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Editorial

Marine Natural Products as Anticancer Agents 3.0
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Cancer represents a major global health challenge, with 20 million new cases and
9.7 million deaths reported in 2022. By 2050, the number of new cancer cases will exceed
35 million [1]. Cancer is commonly understood as a single disease, but it comprises over
100 distinct pathological conditions, each with unique characteristics. This complexity
makes it difficult to develop universal, effective treatments and classify cancer as a uni-
formly treatable condition. The therapeutic strategy for each type of cancer may differ
depending on the nature and stage of the disease and often requires the combination of
multiple therapeutic approaches, including radiotherapy, chemotherapy, hormone therapy,
anti-angiogenic therapy, immunotherapy, and stem cell transplantation [2]. Consequently,
the development of precise, individualized treatments and increased investment in cancer
drug research are essential to fight this burden and reduce global cancer mortality. De-
spite the availability of large libraries of synthesized compounds, they have not been as
successful in producing new drugs as many had hoped. In contrast, natural products,
including those of marine origin, continue to play a key role in the discovery and devel-
opment of novel anticancer medicines. They offer several advantages in drug discovery
and development, such as remarkable structural diversity, the potential for multi-target
effects, the ability to overcome drug resistance, and the specificity to interact with key
targets associated with carcinogenesis [3].

The Special Issue “Marine Natural Products as Anticancer Agents 3.0” comprises
eleven publications, three reviews, and eight original research articles, focusing on the
anticancer activities of marine natural or derived compounds. The original research articles
in this collection study the effects of these substances in silico, in both 2D and 3D in vitro
cellular and in vivo models, across a range of solid and non-solid tumors. Forty-one marine
natural or derived compounds classified as terpenes, alkaloids, polyketides, polyether
phycotoxins, and quinazolinones were examined. In addition, one extract enriched in
13-acetoxysarcocrassolide and salmon oil enriched in omega-3 polyunsaturated fatty acids
were also explored. These substances impacted cell viability across various in vitro and
in vivo cancer models derived from diverse tissues, including the lung, prostate, breast,
colorectal, stomach, skin, lymphatic system, kidney, and hematological malignancies such
as leukemia and myeloma. These natural or derived marine compounds have been shown
to target various biological biomarkers involved in cancer development and progression
by activating distinct intracellular signaling pathways. These include mechanisms related
to apoptosis, oxidative stress, mitochondrial dysfunction, and DNA fragmentation and

Mar. Drugs 2025, 23, 243 https://doi.org/10.3390/md23060243
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condensation, as well as cell proliferation, cell migration, motility, invasion, and immune
system activation.

In Contribution 1, Giani and co-workers critically review the biological activities of
the rare C50 carotenoid called bacterioruberin (BR) and its derivatives, monoanhydrobacte-
rioruberin and bisanhydrobacterioruberin. These compounds are produced by extreme
halophilic microorganisms that inhabit hypersaline environments, where they are con-
stantly exposed to ionic and oxidative stress due to saturated salt concentrations and
high levels of UV radiation. These compounds demonstrated immunomodulatory, anti-
inflammatory, and cytotoxic activities on various cellular models, and have been shown
to modulate intracellular signaling pathways involved in key biological processes related
to cancer, such as apoptosis and cell adhesion. The critical reflection conducted by Garcia
and colleagues in Contribution 2 is focused on the potential of marine-derived compounds
to disrupt hypoxic signaling pathways, inhibiting hypoxia-inducible factors (HIF-1 and
HIF-2), given their critical roles in tumor metastasis and angiogenesis. Eighty-seven marine
natural compounds were identified as being effective in modulating HIF activity. However,
despite their potential, some of these compounds exhibit significant toxicity, and their
mechanisms of action and validation in disease-relevant models remain limited. There-
fore, further efforts are needed to optimize their efficacy, minimize toxicity, and improve
pharmacokinetic profiles. In turn, in Contribution 3, Jiang and co-workers present a critical
review focused on the discovery and development of novel variable new antigen receptors
(VNARs), emphasizing shark VNARs as promising agents for the treatment and early diag-
nosis of tumors, particularly solid tumors. The VNAR from shark immunoglobulin novel
antigen receptor (IgNAR) offers various advantages for anticancer development, including
small size, high stability, high affinity, and distinct structural and functional characteristics.
However, further research is needed to understand better the unique characteristics and
therapeutic potential of IgNAR/VNAR in clinical and oncological applications.

The number of newly reported compounds of marine origin has grown over the
last few decades. According to Faulkner, Blunt, and their collaborators, between 1977
and 2019, sponges (30.93%) were the leading source of new marine natural compounds,
followed by microorganisms (20.53%) and seaweeds (10.44%) [4]. In 2023, more than
1200 new compounds were reported as having been isolated from marine microorganisms
and phytoplankton; green, brown, and red algae; sponges; cnidarians; bryozoans; mollusks;
tunicates; echinoderms; mangroves; and other intertidal plants. These molecules exhibited
various activities, including cytotoxic and antiproliferative effects, as well as the ability to
modulate intracellular signaling pathways relevant to therapeutic targets for the treatment
of oncological diseases [5]. Herein, the compounds and marine-derived compounds studied
were either isolated from or inspired by various marine sources, including algae, soft
corals, fish, bacteria, and sponges. In Contribution 4, Lin and colleagues studied the
anticancer potential of extracts from soft coral cultivated in aquaculture, focusing on
their ability to interact with topoisomerase II, HDAC, and tubulin polymerization targets.
Among the one hundred eighty ethyl acetate extracts tested, the Lobophytum crassum
extract (LCE) displayed the smallest IC50 values on prostate cancer cells and significantly
inhibited tubulin polymerization. Its effects on cell viability seemed to be mediated by
apoptosis. In vivo, the extract was able to suppress tumor growth and reduce the tumor
volume and weight. The LCE also displayed the ability to modulate various intracellular
signaling pathways and biological events related to cell migration and invasion. Chemical
analysis identified 13-AC (13-acetoxysarcocrassolide) as the major component of the LCE. In
Contribution 5, Anh and co-workers explored the chemical diversity of compounds isolated
from the culture broth of the marine-derived bacterium Salinispora arenicola, identifying
five known (2–5 and 8) and three new (1, 6, and 7) rifamycin-related polyketide derivatives.
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After structural elucidation, the cytotoxic effects of these compounds were evaluated
on several malignant cell lines. The rifamycin derivatives exhibited moderate to weak
cytotoxicity, with evidence suggesting that the aromatic moiety plays an important role in
their activity, particularly for the compound 1 that displayed the highest activity with GI50

values ranging from 2.36 to 9.96 μM.
In Contribution 6, Pulat and colleagues isolated a new quinazolinone derivative, acti-

noquinazolinone (1), from the culture of Streptomyces sp. CNQ-617, along with two known
compounds. The new compound exhibited the strongest antitumor activity, demonstrat-
ing the ability to suppress invasion in AGS cells by modulating EMT and STAT3 signal
pathways and the expression of various genes related to cell motility. In Contribution 7,
Kim and co-workers investigated the anticancer effects of palytoxin, one of the most potent
biotoxins, on various leukemia and solid tumor cell lines. The biotoxin isolated from the
soft coral Palythoa aff. Clavate mediated selective cell death in leukemia cell lines, modulat-
ing the expression of several biological biomarkers related to apoptosis. In vivo, palytoxin
inhibited the tumor formation on a zebrafish xenograft model at pM concentrations.

On the other hand, in Contribution 8, Tsai and colleagues evaluated the immunother-
apeutic effects of crassolide, a cembranolide isolated from the Formosan soft coral Lobo-
phytum michaelae, on in vitro/in vivo breast cancer models. This compound has been
demonstrated to reduce the viability of human breast malignant cells and murine mam-
mary carcinoma cells while also inducing immunogenic cell death (ICD) and decreasing
the expression levels of CD24 on 4T1-luc2 cells. One of the major inducers of ICD is endo-
plasmic reticulum (ER) stress, in which the p38 MAPK signaling pathway plays a critical
role. Crassolide upregulates the phosphorylation of p38α and downregulates the phos-
phorylation of NF-κB, STAT1, and EIK-1, key downstream effectors of the p38α signaling
cascade. These findings suggest that crassolide may act as a novel p38 catalytic inhibitor.

Despite the potential of marine natural products as anticancer agents, the translation
from laboratory findings to clinical trials has been limited, particularly due to low stability,
bioavailability, water solubility, efficacy, pharmacokinetics, etc. [6]. Over the past few
decades, various strategies have been developed to overcome these limitations, including
the synthesis or hemi-synthesis of structurally related analogs. These modified molecules
are designed to enhance the potency and efficacy of the original molecules as well as to
mitigate their drawbacks. Accordingly, in Contribution 9, Alves and co-workers conducted
the semi-synthesis of six novel sphaerococcenol A derivatives through reactions on the
enone function group via thiol-Michael addition and enone reduction. These modifications
did not contribute to potentiating the cytotoxic effects of the original compound. Of the
analogs, compound (1) exhibited similar effects to those of sphaerococcenol A, accompanied
by an increase in reactive oxygen species levels, changes in mitochondrial membrane
potential, and the activation of apoptosis. In Contribution 10, Orfanoudaki and colleagues
investigated the antitumor effects of twenty-four compounds from a library of naturally
occurring and semi-synthetic discorhabdins on the viability of Merkel cell carcinoma cells.
These compounds do not seem to induce apoptosis, but a rapid loss of cellular reducing
potential and mitochondrial membrane potential suggests that they trigger mitochondrial
dysfunction, leading to non-apoptotic cell death.

Chemoresistance, whether inherent or acquired, remains one of the major challenges
in effective cancer treatment. It is often responsible for cancer recurrence, treatment failure,
and, ultimately, patient death. Therefore, beyond the discovery and development of new
molecules with anticancer activity and novel mechanisms of action, exploring their potential
to enhance the efficacy of existing medicines is also relevant. Combination strategies
may contribute to overcoming the limitations of single-agent therapies and contribute
to more successful clinical outcomes [7]. In Contribution 11, Pettersen and co-workers
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explored the antitumor effects of salmon oil OmeGo (Hofseth BioCare), rich in fatty acids,
including the n-3 PUFAs docosahexaenoic acid (DHA) and eicosahexaenoic acid (EPA),
in colorectal malignant cell lines alone and in combination with the chemotherapeutic
agent 5-fluorouracil (5-FU). OmeGo displayed to decrease the cell viability and potentiate
the effects of 5-FU, suggesting that this strategy holds promise for further studies as an
alternative treatment approach for patients with colorectal cancer.

Together, the eleven publications featured in this volume provide a compelling
overview of the huge potential of marine natural products as scaffolds for developing
next-generation therapeutic agents to fight cancer through various strategies. As Guest
Editors, we sincerely acknowledge the valuable contributions of all researchers and review-
ers involved in this Special Issue and the support from the editorial board and the Marine
Drugs editorial office. Our special thanks go to Dr. Grace Qu for her dedicated assistance.
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Abstract: Halophilic archaea, also termed haloarchaea, are a group of moderate and extreme
halophilic microorganisms that constitute the major microbial populations in hypersaline envi-
ronments. In these ecosystems, mainly aquatic, haloarchaea are constantly exposed to ionic and
oxidative stress due to saturated salt concentrations and high incidences of UV radiation (mainly in
summer). To survive under these harsh conditions, haloarchaea have developed molecular adapta-
tions including hyperpigmentation. Regarding pigmentation, haloarchaeal species mainly synthesise
the rare C50 carotenoid called bacterioruberin (BR) and its derivatives, monoanhydrobacterioruberin
and bisanhydrobacterioruberin. Due to their colours and extraordinary antioxidant properties, BR
and its derivatives have been the aim of research in several research groups all over the world
during the last decade. This review aims to summarise the most relevant characteristics of BR and its
derivatives as well as describe their reported antitumoral, immunomodulatory, and antioxidant bio-
logical activities. Based on their biological activities, these carotenoids can be considered promising
natural biomolecules that could be used as tools to design new strategies and/or pharmaceutical
formulas to fight against cancer, promote immunomodulation, or preserve skin health, among other
potential uses.

Keywords: bacterioruberin; haloarchaea; C50 carotenoids; antioxidant; immunomodulation; antitumoral

1. Introduction

Most moderate and extreme halophilic microorganisms require salt concentrations
above 1 M to be alive and metabolically active, although several species can endure
a spectrum of saline conditions, ranging from low-salt to salt saturation concentrations
(around 4 M) [1]. Based on the ionic strength required by the cells for stability and metabolic
activity, microbial halophilic microorganisms are mainly classified into the following
categories: slight halophiles (0.34 to 0.85 M), moderate halophiles (0.85 to 3.4 M), and
extreme halophiles (3.4 M to saturation point) [2].

Studies based on microbial ecology and microbial biodiversity in salty aquatic environ-
ments confirmed that halophilic archaea species (also termed “haloarchaea”) constitute the
predominant populations, especially at high salt concentrations (2–4 M), apart from some
bacterial genera like Salinibacter [3]. At significantly high salt concentrations, halophilic
archaea belonging to the families Halobacteriaceae and Haloferacaceae (phylum Euryarchaeota
within the Archaea domain) are the most abundant populations [4]. These halophilic
archaea are widely distributed in saline environments, such as marshes or brackish ponds,
which serve as sources of NaCl for human consumption [5]. Halophilic archaea primar-
ily thrive in aerobic conditions, although certain species exhibit the capability to grow
under microaerobic or even anaerobic conditions, utilising nitrate and/or nitrite as the
final electron acceptors through denitrification processes [6]. Additionally, a noteworthy

Mar. Drugs 2024, 22, 167. https://doi.org/10.3390/md22040167 https://www.mdpi.com/journal/marinedrugs6
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characteristic of these archaea is that most of them typically show a distinctive red/orange
pigmentation, thus providing these kinds of colours to the salted ponds where they live all
together with pigmented yeast and microalgae like Dunaliella salina [7]. These pigmented
halophilic archaea have mainly been isolated from water column and sediment sampling
at hypersaline environments such as hypersaline lakes such as the Great Salt Lake in Utah,
USA; salt marshes; coastal wetlands; or solar salterns like those located in the south and
southeast of Spain (Alicante, Murcia, or Huelva) [5].

Haloarchaea have attracted global scientific attention due to their unique features
related to the molecular machinery of nitrogen, biodegradable polymers, and carotenoid
metabolism; their easy manipulation; their reduced space requirements for cultivation
compared to other organisms like microalgae or yeast from which highly marketed com-
pounds can be obtained; and their capacity to produce a wide array of biomolecules and
metabolites with potential biotechnological applications compared to plants, bacteria, fungi,
or eukaryotic algae [8,9]. Their remarkable resilience and functionality even in the face
of challenging environmental conditions, including high salinity, intense ultraviolet (UV)
radiation, elevated ion concentrations, and extreme temperatures and pH, make them
good model organisms to be used as cell factories for different purposes compared to their
bacterial counterparts [10–12].

