higher animals, but also for
understanding the basic physiological function of cancer genes in simpler animals. These findings
could help to elucidate the more complex interactions of their homologs in humans and consequently
explain possible reasons for their oncogenic potential.
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