Among the biomolecules or metabolites of biotechnological interest synthesised by
haloarchaea, small proteins and peptides, enzyme bioplastics, carotenoids, and nanoparti-
cles can be highlighted. The carotenoids found in haloarchaea have garnered significant
attention in various industries due to their versatility, serving as antioxidants, anticancer
agents, antimicrobials, anti-inflammatory compounds, and food colourants, thus offering
numerous biotechnological and biomedical applications [13–15]. Bacterioruberin (BR), the
main carotenoid pigment synthesised by halophilic archaea, has demonstrated notable
biological activity, particularly in antioxidant properties [14,16–20]. Understanding its
biosynthesis pathways and structural features can provide insights into its potential ther-
apeutic applications. This review focuses on the multifaceted biological activity of BR
obtained from haloarchaea due to their better characterisation and the abundance of litera-
ture available on these microorganisms. BR, known for its characteristic red colouration,
exhibits remarkable antioxidant properties owing to its ability to scavenge reactive oxygen
species (ROS) and mitigate oxidative stress [21–23]. Additionally, recent studies have
unveiled its potential immunomodulatory effects, suggesting a role in modulating immune
responses and inflammation [24,25]. Therefore, advances in the comprehension of the phar-
macological relevance of bacterioruberin hold promise for developing novel therapeutic
interventions targeting oxidative-stress-related disorders, immune system dysregulation,
and potentially other pathological conditions.

2. Characteristics of Haloarchaeal Carotenoids and Their Biological Roles

2.1. Chemical Composition and Structure

The literature concerning carotenoids synthesised by haloarchaea is still scarce com-
pared to the literature available on carotenoids from other living beings, such as plants,
algae yeast, and fungi [26–32]. The first reported studies on carotenoids isolated from
haloarchaea date back to the 1970s, using Halobacterium cutirubrum as a model microor-
ganism [33,34]. At that time, it was confirmed that the major carotenoid produced by the
cells is the rare C50 BR followed by monoanhydrobacterioruberin (MABR) at the expense
of lycopene and bisanhydrobacterioruberin (BABR); both MABR and BABR are precursors
of BR [33,34]. Other carotenoids have been identified in haloarchaeal carotenoid extracts
but at lower percentages, including β-carotene, lycopene, and some xanthophylls [35,36].
Structurally, BR is very unique among carotenoids (being considered a “rare C50 carotenoid”
by several authors), consisting of a primary conjugated isoprenoid chain that contains
13 conjugated double bonds and four hydroxyl groups arising from the terminal ends.
Table 1 displays the chemical structure of BR and its precursors (Table 1) [37].
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Table 1. Structures and common and scientific names of bacterioruberin (BR) and its precursors.

Common Name Molecular Formula Chemical Structure (Stereoisomers)

Bacterioruberin C50H76O4

(2S,2′S)-2,2′-bis(3-hydroxy-3-methylbutyl)-3,4,3′,4tetrahydro-γ,γ-carotene-1,1′-diol

Monoanhydrobacterioruberin C50H74O3

(3S,4E,6E,8E,10E,12E,14E,16E,18E,20E,22E,24E,26E,28E,30S)-30-(2-hydroxypropan-
2-yl)-2,6,10,14,19,23,27,33-octamethyl-3-(3-methylbut-2-en-1-yl)tetratriaconta-

4,6,8,10,12,14,16,18,20,22,24,26,28-tridecaene-2,33-diol

Bisanhydrobacterioruberin C50H72O2

(3S,4E,6E,8E,10E,12E,14E,16E,18E,20E,22E,24E,26E,28E,30S)-2,6,10,14,19,23,27,31-
octamethyl-3,30-bis(3-methylbut-2-en-1-yl)dotriaconta-
4,6,8,10,12,14,16,18,20,22,24,26,28-tridecaene-2,31-diol

Although BR is produced almost exclusively by haloarchaea, some studies confirmed
that few bacterial species showing extreme phenotypes like the Antarctic psychrotrophic
bacterium Micrococcus roseus and Arthrobacter species are also able to synthesise it [38–40].

2.2. Carotenogenesis and Biological Role of Carotenoids in Haloarchaeal Cells

The synthesis of carotenoids (also termed “carotenogenesis”) and its regulation have
not been studied as deeply in haloarchaea [26,41–44] as they have in bacteria, yeasts,
or plants [27,45–52]. In brief, haloarchaea use the mevalonate pathway to produce the
carotenoid precursor isopentenyl pyrophosphate. Then, it is converted into trans-phytoene,
which leads to ζ-carotene which is further converted to neurosporene. Neurosporene is
transformed into lycopene, from which most carotenoids derive, including β-carotene
with Υ-carotene as an intermediate compound. Bacterioruberin is also synthesised from
lycopene [26,41]. The main reaction involved is the addition of C5 isoprene units to
each end of the lycopene structure. However, in contrast to other secondary metabolites,
the enzymes related to carotenogenesis are not always encoded within the same gene
cluster [41] and some paralogs do not serve functional roles, as recently reported by Mishra
and collaborators [53]. This circumstance poses a challenge in accurately identifying
complete carotenogenesis pathways in each strain. Although other xanthophylls, including
cantaxanthin and astaxanthin, have been detected in carotenoid extracts obtained from
haloarchaeal cells [36,54], the genes coding for enzymes involved in their synthesis have
not been identified in haloarchaeal genomes [41]. More recently, Serrano and collaborators
reported that β-carotene could be converted to canthaxanthin by the action of a β-carotene
ketolase protein. Through genome analysis, the authors identified a crtO candidate in one
of the six circular plasmids in Haloterrigena turkmenica, which suggests that this species
can produce canthaxanthin from β-carotene [26]. CrtO ketolases are structurally related to
CrtI phytoene desaturases [55,56]. In consequence, haloarchaea without CrtO-like genes
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could still be producing canthaxanthin expressing one of their sometimes multiple CrtI
genes [26]. Alternative unidentified pathways for the synthesis of these carotenoids could
be a possible explanation.

Among all the carotenoids mentioned, BR is the most abundant natural carotenoid
produced by haloarchaea. It is responsible for the intense pink colour since it is located in
the cell membrane of the haloarchaea that synthesise it [57]. Its long hydrocarbon chain
makes it able to fit in between the glycerolipids forming the bilayer, with the hydroxyl
group facing outwards and inwards. Haloarchaeal pigments play a pivotal role in membrane
stability, acting as a protection mechanism against the harsh conditions usually present in
the natural environment of these extremophilic microorganisms, such as high oxidative and
osmotic stress and elevated radiation [21,39,57,58]. BR protects cells from oxidative damage
by acting as an antioxidant thanks to the electron transport between the pairs of conjugated
double bonds. Since bacterioruberin presents a longer hydrocarbon chain and a higher number
of conjugated double bonds than other carotenoids, such as β-carotene (C40 carotenoid, nine
conjugated double bonds), it has extraordinary scavenging activity [14,16,18,59–62].

In addition, the presence of bacterioruberin in the cell membrane increases the rigidity
and decreases water permeability, while allowing oxygen to enter inside the cell [63]. Thus,
cells are capable of modulating membrane rigidity in a wide range of temperatures as well
as in a concrete range of salinity conditions.

Finally, BR contributes to maintaining the structural stability of rhodopsin complexes.
More specifically, some studies have demonstrated that it is associated with archaer-
hodopsin, which is a complex formed by a retinal protein and a carotenoid, identified in
some haloarchaeal species, including Halobacterium salinarum [64–66].

3. Antioxidant Properties of Bacterioruberin and Its Precursors

Advances in the knowledge of the biological activities of BR have revealed that it could be
of interest in several industrial and biomedical sectors due to its high antioxidant activity [14,
15,25,59–61,67,68]. Based on the chemical composition and structure of BR, it was initially
assumed that this natural carotenoid has strong antioxidant properties as it was quantified
later compared to one of the most marketed carotenoids, β-carotene [14,16,18,59–61,69,70].
This is probably the biological activity that is better characterised in the case of BR (Table 2).

A recent study has reported how the modification of the nutritional conditions of
Haloferax mediterranei during growth can lead to changes in the carotenoid extract compo-
sition and, in consequence, its properties and antioxidant capacity [14]. The combination
of 2.5% (w/v) glucose with 12.5% (w/v) salinity led to a carotenoid extract with an IC50
value of 0.03 μg/mL in the ABTS (2,2′-Azinobis-(3-Ethylbenzthiazolin-6-Sulfonic Acid)
assay. This value was lower than the one obtained for ascorbic acid [14], coinciding with
other reported results and confirming the remarkable antioxidant properties of these com-
plex extracts [19,20]. Other researchers have explored the activity of carotenoid extracts
of Haloarcula hispanica and Halobacterium salinarum, observing that they could scavenge
DPPH (2,2-diphenyl-1-picrylhydrazyl) (2.05 μg/mL and 8.9 μg/mL) and ABTS radicals
(3.89 μg/mL and low activity for H. salinarum) and reduce ferrocyanide and chelate copper,
but not scavenge NO radicals or chelate iron [60]. Carotenoid extracts from Halococcus
morrhuae and H. salinarum presented IC50 values of 0.85 μg/mL and 0.84 μg/mL for the
ABTS assay [18]. Haloferax sp. ME16, a haloarchaeal strain isolated from Algerian salt lakes,
displayed significantly higher antioxidant power than ascorbic acid in both the DPPH and
ABTS assays [69]. Recently, carotenoid extracts from Halorhabdus utahensis exerted their
scavenging power in a set of different antioxidant assays (DPPH, FRAP, and Superoxide
Scavenging Activity assays), confirming that haloarchaeal carotenoids have a broad range
of modes of action against oxidants [14,17]. A similar approach (ABTS, FRAP, and DPPH)
was chosen to evaluate the antioxidant activity of Natronoccoccus sp. TC6 and Halorubrum
tebenquichense carotenoid extracts. Although the extracts were efficient in all tests, they
showed a dominating capacity of hydrogen and single electron transfer [68]. In summary,
there are notable differences in the antioxidant activity of carotenoid extracts from different
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haloarchaeal species. There are different possible explanations for the variability in the
results. It is possible that halophilic archaea could synthesise antioxidant compounds
of different natures and polarities that contribute independently to the total antioxidant
activity of the extracts, and this might be dependent on the haloarchaeal species but also
influenced by the growth conditions. However, if this is the case, the concentration of those
compounds should be significantly low because they cannot be easily detected by standard
chromatographic-based approaches, at least those used in the case of Haloferax mediterranei
extracts. One of the greatest difficulties when comparing current studies is that although
they all agree that the all-trans-BR isomer is the most abundant, not all of them include
the percentages of the different components of the extract, which in turn could be one of
the factors influencing the antioxidant activity. Aside from that, there are experimental
differences that might also influence the results obtained in the antioxidant tests, such as
the organic solvent used for the extraction of carotenoids.

In addition, BR and intracellular KCl in Halobacterium salinarum and Halobacterium
sp. strain NRC1 act as a protective mechanism against oxidative DNA damage induced
by UV radiation. Therefore, this carotenoid might have potential applications in medicine
and cosmeceuticals focused on the mitigation of DNA damage and the preservation of
cellular integrity [71,72]. Understanding these protective mechanisms could inspire the
development of novel therapies and skincare products targeting oxidative-stress-induced
DNA damage, offering promising applications in healthcare and cosmetic industries.

Table 2. Antioxidant activity of BR with potential applications in food, cosmetics, and pharmacy.

Species Aim of the Research Reference

Halorubrum ruber
Optimisation of BR production and analysis of the effect of
its antioxidant activity on the survival rate of Caenorhabditis

elegans under oxidative stress conditions
[23]

Halorubrum ezzemoulense Description of the effects of BR on the thermal and oxidative
stabilities of fish oil [22]

Haloarcula japonica
Haloarcula salaria

Halococcus morrhuae
Halobacterium salinarium

Haloferax alexandrinus GUSF-1
Haloferax sp. ME16

Halogeometricum sp. ME3
Haloarcula sp. BT9

Halorhabdus utahensis
Halorubrum chaoviator
Halorubrum lipolyticum
Halorubrum sodomense

Halorubrum sp. BS2
Halorubrum tebenquichense SU10

Haloterrigena turkmenica
Natronoccoccus sp. TC6

Isolation and characterisation of the total carotenoid extract
and antioxidant activity quantification [16–19,68–70,73]

4. Immunomodulatory/Anti-Inflammatory Activities of BR Collectively with
Antioxidant Activity

In connection with the antioxidant activity, recent studies have described the anti-
inflammatory activities and immunomodulatory benefits of BR on human commercial
cell lines. For example, Haloarcula sp. isolated from Odiel Saltworks (south of Spain) was
used as the source of a carotenoid extract which is rich in BR and C18 fatty acids. This
extract showed potent antioxidant capacity using the ABTS assay. This study further
demonstrates that pretreatment with this carotenoid-rich extract of lipopolysaccharide
(LPS)-stimulated macrophages resulted in a reduction in ROS production, a decrease in the

10



Mar. Drugs 2024, 22, 167

pro-inflammatory cytokines TNF-α and IL-6 levels, and an upregulation of the factor Nrf2
and its target gene heme oxygenase-1 (HO-1), supporting the potential of the carotenoid
extract as a therapeutic agent in the treatment of oxidative-stress-related inflammatory
diseases [24].

Similarly, another study carried out with BR from Halorubrum tebenquichense suggested
that the carotenoid in combination with dexamethasone (Dex) in ultra-small macrophage-
targeted nanoparticles could act as a potential intestinal repairing agent [25]. The ultra-
small structures in which BR and dexamethasone were embedded were extensively cap-
tured by macrophages and Caco-2 cells and displayed high anti-inflammatory and antioxi-
dant activities on a gut inflammation model made of Caco-2 cells and lipopolysaccharide-
stimulated THP-1-derived macrophages, reducing 65% and 55% of TNF-α and IL-8 release,
respectively, and 60% of reactive oxygen species production. The ultra-small structures also
reversed the morphological changes induced by inflammation and increased the transep-
ithelial electrical resistance, partly reconstituting the barrier function. The main conclusion
was that this nanostructure containing BR and Dex deserves further exploration as an
intestinal-barrier-repairing agent [25].

In summary, while the evidence published until now suggests the therapeutic poten-
tial of bacterioruberin (BR) in mitigating oxidative-stress-related inflammatory diseases
and promoting intestinal repair, it is important to note that the current body of research is
limited, and further studies are needed to establish robust conclusions. These initial studies
underscore BR’s antioxidant capacity and its potential anti-inflammatory and immunomod-
ulatory effects. The utilisation of BR-rich extracts or BR in combination with drugs within
innovative nanostructures shows promise for addressing several pathologies. Nonethe-
less, the existing findings highlight the need to further research and develop BR-based
formulations, elucidate underlying mechanisms, and assess the safety and efficacy of BR in
clinical settings.

5. Antitumoral Properties of Bacterioruberin and Its Precursors

The effect of BR on tumoral cells has been recently explored. Thus, carotenoids
(0.2–1.5 μM) from a haloarchaeal strain (M8) could reduce up to 50% hepatoma cell line
(HepG2) viability in a concentration-dependent way. In addition, hepatoma cells treated
with haloarchaeal carotenoids were less sensitive to oxidative stress generated by H2O2,
thus exerting a protective effect [59]. The antiproliferative effect on hepatoma cells was
also reported for extracts obtained from Halogeometricum limi and Haloplanus vescus [61].
These extracts also presented antihemolytic activities against H2O2-induced hemolysis in
mouse erythrocytes [61]. The anticancer effect of Natrialba sp. M6 carotenoid extract was
reported again for hepatoma cells (HepG2) as well as for other types of cancer cell lines,
including Caco-2 (colon cancer), MCF-7 (breast cancer), and HeLa (cervical cancer) [74]. In
the case of MCF-7 commercial cell lines, a real-time PCR technique was used to monitor the
expression of genes specific for apoptosis, in the presence or absence of BR-rich carotenoid
extract. Both early and late apoptosis were increased significantly by about 10% and
39%, respectively, due to the upregulation of CASP3, CASP8, and BAX gene expression
in the MCF-7 cell line. In contrast, the expression of the genes MKI67 and SOX2 was
significantly downregulated in the treated MCF-7 cell line. The results of this study showed
that the carotenoid extract isolated from Haloarcula sp. A15 could be a good candidate
for the production of high-added-value bacterioruberin due to its possible anticancer
properties [75]. The antiproliferative effect on breast cancer cell lines has been explored
in other studies [15,75]. In particular, Haloferax mediterranei carotenoid extracts reduced
cell adhesion, viability, diameter, and cell concentrations in cell lines representative of the
four well-defined subtypes of breast cancer (Luminal A, Luminal B, HER2-enriched, and
triple-negative) [15].

In conclusion, the observed antiproliferative effects of BR-rich extracts from various
haloarchaeal strains, notably on hepatoma and breast cancer cell lines, suggest its potential
as a valuable candidate for novel anticancer therapies. However, to translate these find-
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ings into clinically relevant interventions, further investigations are necessary to elucidate
the underlying molecular mechanisms driving BR’s anticancer properties. Additionally,
comprehensive studies are needed to assess potential interactions between BR and current
anticancer drugs, ensuring their compatibility and optimizing therapeutic outcomes. It
is important to acknowledge the limitations associated with the use of carotenoids, in-
cluding challenges in identifying optimal doses and potential variations in bioavailability.
Moreover, while current preliminary studies may focus on treatment perspectives, clinical
investigations with other carotenoids often adopt a preventive approach, which limits the
accuracy of direct comparisons. Addressing these complexities will be essential for advanc-
ing our understanding of BR’s therapeutic potential and developing effective strategies for
cancer management.

6. Other Biological Activities of Interest for Biomedical and
Pharmaceutical Applications

Aside from their antitumor activity, haloarchaeal carotenoids could have an impact on
diabetes and obesity treatments. Haloferax mediterranei carotenoid extracts are capable of in-
hibiting α-glucosidase, α-amylase, and lipase enzymes which are involved in carbohydrate
and lipid metabolism. The inhibition of these enzymes is the target of several drugs used to
reduce blood glucose and lipid absorption, respectively [14]. Carotenoids from Halorhabdus
utahensis reached 90% hyaluronidase inhibition with 1.5 μg, demonstrating great potential
for applications in the skin care sector [17].

Halobacterium salinarum and Haloarcula hispanica carotenoid extracts can inhibit COX-2,
acetylcholinesterase, and tyrosinase enzymes and, therefore, they could have potential
applications as a treatment for inflammatory, neurological, and dermatological diseases [60].
In addition, haloarchaeal carotenoids exert antimicrobial activity against a wide range of
species. For example, bacterioruberin from Halorubrum tebenquichense inhibited Staphylo-
coccus aureus growth and biofilm formation [76]. Table 3 summaries more examples in
which other biological activities have been described for BR.

Table 3. Other biological activities of BR and its precursors with potential uses in food, cosmetics,
medicine, and pharmacy.

Species Aim of the Research Reference

Natronoccoccus sp.
Halorubrum tebenquichense

Matrix metallopeptidase 9 (MMP-9) inhibition
activities [68]

Haloferax mediterranei Characterisation of antiglycaemic and
antilipidemic activities [14]

Haloferax sp. ME16
Halogeometricum sp.

ME3Haloarcula sp. BT9

Characterisation of the antibacterial activity of
BR-rich extracts [69]

Halorubrum sp. BS2
Isolation and characterization of total

carotenoid extracts, and antibacterial activity
quantification

[70]

Natrialba sp. M6
Isolation and characterisation of total

carotenoid extracts, and antiviral activity
quantification

[74]

Haloferax volcanii
Bioactive properties of BR on sperm cells
(mainly in connection with antioxidant

properties)
[62]

Halogeometricum rufum
Halogeometricum limi
Haladaptatus litoreus

Haloplanus vescus
Halopelagius inordinatus

Halogranum rubrum
Haloferax volcanii

Antihaemolytic activity apart from
antitumoral and antioxidant activities [61]
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Finally, although synthetic colourants have been extensively used for numerous years
in the cosmetics industry, their detrimental impacts on both the environment and health
should not be disregarded. It is key to explore natural alternatives, with a particular fo-
cus on microbial colourants, to increase safety and reduce potential side effects [77–80].
Currently, there are multiple companies whose objective is to produce cosmetic and cos-
meceutical products that are visually attractive as well as respectful of the environment
and human health using ingredients of natural origin. In parallel, natural carotenoids
are of interest and currently highly demanded by textile industries. Carotenoids from
biological sources are increasingly used as ingredients in these kinds of formulations, due
to both their colouring and biological properties [81]. β-carotene is one of the most fre-
quently used carotenoids in this field and it can be obtained from the halophilic microalgae
Dunaliella salina [82]. Other carotenoids that have been included in currently marketed
cosmetic products are astaxanthin (Haematococcus pluvialis) and fucoxanthin (Phaeodactylum
tricornutum) [81].

BR emerges as a promising candidate due to its intense pink-red hue and notable
biological properties. As discussed earlier, BR possesses antioxidant, anti-inflammatory,
and immunomodulatory characteristics, making it not only aesthetically appealing but
also potentially beneficial for skin health. Its natural origin from halophilic archaea aligns
with the growing consumer demand for eco-conscious and sustainable products. Despite
its promising biological properties, its suitability for topical use on the skin is yet to
be addressed. Investigating bacterioruberin’s interactions with skin cells, its ability to
penetrate the epidermal barrier, and its potential benefits in addressing dermatological
conditions or enhancing cosmetic formulations would be invaluable.

BR’s potential as a colouring agent also remains relatively unexplored. Given its
intense pink-red hue, bacterioruberin holds promise as a natural and vibrant alternative to
synthetic colorants in various applications. However, there is a notable gap in research re-
garding its efficacy, stability, and safety as a colouring agent, particularly in food, cosmetics,
and textile industries. Understanding bacterioruberin’s colour stability under different pro-
cessing conditions, its compatibility with various matrices, and its potential allergenicity or
toxicity is crucial for its widespread adoption as a colouring agent. Furthermore, exploring
methods for extracting and purifying bacterioruberin on an industrial scale is essential for
its commercial viability. By bridging these knowledge gaps, BR could be an alternative
natural and sustainable colorant with diverse applications across industries.

7. Conclusions

Haloarchaeal carotenoids could have a diverse range of applications across the fields
of biomedicine, food processing and conservation, pharmaceuticals, and textiles. These nat-
urally occurring pigments have emerged as promising alternatives to synthetic colourants,
addressing the growing demand for natural food colouring options worldwide as well as
natural colourants as part of the formulations in cosmetics and pharmacology. Because of
the antioxidant, anti-inflammatory, immunomodulatory, and antitumoral activities of BR,
this C50 carotenoid offers new approaches and strategies for defining new drug formula-
tions or drug immobilisation techniques as part of the treatments of pathologies related
to the immune system and cancer, among others. By promoting research on haloarchaeal
pigments, it is possible to uncover novel applications for these promising C50 carotenoids.
Furthermore, the cultivation of haloarchaea and carotenoid extraction are more straightfor-
ward compared to other living beings, making them attractive subjects for the research and
development of sustainable processes aiming at the production of natural pigments with a
wider spectrum of applications, all following circular economy-based processes.
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Abstract: The inadequate vascularization seen in fast-growing solid tumors gives rise to hypoxic
areas, fostering specific changes in gene expression that bolster tumor cell survival and metastasis,
ultimately leading to unfavorable clinical prognoses across different cancer types. Hypoxia-inducible
factors (HIF-1 and HIF-2) emerge as druggable pivotal players orchestrating tumor metastasis and
angiogenesis, thus positioning them as prime targets for cancer treatment. A range of HIF inhibitors,
notably natural compounds originating from marine organisms, exhibit encouraging anticancer
properties, underscoring their significance as promising therapeutic options. Bioprospection of the
marine environment is now a well-settled approach to the discovery and development of anticancer
agents that might have their medicinal chemistry developed into clinical candidates. However,
despite the massive increase in the number of marine natural products classified as ‘anticancer
leads,’ most of which correspond to general cytotoxic agents, and only a few have been characterized
regarding their molecular targets and mechanisms of action. The current review presents a critical
analysis of inhibitors of HIF-1 and HIF-2 and hypoxia-selective compounds that have been sourced
from marine organisms and that might act as new chemotherapeutic candidates or serve as templates
for the development of structurally similar derivatives with improved anticancer efficacy.

Keywords: caulerpin; discorhabdin; dolastatin-15; echinomycin; epolactaene; fascaplysin; kalkitoxin;
latrunculin; plitidepsin; psammaplin

1. Introduction

1.1. Marine Natural Products in Cancer Therapy

Bioprospection of the marine environment has emerged as a new frontier in drug
development due to the nearly unlimited potential of marine organisms as sources of
lead structures that cover a wide range of pharmacological effects and biotechnological
applications [1–3]. The vast repertoire of complex compounds with unconventional struc-
tural architectures, many possessing relevant and specific biological effects, turned the
attention of organic chemists and pharmacologists to the depths of the oceans, leading
to an exponential growth in the discovery of new marine natural products on the last
20 years [1,2,4–6].

Many of these compounds have been portrayed as ‘chemical weapons’ as they evolved
to interact efficiently with biological targets, displaying an inherent degree of drug-likeness
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and frequently exerting relevant anticancer, antimicrobial, and immunosuppressive prop-
erties. For example, it is hypothesized that the decreased frequency of tumors in marine
invertebrates may derive from an innate immune system [7]. Furthermore, there is also
evidence that there is an inherent ability to overcome the sea dilution effect, which may
partially explain the higher incidence of significant bioactivity compared with organisms
from the terrestrial environment, with approximately half of the novel marine-derived
natural products displaying biological activity [1,2,8,9].

It is clear that natural products have been the most successful source of anticancer
agents ever [10–12]. Newman and Cragg have been updating the contribution of natural
products to the development of drugs, with their latest review indicating that from all the
chemotherapeutic drugs approved between 1946 and 2019, only 21% can be ascribed as
truly synthetic, corroborating the major contribution of natural sources [13].

While most sources inspiring the development of anticancer agents have a terrestrial
origin, marine-derived compounds are marking a milestone, providing new lead structures
with unprecedented chemical diversity, striking anticancer properties and inspiring the
design of several derivatives that keep feeding a constantly active marine pharmaceutical
pipeline [1,13]. Cytarabine (Cytosar-U®) is traced back as the first marine-derived drug
to receive market authorization from the Food and Drug Administration (FDA) in 1969.
The development of cytarabine was inspired by the structural framework of two arabinose-
containing nucleosides isolated from the sponge Cryptotethya crypta and completely trans-
formed the approach to treating and handling hematological malignancies [14,15]. More
than 50 years after cytarabine’s approval, thirteen additional marine-derived drugs received
market approval, with 38 candidates currently in clinical development [16]. As reviewed
by us in 2019, the clinical pipeline of marine-derived drugs, consisting of approved drugs
and clinical candidates, has been particularly fruitful in cancer therapy, not only enabling
the broadening of the scope of action in cancer treatment but also the discovery of new
mechanisms of action and molecular targets [17].

Despite the apparent and exciting richness of new potential anticancer agents from
marine sources [17–21], it should be taken into account that the early research on the chem-
istry of marine natural products was mainly directed to the identification of novel chemical
structures rather than in their potential biological properties [22,23]. Early anticancer
screening has been mainly focused on the mere evaluation of the cytotoxic properties
against cancer cell lines, with no emphasis on the effective anticancer activity against
multidrug-resistant (MDR) cell lines, selectivity, or elucidation of their mechanisms of
action [1,2]. Consequently, only a disappointing fraction of compounds, determined as
cytotoxic against human cancer cell lines, ultimately displayed in vivo activity and, sub-
sequently, clinical relevance [24,25]. Indeed, the complexity of a tumor derives from the
continuous crosstalk between the tumor cells and the microenvironment over time, adding
the complication of temporal heterogeneity on top of spatial heterogeneity, and by no
means a purely cytotoxic or proapoptotic agent is likely to translate into an anticancer
drug [26]. Conceivably, distinct environmental landscapes within a given tumor select for
mutations that engender survival and expansion, thereby creating tumor cell heterogeneity
and a complex regional difference in selective pressures, including hypoxia, that actively
shapes tumor development [26,27].

1.2. Hypoxic Signaling in Cancer Development

Due to insufficient vascularization, hypoxic regions form within rapidly growing solid
tumor masses, specific alterations of gene expression in these hypoxic tumor cells helping
to facilitate the survival and metastatic spread of solid tumors, being therefore associated
with poor clinical outcomes in many types of human cancers [28–30]. Hypoxic cancer cells
are, in fact, resistant to radiotherapy, chemotherapy, and targeted therapy [28,31,32].

The hypoxic environment sparks cancer development by inducing an intricate cellular
signaling network within cancer cells, encompassing the HIF, PI3K, MAPK, and NFκB
pathways (Figure 1). These pathways interact with one another, leading to the formation
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of both positive and negative feedback loops, ultimately amplifying or reducing the im-
pact of hypoxic conditions [33,34]. Hypoxia triggers the activation of HIFs, these factors
consisting of hypoxia-regulated α and oxygen-insensitive β subunits, playing a crucial
role in regulating gene expression during hypoxia, both in normal and solid tumor tissues
(Figure 1) [28,35]. The HIF family comprises three members: HIF-1α, HIF-2α, and HIF-3α,
each serving distinct functions. Unlike HIF-1α and HIF-2α, HIF-3α exhibits variations
in protein structure and gene expression regulation. During hypoxia, HIF-3α exerts a
transcriptional regulatory function that negatively impacts gene expression by competing
with HIF-1α and HIF-2α for binding to transcriptional elements in target genes [35,36].
Additionally, HIF-1α plays a significant role in regulating mitochondrial homeostasis, as
one of the essential adaptations to sustained hypoxia involves suppressing mitochondrial
respiration and inducing glycolysis [37,38]. On the other hand, the activation of HIF-2α
enhances peroxisome turnover through pexophagy, leading to changes in lipid composition
akin to peroxisomal disorders [39–41].

Figure 1. Pathways on hypoxia-inducible factor activation.

Activation of HIFs leads to a range of molecular effects, resulting in the transcription
of numerous genes that play pivotal roles in processes such as angiogenesis, specification
of cancer stem cells, cell motility, epithelial-mesenchymal transition, remodeling of the ex-
tracellular matrix, glucose and lipid metabolism, immune evasion, invasion, and metastasis
(Figure 1) [42,43]. Such biochemical alterations evidence that the hypoxic tumor microen-
vironment influences the majority of hallmarks of aggressive cancer behavior, translating
into clinical consequences that have been associated with increased patient mortality in
several cancer types [42,44].

Considering such factors, inhibiting the activity of HIF-1 and HIF-2 in hypoxic regions
of cancer could potentially increase the cancer’s responsiveness to radiotherapy and/or
chemotherapy [42,45], but despite the pivotal role of HIFs, only a reduced number of
marine natural products have been investigated on their impact upon these heterodimeric
transcription factors. Previous reviews covering natural products that impact the HIF
pathway are worth mentioning, mostly covering plant-derived and synthetic inhibitors of
HIF-1 with a brief mention of marine-sourced compounds [46–53]. Readers are also invited
to take a glimpse at the structure–activity relationship (SAR) analysis of ten chemotypes
reported to be HIF-1 inhibitors [54], as well as to the patent survey by Nakamura and
colleagues, summarizing the information about patented HIF inhibitors over the time
period from 2011 to 2015 [55].

As far as we are aware, there is only a descriptive review by Nagle and Zhou dealing
with marine natural products that were identified as inhibitors of HIF-1 activation as of
December 2008 [56], justifying the updated comprehensive analysis herein delivered. In the
current analysis, we provide critical input as the marine natural products that are known to
inhibit HIF-1 and HIF-2 are also highlighted, considering other effects that cooperate with
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the overall ‘anticancer potential’. Our comprehensive literature search covers the period
up to February 2024 without a start date restriction, with the keywords ‘marine natural
products’, ‘hypoxia-inducible factor’, and ‘cancer’, as well as cross-referencing being used
to expand the search criteria.

2. Marine Natural Products Acting as Inhibitors of HIF-1 and HIF-2

An expanding and motivating list of hundreds of additional lead structures produced
by marine organisms currently feeds the preclinical pipeline, being expected that many
new agents will step into clinical trials in the upcoming years. In the following sections, a
comprehensive discussion will be presented on the most promising metabolites produced
by marine organisms displaying anticancer properties via impact upon the HIF pathway.

2.1. Peptides

While originally discovered in terrestrial counterparts, actinomycin D (also known
as dactinomycin) (1) (Figure 2) has also been reported from several marine strains of
Streptomycetes [57,58]. The cyclic dipeptide antibiotic is a well-known chemotherapeutic
and radiosensitizing agent (Cosmogen®) with anticancer effects mainly deriving from DNA
intercalation and the subsequent impediment on the progression of RNA polymerases [59].
Actinomycin D (1) leads to an extremely fast action upon RNA polymerases but is a
nonselective inhibitor of protein transcription, which determines some of the severe side
effects [59]. Apart from the main anticancer mechanisms, 1 has been reported to inhibit
HIF-1 binding activity to DNA in hepatocellular carcinoma Hep3B cells [60,61], but the
effects in vascular smooth muscular cells demonstrated that actinomycin D (1) solely
attenuated angiotensin II-mediated induction of HIF-1α protein expression levels and not
the hypoxia-dependent induction [62].

Figure 2. Structures of marine-derived peptides acting on the HIF pathway.

Also, the undecacyclopeptide cyclosporin A (2) (Figure 2) has been reported from
marine-derived isolates of fungi [63]. The blockbuster immunosuppressant stimulates
the activity of peptidylprolyl hydroxylases, ultimately modifying Pro-564 of the HIF-1α
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protein. The outcomes include the abolishment of hypoxic stabilization of HIF-1α and
HIF-1α-mediated cellular responses in glioma C6 cells, being hypothesized that cyclosporin
A (2) might limit adaptative responses to hypoxia [64].

Unlike actinomycin D (1) and cyclosporin A (2), the second-generation didemnin pli-
tidepsin (3) (Figure 2), originally isolated from the Mediterranean tunicate Aplidium albicans,
appears to be a strictly marine-derived metabolite [65]. Plitidepsin (3) received market
approval under the trade name Aplidin® for the treatment of patients with relapsed and
refractory multiple myeloma, acting as a pleiotropic chemotherapeutic agent [66]. While
mainly acting as a disruptor of the translation elongation factor eEF1A2 protein complexes,
leading to the induction of early oxidative stress and subsequent sustained activation of
JNK in multiple myeloma cells, 3 was found to impact against angiogenic-related genes
in anaplastic thyroid cancer xenografts [67]. Angiogenesis-related genes targeted by pli-
tidepsin (3) include not only HIF-1 but also the transforming growth factor-β (TGFβ),
TGFβR2, melanoma growth stimulating factor 1 (GRO1), cadherin and vasostatin, cumula-
tively inducing tumor starvation [67].

Reported from both terrestrial and marine Streptomyces spp., oligomycin A (4) (Figure 2)
is mainly reputed as a mitochondrial F0F1-ATPase inhibitor [68,69]. Microbial antibiotics
have been extensively used to elucidate the mechanistic aspects of ATP formation and
energy requirements in tumor cell biology [70]. The effects of oligomycin A (4) on short-
term hypoxia were investigated on the highly resistant human uveal melanoma Mum2B
and U87 glioblastoma cells, results suggesting that the anticancer effects might be enhanced
by preventing HIF-1α protein accumulation [71].

Described as a marine natural product [72], the microbial metabolite antimycin A (5)
(Figure 2) also acts as an inhibitor of oxidative phosphorylation, specifically through the
binding to the quinone reduction site of the cytochrome bc1 complex [73]. Relevantly, the
inhibitory effects of 5 upon the mitochondrial electron transport chain were followed by
the inhibition of hypoxia-dependent HIF-1α protein induction by decreasing its half-life in
osteosarcoma 143B cells [74]. Inhibition of HIF-1α protein induction was further suggested
to occur independently of mitochondrial reactive oxygen species (ROS) production [74].
Together with the scientific outcomes delivered by Maeda and colleagues, antimycin A (5)
is suggested to inhibit angiogenesis through the decreased production of the vascular
endothelial growth factor (VEGF) caused by inhibition of HIF-1α activation [75].

While both triostin A (6) and echinomycin (7) (Figure 2) are labeled as competent
HIF-1 inhibitors, the latter has been long into the spotlight as one of the most potent HIF-1
inhibitors, as well as impacting the coactivator/DNA interaction [76,77]. The anticancer
effects of 6 and 7 derive from their DNA intercalating effects through the quinoxaline
chromophores, preferentially binding at CpG steps in the minor groove of the double
helix [77]. Echinomycin (7) was the first bifunctional intercalating agent proceeding to
clinical development, but it was discontinued due to its poor effectiveness in patients with
solid tumors [78,79]. While sharing the same structural backbone, 6 and 7 differ on the
intrapeptide bridge between the two cysteine residues, determining a distinct HIF-1 in-
hibitory capacity [80]. Echinomycin (7) acts as a potent inhibitor of HIF-1α, blocking HIF-1
DNA binding of endogenous nuclear proteins but mainly the binding to the canonical
hypoxia-responsive element (HRE) of VEGF promoter [80,81]. Triostatin (6), echinomycin
(7), and a series of synthetic derivatives were evaluated for effects on the HIF-1 transcrip-
tional activation under hypoxic conditions and cytotoxicity on MCF-7 cells, SAR analysis
indicating that the cyclic depsipeptide architecture is as an attractive scaffold to develop
selective anticancer agents targeting the hypoxic tumor microenvironment [80].

While both triostin A (6) and echinomycin (7) have been mainly reported from ma-
rine strains of bacterial isolates [82], epithiodiketopiperazines are almost exclusively re-
ported from fungi, many of which obtained from marine sources and also impacting HIF-1
signaling [83]. The diketopiperazine dimers chetomin (8) and chaetocin (9) (Figure 2) occur
both as terrestrial and marine-derived metabolites, being reported from marine strains
of Chaetomium cristatum and Nectria inventa, respectively [84,85]. Both 8 and 9 are rec-
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ognized for their ability to target the transcriptional coactivator p300 by displacing the
zinc ion from its CH1 domain (C-TAD) [86,87]. This action disrupts the interactions with
the C-terminal trans-activation domain of HIF-1, ultimately resulting in the attenuation
of hypoxia-inducible transcription of downstream signaling components [88,89]. While
chetomin (8) was identified as the first naturally occurring antagonist of the C-C chemokine
receptor type 2 (CCR2) [90], it has played a significant role in uncovering the mechanisms
that contribute to the invasiveness of specific cancer cell types, particularly highlighting the
preponderant role of hypoxia in ovarian and triple-negative breast cancers [89,91]. Further-
more, the effective inhibition of HIF-1 by chetomin (8) leads to a reduction in CA9 and VEGF
mRNA expression, enhancing the radiation response specifically under severely hypoxic
conditions in HT 1080 human fibrosarcoma and U251MG and U343MG glioma cells [88,92].
Biological implications deriving from the disruption of the HIF-1/p300 complex include a
direct antitumor effect but also antiangiogenic properties, with chaetocin (9) being more
effective than chetomin (8) in this matter. The epithiodiketopiperazine dimer 9 is primarily
acknowledged for its function as an epigenetic agent via the pharmacological inhibition of
SUV39H, being the first histone lysine methyltransferase (HKMT) inhibitor [93–95], but
several of its anticancer effects are also attributed to the disruption of the HIF-1α/p300
complex. For instance, chaetocin (9) exhibited a reduction in microvessel outgrowth in
the low nM range, co-immunoprecipitation experiments providing additional evidence
that these effects are, at least in part, a result of inhibiting the HIF-1/p300 interaction [96].
Downstream consequences include reduced levels of secreted VEGF and subsequent down-
regulation of glycolytic genes, namely LDHA and ENO1, suggesting a role in inhibiting cell
survival under hypoxia and promoting cell death in hypoxic areas [96].

Described as the first member of epithiodiketopiperazines, gliotoxin (10) (Figure 2)
has been progressively reported on its anticancer ability deriving from multiple targets,
including the disruption of HIF-1 activity. The structurally simple epithiodiketopiperazine
is commonly sourced from terrestrial and marine-derived strains of Aspergillus spp. [97–99].
Reece et al. (2014) also described the antiangiogenic effects of 10, indicating similar mecha-
nisms as those observed for the dimeric epipolythiodiketopiperazines chetomin (8) and
chaetocin (9): (i) disruption of the C-TAD domain of HIF-1 and (ii) downregulation of
the target genes LDHA and ENO1. In contrast, gliotoxin (10) did not impact VEGF ex-
pression in PC3 prostate cancer cells, pointing to cell-specific effects that differ from those
of 8 and 9 [96].

First described by Gerwick and colleagues as a neurotoxic agent and originally sourced
from the marine cyanobacterium Lyngbya majuscula [100], kalkitoxin (11) (Figure 2) was later
found to be a competent disruptor of hypoxic signaling [101]. The lipopeptide inhibited
hypoxia-induced activation of HIF-1 in T47D breast ductal carcinoma cells in the low nM
range, acting through the suppression of mitochondrial oxygen consumption at electron
transport chain (ETC) complex I (NADH-ubiquinone oxidoreductase). Kalkitoxin (11)
efficiently inhibited the hypoxic induction of VEGF or glucose transporter-1 (GLUT-1)
mRNA expression in a concentration-dependent manner, displaying also antiangiogenic
effects via the suppression of hypoxia-induced secreted VEGF protein [101].

The discovery of the pentapeptides dolastatins from the sea hare Dolabella auricularia
prompted the development of the CD30-targeted antibody-drug conjugate brentuximab ve-
dotin (Adcetris®) that is currently available for the treatment of Hodgkin lymphoma [17,102].
Dolastatin-15 (12) (Figure 2) was also originally reported by Pettit and colleagues from the
Indian Ocean sea hare D. auricularia [103] but has been progressively labeled as a cyanobacte-
rial symbiont metabolite [104,105]. The pentapeptide is predominantly reputed as a potent
cytostatic agent that, along with a series of synthetic analogs, proceeded to clinical devel-
opment [106–111]. Despite mainly acting as a microtubule-destabilizer [112,113], 12 also
displays HIF-mediated antiangiogenic activity, with inhibitory effects upon HIF-1α being
recorded in vitro and in vivo [114]. Experiments in the single knockout cells HCT116HIF-1α−/−
and HCT116HIF-2α−/− suggested that dolastatin 15 (12) preferentially targeted HIF-1α
but not HIF-2α, showing decrease in potency against HCT116HIF-1α−/− HIF-2α−/− and
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HCT116HIF-1α−/− in contrast to the parental and HCT116HIF-2α−/− cells [114]. Luesch’s
group further reported that 12 is able to suppress aberrant transcriptional upregula-
tion of HIF-1α target genes in a zebrafish model, significantly diminishing pathological
vascularization [114].

2.2. Alkaloids

During a screening on the ability of more than 170 200 crude natural product ex-
tracts to inhibit the HIF-1α/p300 interaction, a series of pyrroloiminoquinone alkaloids
(13–19) (Figure 3) sourced from Australian and New Zealand collections of marine sponges,
Latrunculia sp., were identified as inhibitors of HIF-1α transcriptional activity [115]. The
peculiar structural features of pyrroloiminoquinone alkaloids include the azacarbocyclic
spirocyclohexanone and pyrroloiminoquinone redox active core structures that frequently
underlie the reported bioactive effects [116]. Pyrroloiminoquinone alkaloids were first
screened through a cell-free protein–protein assay by measuring displacement of the HIF-
1α binding domain of p300 (CH1) from the p300 binding domain of HIF-1α (C-TAD),
with (−)-discorhabdin B dimer (13), (+)-discorhabdin B (14), (−)-discorhabdin H (16), and
(−)-discorhabdin L (17) featuring as the most effective with IC50 values under 5 μM [115].
Results were also obtained in three cancer cell lines transfected with an HIF-1 reporter
plasmid containing a hypoxia response element that mediates HIF-1-dependent gene tran-
scription, with all the alkaloids (13–19) proving to significantly decrease the transcriptional
activity of HIF-1α in human colorectal carcinoma HCT 116 cells, and (−)-discorhabdin
B dimer (13) featuring as the most competent [115]. While most of the sponge-derived
pyrroloiminoquinone alkaloids also led to a reduction in luciferase activity in human
prostate adenocarcinoma LNCaP cells, there is a clear cell-type specificity on the HIF-1α
transcriptional activity, as none proved to be active in COLO 205 colon cancer cells [115].
(−)-Discorhabdin H (16) also interfered with the secretion of the downstream target VEGF
in LNCaP cells cultured under hypoxic conditions [115]. In addition to the significant
inhibition of endothelial cell proliferation and tube formation recorded in HUVEC cells, ex
vivo experiments demonstrated that the antiangiogenic effects of (−)-discorhabdin L (17)
are also related to the decrease in microvessel outgrowth, as demonstrated in the aortic
ring assay, at concentrations as low as 1 μM [117].

Figure 3. Structures of marine-derived alkaloids acting on the HIF pathway.

Bioassay-guided fractionation of an extract obtained from specimens of the marine
ascidian Eudistoma sp., collected in Palau, yielded eudistidine A (20) (Figure 3), bearing an
uncommon heterocyclic architecture comprising two pyrimidine rings and an imidazole
ring that is fused in a tetracyclic core containing guanidine, amidine, and hemiaminal
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functionalities [118]. Eudistidine A (20) blocked the binding of soluble CH1 (p300) to
immobilized C-TAD (HIF-1α) with concentration dependency, with an IC50 value of 75 μM
being estimated [118].

Fascaplysin (21) (Figure 3), an indole alkaloid originally discovered from the marine
sponge Fascaplysinopsis reticulata [119], has been reported as having a pleiotropic anticancer
mechanism of action, including DNA intercalation [120], inhibition of angiogenesis [121],
but mainly the selective inhibition of CDK4 [121–124]. The effects on tumor angiogenesis
have been further elucidated in human melanoma A375 and colorectal carcinoma HCT116
cells, as well as in an A375 cell-injected xenograft model. Both in vitro and in vivo data sug-
gested that the antiangiogenic effects of fascaplysin (21) derive from a strong suppression
of VEGFR2 as well as of HIF-1α and its downstream genes [125].

The algal pigment caulerpin (22) (Figure 3), first reported in the 1970s from an ether
extract of a Caulerpa sp. [126], was later identified as an inhibitor of HIF-1α activation in
a human breast tumor T47D cell-based reporter assay [127]. Caulerpin (22) was able to
inhibit both hypoxia (1% O2)- and chemical hypoxia (10 μM 1,10-phenanthroline)-induced
HIF-1α activation with comparable potency, and while being unable to inhibit the induction
of VEGF and GLUT-1 mRNAs by 1,10-phenanthroline in human breast cancer T47D cells,
there was a marked decrease on the hypoxia-derived induction of both target genes [127].
Liu et al. [127] further reported that 22 selectively suppresses mitochondrial respiration at
complex I (NADH-ubiquinone oxidoreductase), suggesting that, as previously reported
with other complex I inhibitors, the blockage of hypoxic induction of HIF-1α protein is
mediated by the inhibition of complex III superoxide anion generation.

Chemical analysis of an extract obtained from a Mycale sp. sponge yielded 26 alkylpy-
rroles with variable HIF-1 inhibitory potency [128]. The most active lipophylic pyrroles,
mycalenitrile-6 (23) and -7 (24) (Figure 3), displayed selective HIF-1 inhibitory effects using
the T47D cell-based HIF-1 activation reporter assay, preferentially inhibiting hypoxia-
induced HIF-1 activation in comparison to the effects on chemical hypoxia/iron chelator-
induced activation [128]. Analogously to caulerpin (22), the inhibition of HIF-1 activation
is mediated through the selective inhibition of mitochondrial respiration at complex I, and
both 23 and 24 appear to prevent hypoxic mitochondria from releasing ROS signaling
molecules, consequently avoiding the stabilization of HIF-1α protein [128].

Since the first report on the isolation of lamellarins from the Palauan mollusk Lamellaria
sp. in 1985 [129], more than 50 lamellarins have been reported, mainly from Didemnum
spp. ascidians [130–137], as well as from sponges [138,139]. Lacking the planar penta-
cyclic chromophore and consequently differing from the prototype structure of lamellar-
ins, 7-hydroxyneolamellarin A (25) (Figure 3) was originally reported from the sponge
Dendrilla nigra [140]. Unlike most congeners from the subfamily of neolamellarins isolated
from the same source, 7-hydroxyneolamellarin A (25) effectively inhibited hypoxia-induced
HIF-1 activation in a T47D human breast tumor cell-based reporter assay, suppressing
also the activation of VEGF [140]. Effects were also demonstrated through in vivo experi-
ments, 25 being able to suppress tumor growth of 4T1 cells in BALB/c mice by inhibiting
the accumulation of HIF-1α in tumor tissue [141]. Li and colleagues further suggested
that 7-hydroxyneolamellarin A (25) targets the protein with the ability to stabilize HIF-1α
in hypoxia, as no impact on the degradation of synthesis of HIF-1α was observed [141].
While less effective than the 7-hydroxylated derivative, neolamellarin A (26) (Figure 3) also
demonstrated HIF-1 inhibitory activity in the reporter gene assay based on T47D human
breast tumor cells [140] and prompted the synthesis of a series of derivatives to identify
the structural requirements underlying the effects towards HIF-1 [142]. Both naturally
occurring constituents (25 and 26) proved to be more active than the synthetic derivatives,
with SAR analysis indicating that the methoxylation of p-hydroxy groups diminished the
HIF-1 inhibitory capacity and that a two-carbon aliphatic carbon chain linker was more
favorable to the HIF-1 inhibitory activity than a single or triple carbon chain [142].

Displaying an unusual skeleton with a five-membered acetal ring, wondonin A (27)
(Figure 3) was sourced from a two-sponge association (Poecillastra wondoensis and Jaspis sp.)
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collected at Keomun Island, Korea [143]. Generally, wondonins are reputed for their strong
ability to suppress the expression of HIF-1α and VEGF, but what sets them apart from
most other antiangiogenic agents is their remarkable ability to inhibit angiogenesis without
causing significant cytotoxicity [144]. Wondonin A (27) reduced the expression of HIF-1a
and VEGF in endothelial cells and could suppress HIF-dependent transcription in HaCaT
cells. Authors suggest that the enhancement of the assembly of pVHL and HIF-1α could be
the underlying mechanism causing the proteasomal degradation of HIF-1 [144]. To opti-
mize the antiangiogenic properties of wondonins, a series of synthetic analogs have been
assayed on their effects towards VEGF-induced cell growth in HUVECs, replacement of
benzodioxole and imidazole moieties by benzothiazole and 1,2,3-triazole rings, respectively,
resulting in enhanced effects [145].

2.3. Polyketides

Psammaplin A (28) (Figure 4) is a spongean bromotyrosine-derived dimer with in-
triguing anticancer properties that has been gaining increased attention since its discovery
in 1987. It was originally isolated independently from three research groups, from a
Psammaplysilla sponge [146], two unidentified sponges [147,148], and later from additional
sponge species such as Pseudoceratina purpurea [149,150], Aplysinella rhax [151], and from
the two-sponge association Poecillastra wondoensis and Jaspis wondoensis [152,153]. Display-
ing significant in vitro cytotoxicity against a wide panel of human cancer cells namely
A549, SK-OV-3, SK-MEL-2, XF498, HCT15 [154], and leukemia cell lines [146,151], as
well as in vivo growth inhibitory activity in an A549 lung xenograft mouse model [149],
psammaplin A (28) has been mainly highlighted as an epigenetic modulator due to its
dual inhibitory activity against the chromatin-modifying enzymes histone deacetylases
(HDAC) and DNA methyltransferase (DNMT) [149]. Later, in 2015, Kim and coworkers
reported psammaplin A (28) ability to induce autophagic cell death, markedly increasing
the expression of damage-regulated autophagy modulator (DRAM), as well as causing the
reduced expression of SIRT1, suggesting an association between SIRT1 expression and p53
acetylation in chemorresistant cancer cells [155]. A series of psammaplins obtained from a
lipid extract sample of the sponge Dendrilla lacunosa were assayed on a cell-based reporter
assay carried out in T47D cells transfected with pHRE-luc for HIF-1 activity. The results
revealed intriguing effects with psammaplins being generally characterized by a biphasic
pattern of activation, psammaplin A (28) strongly activating HIF-1 at 3 μM but displaying
reduced effects at lower concentrations [156]. On the other hand, at concentrations ranging
from 0.1 to 30 μM, the biphenylic dimer of 28, bisaprasin (29) (Figure 4), inhibited HIF-1 in
T47D cells [156].

Widely used in biological research, cycloheximide (30) (Figure 4) is mostly known as a
transcription inhibitor that interferes with the translocation step and thus blocks translation
elongation. Cycloheximide (30) was first reported as an antifungal agent by Whiffen-
Barksdale of Upjohn Company in the mid-1940s from strains of Streptomyces griseus and
remains commercially available as Actidione® [157]. Marine-derived strains of Actino-
mycetes are also reported to display the biosynthetic machinery to produce 30 [158,159].
Cycloheximide (30) was first reported to potently block HIF-1α protein expression and
inhibit hypoxia- and iron chelator-induced HIF-1 activation in human liver adenocarcinoma
Hep3B cells [160]. Semenza et al. (1994) later demonstrated that the induction of erythro-
poietin, a hormone encoded by a gene whose transcription is regulated by O2 tension, was
also attenuated in Hep3B and HeLa cells [161].

Bioassay-guided fractionation of an extract obtained from cultures of a marine isolate
of Penicillium sp. led to the isolation of the neuritogenic compound epolactaene (31)
(Figure 4) [162]. Epolactaene (31) was later found to bind human heat shock protein
(HSP) 60 Cys442, both in in vitro and in situ settings, inhibiting its chaperone activity [163]
and supporting the identification of HSP60 as a regulator of the hypoxia-inducible factor
subunit HIF-1α [163,164].
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Figure 4. Structures of marine-derived polyketides acting on the HIF pathway.

First described 50 years ago, the 16-membered macrolide toxin latrunculin A (32) (Figure 4)
was early reported as a microfilament disruptor [165]. Originally isolated from the sponge
Latruncula magnifica [166,167], the toxin was also reported from Spongia mycofijiensis [168] and
curiously from associated nudibranchs [168,169]. Latrunculin A (32) forms reversible
complexes with G-actin, preventing its polymerization, ultimately leading to the dis-
ruption of microfilament organization, with no effect on the organization of the micro-
tubular system [165,170]. A potent anti-invasive activity was also observed in prostate
cancer PC-3M cells treated with 32, attenuating their invasiveness and cell migration
and selectively suppressing hypoxia-induced HIF-1 activation in T47D breast tumor
cells [171]. Relevantly, the blockage of actin dynamics by latrunculin A (32), through
the inhibition of either polymerization or depolymerization, appears to underlie the attenu-
ation of HIF-1α protein expression via the mTOR/p70S6K/Mdm2 signaling pathway in a
p53-independent manner [171,172].

Chemical analyses of an extract and fractions obtained from a saltern-derived halophilic
Streptomyces strain collected on Shinui Island in the Republic of Korea yielded a series
of cytotoxic salternamides [173,174]. Reported as the first chlorinated compound in the
manumycin family, salternamide A (33) (Figure 4) displayed strong cytotoxicity towards
a panel of cancer cell lines, being particularly active towards human colorectal carci-
noma HCT-116 cells and human gastric carcinoma SNU638 cells, with IC50 values below
1 μM [173]. The anticancer activity of 33 towards HCT116 cells appears to derive from
two distinct mechanisms involving G2/M cell cycle arrest and subsequent apoptotic cell
death, but also via suppression of HIF-1α translation through the modulation of the mTOR
signaling and the downregulation of the axis of the PI3K/ STAT3 signaling pathways [175].

Originally reported by Crews’s group in the sponge Spongia mycofijiensis [176] and later
from the sponge Dactylospongia sp. [177], the thiazolo-polyene mycothiazole (34) (Figure 4)
was initially described as an anthelminthic agent. NCI 60 tumor cell panel screening re-
vealed a potent cytotoxic effect against several cancer cell lines with selective nM potency
toward lung cancer cells, namely SCLC and NSCLC cancer lines [178]. Analogously to
other HIF-1 inhibitors, 34 selectively disrupts the mitochondrial electron transport chain by
suppressing mitochondrial respiration at complex I (NADH-ubiquinone oxidoreductase)
and potently blocking hypoxia-induced HIF-1 activation (IC50 = 1 nM) [179]. Addition-
ally, mycothiazole (34) was found not only to cause a decrease in ROS levels but also
to suppress the hypoxic induction of the HIF-1 target genes, VEGF and GLUT-1 [179].
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While its nM cytostatic effect in sensitive cells showing a hypoxic response is explained
through the disruption of mitochondrial function and inhibition of mitochondrial electron
transport complex I, a biphasic response was observed in some sensitive cells, suggesting
an additional target. Furthermore, the mycothiazole (34) effect in mitochondrial genome-
knock out ρo insensitive HL-60, LN18, and Jurkat cells, not affected by mitochondrial
electron transport chain suppression, leads to a cytotoxic effect rather than cytostatic at
μM concentrations, suggesting the involvement of a distinct nonmitochondrial mechanism
of action [178].

Previously used in clinical settings as an antistaphylococcal agent [180], the clin-
ical utility of novobiocin (35) (Figure 4) continues to be repurposed, particularly as a
chemotherapeutic agent [181,182]. Novobiocin (35) was first obtained from cultures of the
actinomycete Streptomyces niveus [183–185] but is also known to occur in marine counter-
parts [186]. The antibiotic has been in the spotlight as a first-in-class polymerase theta
(Polθ) inhibitor, acting as a noncompetitive inhibitor of ATP hydrolysis, and it is currently
under clinical development in patients with tumors that harbor aberrant DNA repair
genes [182,187]. However, the anticancer mechanism of 35 has long been recognized as
being pleiotropic and also includes the inhibition of HSP90 autophosphorylation by inter-
acting with a C-terminal ATP-binding pocket, consequently hampering hypoxia-induced
HIF-1α accumulation [188–190]. Antiproliferative effects of novobiocin (35) in A549 and
MCF-7 cells appear to derive from the disruptions between the HIF1α CTAD and p300
CH1 complex, which downregulates the transcriptional activation of HIF-responsive genes
such as CA9, being also able to downregulate the mRNA expression of Akt1 and mTOR in
both cell lines [191].

Currently available in Russia, echinochrome A (36) (Figure 4) is used as an active
substance of the drug Histochrome®, clinically used on the prophylaxis of reperfusion
damages after myocardial infarction for treating ischemia and infarction in acute forms
and also as retinoprotector for dystrophic damages of the retina and diabetic retinopathy,
for cataract, keratitis, and uveitis [192–195]. The polyhydroxylated 1,4-naphthoquinone
was first described as a bactericidal agent by Mac Munn in 1885 from the coelomocytes
of the sea urchin Echinus esculentus [196,197] but was recently reported to act as a SOD3
mimetic, controlling the expression of cell enzymes through the interference with HIFs, but
also enhancing the transcription of PPAR-α and the coactivator1 PPAR-γ (PCG-1 α) [198].

While emodin (37) (Figure 4) is mainly reported from several plant genera [199,200],
it is also commonly documented as a fungal natural product [201]. The anthraquinone
has been isolated from several marine-derived strains of fungi [202,203], with Gomes and
colleagues reporting its isolation from cultures of a marine-sponge-associated strain of
Eurotium cristatum [204]. Emodin (37) is widely reputed for its anticancer effects and the
interference with a series of molecular events underlying cancer development and progres-
sion [205]. The interference with the HIF-1 pathway emerges as a common mechanism
underlying an array of potential therapeutic effects of 37, ranging from neuroprotection and
anti-inflammatory effects to the preservation of intestinal barrier function and amelioration
of pulmonary inflammation [206–210]. Similarly, the response to the hypoxic environment
in the cancer microenvironment has also been commonly reported. Emodin (37) inhibited
HIF-1α expression in five human pancreatic cancer cell lines, as well as attenuating cancer
cachexia in in vivo models. Treatment of athymic mice xenografted with MiaPaCa2 cells
resulted in diminishing cancer cell growth and enhancing energy homeostasis through
the improvement of cancer-induced hepatic gluconeogenesis and skeletal muscle wast-
ing [211]. Emodin (37) also demonstrated in vitro and in vivo suppressive effects against
anaplastic thyroid cancer by affecting TRAF6-mediated pathways. Besides blocking angio-
genesis by inhibiting the TRAF6/HIF-1α/VEGF pathway in 8505c and SW1736 cells, 37 also
suppressed anaplastic thyroid cancer metastasis by inhibiting the TRAF6/CD147/MMP9
pathway [212]. Relevant effects were also noted in hypoxia-induced radioresistance in
HepG2 cells, with emodin (37) synergistically improving irradiation effects through the
inhibition of hypoxia-induced signaling factors such as HIF-1α and histone demethylase
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(JMJD1A), but mainly via increased PARP1 cleavage, activation of caspase-9, and inhibition
of JMJD2B [213].

Labeled as the first naturally occurring HSP90 inhibitor and originally reported
in the culture filtrates of Streptomyces hygroscopicus var. geldanus var. nova [214], the
ansamycin antibiotic geldanamycin (38) (Figure 4) is commonly described in marine strains
of Streptomyces [215–218]. The pivotal work of Whitesell and Neckers demonstrated that
38 inhibited the formation of a v-Src–HSP90 complex through binding to the ATP-binding
site in the N-terminal domain of HSP90 [219,220]. Geldanamycin (38), the inaugural HSP90
inhibitor to undergo clinical trials, was unable to progress further clinical development
due to its marked hepatotoxicity, likely linked to the electrophilic methoxybenzoquinone
group [221]. As observed in prostate cancer PC-3 and LNCaP cells, the interaction of 38 with
the N-terminal ATP binding domain of HSP90 induces destabilization and degradation of
numerous HSP90 client proteins by the ubiquitin–proteasome pathway, among them HIF-
1α [222,223]. Both in vitro studies and xenograft animal models employing various human
tumor cell lines have demonstrated the therapeutic promise of geldanamycin (38) in cancer
treatment, particularly in solid cancer types, not only due to potent cytotoxicity but also due
to a significant decrease in cell invasion deriving from HIF-1α-mediated effects [224–227].

Despite bearing a dissimilar structural architecture, radicicol (39) (Figure 4) shares a
close mechanistic similarity with geldanamycin (38), disrupting the folding of protein ki-
nases dependent on HSP90, and implying the degradation of the client protein HIF-1α [220].
While less commonly reported from marine sources, Crews’ group described the isola-
tion of 39 from an EtOAc extract obtained from cultures of the fungus Humicola fuscoatra
isolated from sediments collected in Tutuila, American Samoa [228].

Convergent with the late identification of HIF-2 as a potential target for the develop-
ment of alternative chemotherapeutic agents, only a limited number of marine-derived
candidates have been identified as inhibitors. McKee and collaborators screened over
146,000 extracts of plants, microorganisms, and marine invertebrates on their effects upon
HIF-2, and only three extracts from soft corals scored positively [229], ten sponge ex-
tracts being also selected for further studies [230]. The inseparable mixture of isomers
N-formyl-1,2-dihydrorenierone (40a/40b) (Figure 4), isolated from Haliclona velinea, dis-
played selectivity for the HIF-2α induced transcription of mRNAs [230].

The potential of adociaquinones A (41) and B (42) (Figure 4) as lead structures for the
development of chemotherapeutic agents dates back to 1988 with their discovery from an
unspecified sponge from the genus Adocia and the first report on their in vitro cytotoxic
effect against cancer cell lines [231]. Later, and being isolated from a Xestospongia sp. MeOH
extract, both xestoquinones were found to inhibit topoisomerase II [232]. In a recent report,
the bioassay-guided isolation of an extract of the sponge Petrosia alfiani yielded a new struc-
turally related quinone, 14-hydroxymethylxestoquinone (43) (Figure 4), along with 41 and
42 [233]. Adociaquinones A (41) and B (42) selectively suppressed iron chelator-induced
HIF-1 activation in T47D cells, each with IC50 values of 0.2 μM, and led to the suppres-
sion of secreted VEGF protein by 1,10-phenanthroline, causing a moderate increase in
secreted VEGF under hypoxic condition. While both 41 and 42 promoted oxygen consump-
tion without affecting mitochondrial membrane potential, 14-hydroxymethylxestoquinone
(43) acted as a protonophoric uncoupler of oxidative phosphorylation and decreased mi-
tochondrial membrane potential [233]. Furthermore, while the majority of the Cdc25B
inhibitors are quinones, adociaquinone B (42) attracted special and increased attention
due to its potent and remarkable selectivity, being identified as the most potent known
Cdc25B inhibitor [234].

Herboxidiene (44) (Figure 4) was originally described as a metabolite of Streptomyces
chromofuscus by researchers in Monsanto Company [235], being later rediscovered in cul-
tures of the Streptomyces sp. GMY01 strain isolated from a marine sediment sample collected
from Krakal beach in Yogyakarta, Indonesia [236]. On the initial reports, herboxidiene (44)
displayed cytotoxicity in the low nM range against several human tumor cell lines, with
the main mode of action being attributed to the targeted effects upon SF3B and interference

29



Mar. Drugs 2024, 22, 143

with spliceosome assembly [237,238]. Cooperating with the effects towards SF3B1, 44 also
causes a dual impact of the signaling mediated by VEGFR2 and the expression of HIF-1α,
inhibiting the transcription and splicing of HIF-1α mRNA in HUVECs [239]. Furthermore,
the antiangiogenic effects of herboxidiene (44) are also suggested based on the inhibition of
neovascularization of the chorioallantoic membrane in developing chick embryos [239].

2.4. Phenolics

Bioassay-guided fractionation of a CH2Cl2/MeOH extract obtained from samples of
the marine crinoid Comantheria rotula afforded a series of benzochromenones that were
assayed on their inhibitory effects upon HIF-1α in cell-based reporter assay [240]. The
benzochromenones 45–52 (Figure 5) significantly inhibited HIF-1 activation in T47D breast
tumor cells with IC50 values ranging from 1.7 to 7.3 μM and from 0.6 to 3.0 μM for hypoxia-
induced and 1,10-phenanthroline-induced activation, respectively [240]. However, solely
comaparvin (52) led to a decrease in the hypoxic induction of secreted VEGF proteins.
When assayed on the NCI 60-cell line panel, the dimeric neocomantherin derivative 45

decreased tumor cell growth with a low level of selectivity, but TMC-256A1 (51) was
characterized by a unique pattern of anticancer activity as indicated by the COMPARE
analysis [240].

Figure 5. Structures of marine-derived phenolics acting on the HIF pathway.

While matairesinol (53) (Figure 5) has been restrictively described as a plant lignan,
Urbatzka’s group reported the dibenzylbutyrolactone lignan in hexane extracts obtained
from the leaves and stems of the marine seagrass Halophila stipulacea [241]. Now also
labeled as a marine natural product, 53 reduced hypoxia-induced accumulation of HIF-1α
protein with concentration dependency, with no effects upon the synthesis of cytoskeletal
(tubulin) or cell cycle (cyclin D1) proteins in HeLa cells, inhibiting also tumor-conditioned
media-induced angiogenesis via the diminished expression of VEGF [242]. Matairesinol
(53) demonstrated efficient suppression of hypoxia and VEGF-induced angiogenesis at
concentrations lower than those required to hinder HUVEC growth, suggesting that it
might selectively disrupt angiogenic signaling pathways by suppressing mitochondrial
ROS generation [242].

The phlorotannin 7-phloroeckol (54) (Figure 5) is a common metabolite of Ecklonia
kelps and has been progressively reported as being active towards a series of biologically rel-
evant targets [243–246]. 7-Phloroeckol (54) is acknowledged to inhibit tumor angiogenesis
in HepG2 cells and HUVECs via inhibition of HIF-1α protein expression and the secretion
of VEGF protein by blocking PI3K/AKT/mTOR/P70S6K and RAS/MEK/ERK/MNK
mediated signal transduction pathways [247].

Chemical analysis of the aquatic plant Saururus cernuus led to the isolation of a series
of neolignans with nM potency towards HIF-1α [248,249]. Manassantins A (55), B (56),
and B1 (57) (Figure 5) potently inhibited hypoxia-activated HIF-1 with IC50 values of 3 nM,
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while 4-O-demethylmanassantin B (58) and 4-O-methylsaucerneol (59) (Figure 5) were
weaker on their inhibitory capacity (IC50 values of 30 and 20 nM, respectively) [248,249].
The SAR analysis by Nagle and colleagues evidenced that the absence of both hydroxylated
side chain segments is an essential structural requirement for the HIF-1 inhibitory activity
by this series of lignans, absence of one side chain phenylpropyl unit, as in the sesquilig-
nan 59, reducing also the inhibitory potency [249]. Additionally, the replacement of the
methylenedioxyl moiety by O-methyl groups and the difference in relative configuration of
at least one of the two side chains in 56 and 57 have only a slight influence on the potency
of HIF-1 inhibition [249]. Hypoxic induction of VEGF was attenuated by the manassantins
55–58, with manassantin A (55) and B1 (57) also blocking the hypoxia-induced increase in
CDKN1A and GLUT-1 mRNA levels [249].

In an attempt to elucidate the constituents underlying the effects of an extract obtained
from a Lendenfeldia sp. sponge on hypoxia-induced HIF-1 activation in T47D breast tumor
cells, Dai and colleagues carried out the isolation of a series of structurally dissimilar
constituents [250]. In addition to a series of active constituents, the naphthalene dimer 60

(Figure 5) also significantly inhibited both hypoxia- and 1,10-phenanthrolin-induced HIF-1
activation in T47D breast tumor cells, with an IC50 value of 4.3 μM [250].

2.5. Terpenes

The trichothecene-type mycotoxin diacetoxyscirpenol (61) (Figure 6) is a well-known
metabolite from phytopathogenic Fusarium spp. [251,252]. However, it was also reported
from a marine bacterial parasite Bacillus licheniformis isolated from the red alga Gelidium
pacificum [253]. While several mycotoxins are able to upregulate the HIF pathway [254],
diacetoxyscirpenol (61) dampened the activation of hypoxic genes by HIF, thereby reducing
anchorage-independent colony formation, endothelial tube formation, and tumor growth
in mice [253]. The impact of 61 upon HIF-1 is suggested to occur either through the
inhibition of HIF-1α translation or its dimerization with ARNT, as well as by hampering
the hypoxia-induced production of VEGF [253].

Figure 6. Structures of marine-derived sesquiterpenes (61–64) and diterpenes (65–71) acting on the
HIF pathway.

Kobayashi’s group reported the isolation of several sesquiterpene phenols, namely
dictyoceratins A (also known as smenospondiol) (62) and C (63) (Figure 6) from the
sponge Dactylospongia elegans [255]. While 62 was originally described from an Okinawan
Hippospongia sp. [256], its congener dictyoceratin C (63) was initially reported from a
Dactylospongia sp. [257], both being reported later from the sponges Polyfibrospongia australis [258]
and Spongia sp. [259]. Both 62 and 63 were originally described as antimicrobial agents;
however, they were found later to display hypoxia-selective antiproliferative effects, inhibit-
ing the proliferation of human prostate cancer DU145 cells under hypoxic conditions in low
μM concentrations [255] and also showing a strong antitumor effect in mice xenografted
with sarcoma S180 cells upon oral administration [260,261]. Molecular studies performed
with dictyoceratins A (62) and C (63) revealed that their selective antiproliferative activity
was derived from their inhibitory effects toward HIF-1α, inhibiting the accumulation of
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HIF-1α in hypoxia-adapted DU145 cells [255]. Kawachi and coauthors further detailed the
mode of action of dictyoceratins A (62) and C (63), demonstrating that both HIF inhibitors
bind to RNA polymerase II-associated protein 3 (RPAP3) in the vicinity of the TRP1 domain
and disturbed the R2TP/PEDL/HSP90 complex, consequently leading to dysfunction of
mTOR and the reduced accumulation of HIF-1 [262].

The bioassay-guided screening on HIF-2 inhibitors by McKee and coworkers also
led to the isolation of the meroterpene puupehenone (64) (Figure 6) from the sponge
Hyrtios reticulatus [230]. However, analogously to the remaining HIF-2 inhibitors isolated
from the active sponge extracts, puupehenone’s (64) effect on VEGF secretion was coupled
with a decrease in total protein, suggesting that it was related to cellular toxicity [230].
The sesquiterpene quinone and several analogs have been repeatedly described in various
sponges from distinct genera such as Heteronema [263], Hyrtios [264–267], Stronglyphora [268],
Xestospongia [269], Dysidea [270,271] and from Dactylospongia [272]. Concomitantly, 64 has
also been documented to have a wide range of biological properties, namely as a potent and
selective human 5-lipoxygenase inhibitor [267,273]. Puupehenone (64) was further assayed
as a potential antiangiogenic agent, inhibiting the endothelial cell differentiation in bovine
aortic endothelial (BAE) cells in vitro with an IC50 value of 10 ± 2 μM, but without apparent
selectivity since, at the same range of concentrations, it was also cytotoxic against a panel of
human cancer cell lines [274]. Interestingly, puupehenone (64) was also reported as useful
in tumor immunotherapy, being attached to a modified antigenic peptide derived from
Melan-A/MART-1 protein, frequently recognized by MHC class I-restricted CD8+ cytotoxic
T-lymphocytes (CTL). Despite the low affinity for HLA-A2 molecules, the resulting adduct
fitted on the TCR/HLA-A2 interface, leading to the stimulation of CTL [275].

Displaying an uncommon 7-oxabicyclo[2.2.1]heptane ring system, lauranditerpenol
(65) (Figure 6) was reported from an extract of samples of the red alga Laurencia intricata
collected in Discovery Bay, Jamaica [276]. The algal metabolite enhanced the degradation of
HIF-1α in breast cancer T47D cells, with an IC50 value as low as 0.4 μM, exhibiting selective
anticancer effects under hypoxic conditions without affecting normoxic cell growth [276].
Lauranditerpenol (65) also inhibited the mitochondrial electron transport pathway as
a complex I inhibitor, evidencing that the inhibitory effects on hypoxia-induced HIF-1
activation were dependent on the increase in cellular O2 availability under hypoxia [276].

The chemical family strongylophorines has been gaining attention since the first report
on the isolation of the first members from the sponge Strongylophora durissima in the late
1970s [277]. Several strongylophorines have been into the spotlight due to the reports on
their versatile modes of action towards cancer cells, acting as Rho-dependent inhibitors of
tumor cell invasion [278], proteasome inhibitors [279], and as inhibitors of the HIF-1 tran-
scriptional pathway [280]. The bioassay-oriented isolation of strongylophorine-2, -3, and -8
(66–68) (Figure 6) from the MeOH extract obtained from the sponge Petrosia (Strongylophora)
strongylata enabled their identification as inhibitors of the HIF-1-dependent luciferase ex-
pression in U251-HRE glioblastoma cells without interference with luciferase expression
in U251-pGL3 control cells [280]. While the study was limited to strongylophorine-2, -3,
and -8 (66–68) and chromanol, a preliminary SAR analysis suggests that the presence of
the A-ring lactone is a structural requirement that enhances the HIF-1 inhibitory activity of
strongylophorines [280]. Besides their HIF-1 selectivity, the strongylophorines 66–68 also
effectively decreased the expression of VEGF [280].

Chemical analysis of an extract obtained from the soft coral Asteropicularia laurae,
collected from a large reef west of Mabul in Malaysia, yielded a series of cembrane
diterpenes [229]. While most proved to be inactive, 13-epi-9-deacetylxenicin (69), 13-epi-9-
deacetoxyxenicin (70) and its hydroperoxide (71) (Figure 6) effectively suppressed HIF-2α
activity in renal carcinoma 786-0 cells with IC50 values of 6.2, 3.4, and 11.8 μM, without
exhibiting significant cytotoxicity [229].

Diacarnoxide B (72) (Figure 7), a norsesterterpene peroxide isolated from the Papua
New Guinea sponge Diacarnus levii, was found to inhibit hypoxia-induced HIF-1 activation
in T47D cells with an IC50 value of 12.7 μM [281]. Interestingly, while diacarnoxide B
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(72) inhibited prostate DU145 and PC-3 cells and breast MCF-7 and MDA-MB-231 cell
proliferation, both under normoxic and hypoxic conditions, it caused an unusual enhanced
and selective inhibitory effect at low concentration in MCF-7 and MDA-MB-231 cells under
hypoxic conditions [281].

Figure 7. Structures of marine-derived sesterterpenes acting on the HIF pathway.

In addition to its potent and selective inhibitory effect toward Cdc25A [282] and
in vitro cytotoxicity against a set of isogenic HCT-116 colon cancer cell lines [283], the
spongean metabolite furospinosulin-1 (73) (Figure 7) has been claiming much attention
for its hypoxia-selective growth inhibitory effect. Furospinosulin-1 (73) is a furanosestert-
erpene originally described from an Ircinia sp. sponge more than 50 years ago [284] but
has also been widely reported from other spongean genera such as Hippospongia [256],
Fasciospongia [285], Spongia [282,286], and Smenospongia [283,287]. In 2010, on the report
on its isolation from the Indonesian sponge Dactylospongia elegans, 73 was found to lead
to concentration-dependent and selective suppression of human prostate cancer DU145
cells under hypoxic conditions, as well as displaying in vivo antitumor effects in mice
xenografted with mouse sarcoma S180 cells, with no side effects being recorded upon
oral administration [288]. Curiously, despite its hypoxia-selective growth inhibitory effect,
furospinosulin-1 (73) did not inhibit the accumulation of HIF-1 or VEGF, instead modulat-
ing the activation of several genes involved in the hypoxia signaling pathway. The selective
growth inhibitory effect of 73 against hypoxia-adaptable cancer cells was initially attributed
to the suppression of the insulin-like growth factor-2 (IGF-2) gene transcription, selectively
induced under hypoxic conditions [288]. Recently, the same group further detailed the
mechanism of action of furospinosulin-1 (73), reporting an effective and selective effect
against hypoxic regions of tumors, stemming from the direct binding to the transcriptional
regulators p54nrb and LEDGF/p75, both known as mediators of hypoxia adaptation in
cancer cells [289].

Discovered more than 35 years ago as a metabolic product of the Red Sea sponge
Dysidea herbacea [290] and later from the sponges Lendenfeldia sp. [291] and Spongia officinalis [292],
furospongolide (74) (Figure 7) was reported as the first marine-derived furanolipid able to
inhibit hypoxia-induced HIF-1 activation [291]. During a screening on extracts from natural
sources with the ability to inhibit HIF-1 activation, the lipid extract of Lendenfeldia sp. was
found to be active, and the subsequent bioassay-guided isolation afforded three scalarene-
type sesterterpenes with similar activity and selectivity profile as HIF-1 inhibitors along
with furospongolide (74) [291]. Unlike the co-isolated sesterterpenes displaying significant
cytotoxicity, only 74 preferentially inhibited HIF-1 activation with a 10-fold selectivity
compared to its antiproliferative/cytotoxic effect against T47D cells, as well as blocking
VEGF induction. The HIF-1 inhibitory activity of furospongolide (74) is mediated through
the suppression of tumor cell respiration via the blockade of NADH-ubiquinone oxidore-
ductase (complex I)-mediated mitochondrial electron transfer, consequently blocking the
HIF-1 transcription regulator protein HIF-1α [291].

Bioassay-guided isolation of the Palau sponge Hyrtios communis afforded several
sesterterpenes with HIF-1 inhibitory activity [293]. Among them, the new sesterterpenes
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thorectidaeolide A (75), 4-acetoxythorectidaeolide A (76), and the previously reported
luffariellolide (77) (Figure 7) were found to be the most potent inhibitors of hypoxia-induced
HIF-1 activation with IC50 values of 3.2, 3.5, and 3.6 μM, respectively [293]. Unlike the other
sesterterpenes, 77 displayed a significant antiproliferative effect in T47D and MDA-MR-231
breast cancer cells [293]. Luffariellolide (77) has been previously reported in several sponge
species from the genera Luffariella [294], Cacospongia [295], Acanthodendrilla [296], and
Thorectandra [297], being initially reported as a reversible phospholipase A2 inhibitor [294]
and later as a weak inhibitor of the protein tyrosine phosphatase Cdc25 [298]. More relevant,
its in vitro cytotoxicity against human cancer cell lines was attributed to its agonistic effect
on retinoic acid receptors (RARs) [299]. Unlike other RAR ligands, luffariellolide (77)
adopts a distinct binding mode in RARα through a covalent modification with its unusual
i-hydroxybutenolide ring terminus, stabilizing the interaction of RARs with its ligands.
It displayed significant cytotoxic effects against monocytic leukemia and promyeloid
leukemic cell lines, as well as against MCF-7 breast cancer cells [299]. Furthermore, 77 was
also effective against the retinoic acid-resistant colon cancer HCT-116 cell line, inducing the
expression of the tumor suppressors RARβ and CRABPII [299].

In addition to the naphthalene dimer 60 (Figure 5), the homoscalarane sesterter-
penes 78–80 (Figure 7) were obtained from the lipid extract of Indonesian samples of
Lendenfeldia sp. [250]. While the three homoscalarane sesterterpenes proved to be efficient
inhibitors of hypoxia-induced HIF-1 activation in T47D cells, 79 featured as the most
active, with an IC50 value as low as 0.64 μM [250], evidencing that the free C-25 aldehyde
moiety is essential for HIF-1 inhibition and that its lactonization markedly decreases the
inhibitory potency [250].

Mainly reported from the red algae Laurencia spp. [300–305], thyrsiferol (81) (Figure 8)
selectively suppresses mitochondrial respiration at complex I, inhibiting also the hypoxia-
induced HIF-1 activation in T47D human breast tumor cells at the same concentration
(3 μM) [306]. Roussis and colleagues further described the ability to counteract the hypoxic
induction of the HIF-1 target genes VEGF and GLUT-1 in a concentration-dependent
manner [306]. The variance in cytotoxicity observed between the sensitive breast cancer
T47D cells, which heavily depend on mitochondrial oxidative phosphorylation, and the
relatively unresponsive breast cancer MDA-MB-231 cells, which primarily utilize glycolysis,
can be explained by the impact of thyrsiferol (81) on mitochondrial function [306].

Figure 8. Structures of marine-derived triterpenoids acting on the HIF pathway.

A series of cytotoxic triterpenoids bearing an uncommon condensed oxepane-cyclohexane
scaffold have been widely reported in sponges from the genera Axinella [307–314] and
Ptilocaulis [311,315], with several members from this series of spongean terpenoids being
reported as HIF-1 inhibitors. Sodwanone V (82) (Figure 8) is featured as the most active,
inhibiting both hypoxia- and phenanthroline-induced HIF-1 activation in T47D breast
tumor cells and being the only sodwanone derivative suppressing hypoxia-induced HIF-1
activation in PC-3 prostate tumor cells [314]. Displaying weaker inhibitory effects, with
IC50 values in the range 20–25 μM, sodwanone T (83) and 10,11-dihydrosodwanone B (84)
(Figure 8) inhibited both hypoxia- and phenanthroline-induced HIF-1 activation in T47D
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cells, while 3-epi-sodwanone K (85) and sodwanone A (86) (Figure 8) could only inhibit the
hypoxia-induced activation [314].

There is an increasing number of reports describing the anticancer effects of stellettin B
(87) (Figure 8), an isomalabaricane-type triterpene commonly reported from sponges of the
genera Geodia [316,317], Jaspis [318,319], Rhabdastrella [320,321], and Stelletta [322,323]. Stel-
lettin B (87) appears to act mainly due to the induction of autophagy and apoptosis by inter-
fering with the PI3K/Akt, Stat3, and mTOR signaling pathways in glioblastoma [324,325]
and chronic myeloid leukemia cells [319]. The antiproliferative effects upon the oral squa-
mous cell carcinoma cells OC2 and SCC4 derive from autophagic cell death, dropping
the expression levels of p62 and increasing Beclin-1 and LC3-II levels [326]. In addition
to the modes of action mentioned above, 87 treatment led to antiangiogenic effects in
human glioblastoma U87MG and GBM8401 cells, being observed to significantly downreg-
ulate p-Stat3 and HIF-1α and culminating in the diminished expression and secretion of
VEGF [325]. The antiangiogenic effects of stellettin B (87) were confirmed in two in vivo
models, with VEGF mRNA expression being decreased in zebrafish embryos and reduction
in angiogenesis also being recorded in murine Matrigel Plug models [325].

3. Discussion

As demonstrated above, a considerable number of marine natural products prove to be
effective in interfering with HIFs and might have potential utility in treating various types
of tumors (Table S1), particularly those with a negative prognosis due to hypoxia-induced
resistance and metastasis. However, as already demonstrated, some are accompanied by
severe toxicity that limits their translation to clinical use, while others are in the preliminary
phase of characterizing their mechanisms of action and validation in disease models more
indicative of therapeutic utility.

For example, the clinical development of diacetoxyscirpenol (61) ceased after a phase
II clinical trial for cancer treatment demonstrated severe side effects [327,328]. However, it
should be noted that 61 proved to inhibit HIF-1 at concentrations 20-fold lower than those
displaying cytotoxicity [253,329]. The clinical development of echinomycin (7) was also
discontinued due to the lack of anticancer efficacy in patients with solid tumors [330–332],
but its incorporation in liposomes has been recently suggested as a safe and effective
therapeutic option, profiting from the HIF-1α inhibition in metastatic cancers [333]. The
same applies to gliotoxin (10), whose clinical use has been precluded despite its discovery
more than 80 years ago. Its clinical use has been revisited in recent years, with a particular
focus on investigating the possible strategies to reduce toxicity, such as the targeted delivery
of 10 through nanoparticles [334] or the use of lower doses in combination with other
anticancer drugs [335]. In other instances, as in the case of kalkitoxin (11), it is possible
to anticipate toxicity even in the absence of clinical data, as the sodium channel and
mitochondria-associated neurotoxicity may limit the therapeutic potential [101]. It is also
unlikely that radicicol (39) might become a chemotherapeutic agent despite the HSP90
inhibitory ability and anticancer effects observed in vitro, as it was found to be devoid of
any in vivo activity in animal models [336].

Certainly, there will be other limitations, particularly those inherent in obtaining active
constituents from marine natural sources that are scarce or produced in limited quantities.
The inhibitory mode of action of strongylophorine-2 (66) for the HIF-1 oriented transcription
pathway has not been properly elucidated because of the scarcity of isolating the same from
natural sources, prompting its total synthesis [337]. However, there will still be cases where
the synthesis of synthetic analogs may not overcome limitations inherent to the structural
architecture itself. For example, wondonin (27) and derivatives are highly unstable in acidic
environments due to the five-membered acetal ring and the vinyl sulfate moieties [145].

However, in analogy to the numerous successful cases associated with the devel-
opment of drugs inspired by natural molecules, particularly those obtained from ma-
rine sources, many of the HIF inhibitors presented here are bona fide leads for the trans-
lation into therapy. This could occur either in their original structural form or, more
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likely, through the synthesis of synthetic derivatives optimized for efficacy, toxicity, and
pharmacokinetic parameters.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md22040143/s1, Table S1: Marine derived HIF inhibitors.
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Abstract: Antibodies represent a relatively mature detection means and serve as therapeutic drug
carriers in the clinical diagnosis and treatment of cancer—among which monoclonal antibodies
(mAbs) currently occupy a dominant position. However, the emergence and development of small-
molecule monodomain antibodies are inevitable due to the many limitations of mAbs, such as their
large size, complex structure, and sensitivity to extreme temperature, and tumor microenvironments.
Thus, since first discovered in Chondroid fish in 1995, IgNAR has become an alternative therapeutic
strategy through which to replace monoclonal antibodies, thus entailing that this novel type of
immunoglobulin has received wide attention with respect to clinical diagnoses and tumor therapies.
The variable new antigen receptor (VNAR) of IgNAR provides an advantage for the development
of new antitumor drugs due to its small size, high stability, high affinity, as well as other structural
and functional characteristics. In that respect, a better understanding of the unique characteristics
and therapeutic potential of IgNAR/VNAR in clinical and anti-tumor treatment is needed. This
article reviews the advantages of its unique biochemical conditions and molecular structure for
clinical diagnoses and novel anti-tumor drugs. At the same time, the main advantages of the
existing conjugated drugs, which are based on single-domain antibodies, are introduced here, thereby
providing new ideas and methods for the development of clinical diagnoses and anti-tumor therapies
in the future.

Keywords: single-domain antibody; immunodiagnostic; shark; VNAR; antibody–drug conjugate;
anti-tumor therapy

1. Preface

Cancer and chronic inflammatory diseases are currently the main indications for
antibody therapy; this is due, in part, to the systemic accessibility of the target antigens. To
date, the clinically approved therapeutic drug market is still dominated by mAbs of the
traditional IgG type, and they continue to show great commercial impact and sustainable
market growth [1]. The intrinsic advantages of mAbs include high levels of specificity in
terms of a target, reduced off-site toxicity, the efficacy benefits of induced cell death, and a
long serum half-life [2,3]. Despite this success, biological limitations and economic barriers
remain obstacles to overcome in the many forms of mAb drugs used in clinical diagnoses
and tumor therapies [2,4].

Antibody fragments with a smaller molecular weight, which have been shown to have
a more uniform distribution than mAbs in tissues, can improve diffusivity and vascular
permeability [5]. In diagnostic and therapeutic applications, smaller and more flexible
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therapeutic antibody formats with exciting therapeutic potential have been considered and
developed for optical imaging both in vitro and in vivo [6], viruses [7,8], tumors [9], and
other human disease therapies [10].

In 1989, two variable domains of an antibody heavy chain with antigen-binding
abilities were screened out from mice by Ward et al. [11]; they were only able to determine
the heavy chains and named them single-domain antibodies (sdAbs). An antibody family
called the heavy-chain antibodies (HCAbs), which naturally lack light chains, was initially
found in the humoral immune system of mammalian camelids in 1993 [12]. Two years
later, an immunoglobulin (Ig)-based new antigen receptor (IgNAR) of the same type was
also found in cartilaginous fish in 1995 [13]. As a new therapeutic strategy to replace
monoclonal antibodies, the major types of naturally occurring single-domain antibodies
are, thus far, derived from the antigen-binding variable domain of camelids and sharks,
which are referred to as the variable domain of the heavy chain of heavy-chain antibodies
(VHHs) and variable new antigen receptors (VNARs), respectively. These both function as
two members of the most ancient antigen recognition receptors [14–16].

Structurally, the conventional antibodies (IgG) are mostly heterodimers of 150–160 kDa,
with two heavy chains (VHs) and two light chains (VLs) [17]. By contrast, the form of the
IgNAR molecule is a heavy-chain dimer, and each heavy chain of IgNAR comprises five
constant domains that follow a single variable domain, VNAR. The VNARs of IgNAR are
truly smaller, with a molecular mass of ~12 kDa, than the camel-derived monodomain
antibody because each carries only two CDRs (CDR1 and CDR3) and a deleted CDR2
region (Figure 1). In addition, VNARs have two additional high-variable loops (hypervari-
able 2 and hypervariable 4), and their small and simple domain generates four diversity
loops [14,18]. Although CDR1 and CDR3 are considered the two major determinants for
antigen binding by VNAR domains, other hypervariable regions—such as HV2 and HV4—
show an increased frequency of somatic mutations, indicating their potential involvement
in antigen recognition [19]. Due to their unique structures and binding modes, shark
VNARs may have unique therapeutic potential.

Figure 1. Size and structure of IgG and Ig–like biologics. Schematic representation of molecular
models depicting the relative structure and size of different antibodies showing different options for
treatment.

2. Structural Characteristics and Advantages of IgNAR

2.1. Limitations of mAbs

Certain limitations in monoclonal antibody treatments have existed in the clinical
diagnosis and treatment stages. First, mammalian IgG, as a drug, is unstable and orally
unachievable; at the same time, it is often blocked when penetrating solid tumors [20]
and crossing the blood–brain barrier (BBB) [21]. Second, due to the size of mAbs, which
are approximately 150 kDa, the action site within the human body is limited to the cell
surface molecules with minimal tissue penetration, as well as a variety of antigens, in-
cluding epitopes located in clefts on protein surfaces (e.g., enzyme active sites) that are
non-accessible [22,23], thus resulting in poor binding affinity (approximately ten times
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weaker than VNAR) [19] and low tissue infiltration ability [24]. Finally, the inconvenience,
discomfort, and cost of treatment that mAb drug application brings considerably affect
the patients. With traditional mAb drug treatments, inconsistent clinical effects exist in
different diseases and patients. Moreover, it is ineffective for medium- and advanced-stage
cancer patients. In addition, the high cost of treatment is required for producing complex,
large globular glycoproteins [2]. In addition, due to the sensitivity of mAbs to temperature
and humidity, maintaining their optimal performance is difficult, particularly when the
drugs must be used in developing resource-poor countries with insufficient electricity
supply [4,25].

In addition to its own limitations, a potential predominance of shark-derived VNAR
therapeutic efficacy and response over that of mAbs has been observed in emerging viruses
or new acute infectious diseases [7,26]. The COVID-19 pandemic, caused by severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2), has led to a devastating global health
crisis. SARS-CoV-2 has rapidly evolved into a highly infectious variant around the world.
Researchers have suggested that the novel variants may reduce the sensitivity of SARS-
CoV-2 to antibody therapies and vaccines, which would then complicate the development
of antibodies [27]. Finding facilities equipped to administer an IV infusion that can manage
anaphylaxis while not exposing uninfected patients to SARS-CoV-2 may be difficult [28].

Therefore, due to the limitations of traditional antibodies in clinical applications,
developing diagnostic reagents and therapeutic drugs based on new types of antibody
molecules is necessary.

2.2. Advantages of Shark-Derived VNAR

Newly developed biologics should overcome the inherent limitations of traditional
antibodies. Furthermore, they have the ability to quickly cross the tissue barrier while
retaining the specificity and affinity of antibodies, making them a meaningful supply
for current monoclonal antibody therapies. Meanwhile, the activity of antibody drugs
in vivo should be further optimized to increase their efficacy and expand their clinical
applications. One of the candidate biological inhibitors with potential is based on the
discovery of VNAR, which was found in the antigen-binding variable region of IgNAR
in chondroid fish (Table 1). It has multiple natural and downstream attributes, such as
small size, high solubility, thermal stability, folding ability, good tissue permeability in vivo,
reduced propensity to aggregate, and high target-binding ability. VNARs have become
attractive candidates for drug development due to these attributes.

Table 1. Comparison of the advantages and disadvantages of the V region of mAbs, VHHs,
and VNARs.

V Region of mAbs VHH VNAR

Structural complexity
Complex post-translational modifications

(glycoproteins) +++ — —

Expression in prokaryotic cells — +++ +++

Molecular weight molecular weight (~kDa) 50~75 ~15 ~12
Tissue penetration (BBB, ocular model,

placental barrier) — ++ +++

Structural stability Physiological and biochemical
environment (high temperature, pH, urea) — +++ +++

Shortcomings Difficulty of humanization — + +++

In the comparison of strengths and weaknesses, +++ represents the highest degree, + represents a slightly weaker
ability, — represents no or less ability.

2.2.1. Structural Characteristics of Shark Monodomain Antibodies

The immunoglobulin neoantigen receptor antibody (IgNAR) from sharks is a heavy-
chain protein dimer without associated light chains [29]. The specificity of the molecules
is defined by the variable region of IgNAR, and VNAR types are defined in terms of
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cysteine number, CDR3 length, and amino acid variability. The single-domain natural lack
of CDR2 in VNARs heightens the requirement for CDR1 and CDR3 to provide specific and
high-affinity binding to prospective antigens [30]. It was observed that the VNAR domain
with four antigen-binding coils over a single chain possessed the ability to bind antigens
with relatively higher affinity than conventional antibodies containing six loops across two
chains [31,32].

In a natural VNAR phage library constructed from six naive nurse sharks [15], the
presence of two canonical cysteines located at amino acids 21 and 82 was used as a key
criterion for type I-IV VNAR; moreover, the sequences that did not contain one or both
cysteines were considered other types (Figure 2). The high variability in CDR3 length
and cysteine amount is critical for VNAR diversity because binding diversity is mainly
dependent on the CDR3 structures [15]. Different from conventional antibodies, VNAR
has a CDR2 region that is replaced by short-chain HV2 [29]. Therefore, to compensate
for this condition, sequence diversity is reflected in the CDR3 region. VNARs encode
unusually long and structurally complex CDR3s, which display a high degree of variability,
to compensate for the reduced size of variable regions in IgNARs [33]. CDR3, which is
more variable in terms of sequence, length, and conformation, plays a key role in antigen
recognition. It has a maximum of 100+ amino acid residues [34], an unusual topological
structure (which can bind relatively hidden epitopes of target antigens, such as pockets
or grooves), and the ability to penetrate rapidly [35]. Each VNAR covers less area than
standard bivalent antibodies but still maintains precise target specificity. Ubah et al. proved
that two amino acid residues from the HV2 region are involved in the association of
VNAR with SARS-CoV-2 receptor-binding domains (RBDs) in addition to the binding of
the CDR region with the RBD. Their study provided additional evidence for the functional
significance of the HV2 domain [27].

Figure 2. Illustration of VNAR isotypes showing the similarities and differences between different
isotypes of VNAR domain. This schematic is based on the specific sequence and classification
methods by Feng et al. [15].

2.2.2. Biochemical Characteristics of IgNAR

VNARs have high chemical and thermal stability. Influenced by the critical evolution-
ary environment, IgNARs are resistant to chemical denaturants that can be more stable than
classical antibodies. This option is attractive for drug delivery, diagnostics, and imaging. It
is stable in the blood of sharks that contain 350 mmol/L urea and 1000 mOsm/kg osmotic
salt ions. It can also maintain great stability at high temperatures in liquid, lyophilized, and
immobilized forms for a long time. Katherine et al. exposed recombinant VNARs to mouse
gastric scraping (pH = 5) and intestinal samples (proteinase-rich environment) and showed
no evident signs of degradation after 1 h of incubation, thus demonstrating the stability of
VNARs in extreme pH environments and their ability to resist proteinase hydrolytic cleav-
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age [2,36]. In addition, Dooley et al. incubated VNARs at high temperatures (85–97 ◦C),
and they still maintained binding activity after 3 h [31]. These characteristics provide great
conditions for the development and improvement of mAb drugs and the potential of field
immunodetection reagents [29,37,38]. Another advantage of sdAbs is the multiple ways
in which they can be administrated, given their small size and stable biochemistry. For
example, they can be directly entered into the lungs by aerosolization, which is particularly
useful in combating respiratory viruses, such as SARS-CoV-2 [39].

2.2.3. IgNAR Can Be Humanized

VNARs are distinct from typical Ig VH and VL domains as well as camelid VHH do-
mains. They share higher structural homology with immunoglobulin VL and T-cell receptor
V domains than with immunoglobulin VH [30]. The total area of 25–30% amino acid homol-
ogy was found between VNARs and the variable region of human antibodies via sequence
homolog analysis; the results showed low overall sequence identity [40] (Figure 3). At the
same time, shark VNARs were conserved in certain key antigen-specific binding functional
domains, thus suggesting that shark VNARs have antigen-binding properties that are
similar to mammalian IgGs and VHHs. In addition, shark VNARs have their own unique
sequence and structure, which may be different from other types of antibodies. However,
based on the existing VNAR crystal data, the structure of VNARs has a high similarity to
that of the variable region of human antibodies. Regarding in vivo therapeutic applications,
shark VNARs need to be humanized to limit potential immunogenicity [41], as well as to
improve thermodynamic stability, folding, and expression properties without reducing
their favorable antigen-binding and structural stability characteristics [30,42]. CDR grafting
is the most straight-forward and widely used humanization approach: the CDRs of a non-
human antibody of interest are grafted onto an appropriate human germline framework,
and the binding and functional properties of the original antibody are thus retained.

In 2013, on the basis of screening specific VNARs [32], Kovalenko et al. focused on
the VNAR domain of anti-human serum albumin (HSA), which was isolated from immu-
nized sharks and could be humanized by converting over 60% of non-complementarity-
determining region residues to a human germline sequence. In addition, within this
process, the resulting molecules largely retain their specificity and affinity for the anti-
gen binding of the parental VNAR [30]. In this study, conducting random mutagenesis
on the resulting molecules was followed by the refinement of clones through an off-rate
ranking-based selection of target antigens. After analysis, VNAR—which was selected
in the aforementioned method—exhibited negligible antigenicity, high stability, and high
affinity, which may meet clinical requirements [42]. Zhang et al. showed VNAR CDRs
based on an analysis of currently available VNAR antigen structure complexes in the global
Protein Data Bank archive of 3D structure data. They described a detailed protocol through
which to humanize VNARs via CDR grafting [43]. Fischer et al. concluded that a structural
and dynamic understanding of the VNAR binding site upon humanization is a key aspect
of antibody humanization [44]. Based on existing research, the humanized transformation
of VNAR can be realized via frame transplantation without losing functions. Meanwhile,
Martin et al. proposed that, in this area, further work for VNAR humanization is needed
to maximize human sequence content while avoiding a loss of binding affinity and/or
immunogenicity that would result from aggregation or decreased stability [45].
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Figure 3. Sequence comparisons of heavy chains of antibodies from different species are shown,
including the analysis of phylogenetic tree. C01–C04 stand for Camelidae VHHs, S05–S07 for shark
VNARs, and M08–M12 for mice and other mammals’ IgG heavy-chain antibodies.

2.3. Preparation and Mass Production of Specific VNARs
2.3.1. Use of Chiloscyllium plagiosum as a Model Organism for VNAR Preparation

Early studies on sdAbs mainly focused on camelids because raising camelids is easier
than raising sharks [46,47]. Contrary to mammals, the immune cycle in sharks is usually
long [48]. Fewer than 10 shark species are currently being studied for the development of
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VNAR-immunized libraries, such as the nurse shark (Ginglymostoma cirratum) [7], wobbe-
gong shark (Orectolobus ornatus) [49], and horn shark (Heterodontus francisci) [50], etc., with
nurse sharks being the most common.

However, the generation of VNARs is hindered by the high cost and cumbersome care
process of large shark breeding. They are difficult to maintain in captivity because of their
endangered state, large body size, slow maturity, aggressive temper, and fast movement.
In addition, certain cartilaginous fish fail to produce antigen-specific IgNARs, such as the
small spotted catshark [51]. Compared with these options, Chiloscyllium plagiosum (white-
spotted bamboo shark) is an attractive alternative ideal model to study and obtain antigen-
specific VNARs through immunization as it has stable VNAR production, easy breeding
conditions, as well as better maneuverability and repeatability of antigen immunization.

Bamboo shark is a small, demersal species that seldom bites, has a strong body shape,
and matures quickly [52]. It can be fed with an artificial diet, and it is easy to keep [35] and
immunize in a laboratory environment [53]. Found in their genome, transcriptome, and
plasma, bamboo sharks are the first shark species whose chromosomes are the complete
configuration of all IgNAR family structures [35]. The recent discovery of shear forms
in bamboo sharks has broadened the understanding of IgNAR properties [29], and their
genome has revealed chromosomal rearrangements and the presence of rapidly evolving
immune genes in cartilaginous fishes [54]. The presence of strong and rapid IgNAR recall
was also observed when undergoing a response following a re-encounter with antigens.
Many biological explorations on bamboo sharks, which serve as a promising small animal
model for high-affinity sdAb generation, have been conducted [26,35,55–57].

2.3.2. Phage Library Screening of Specific VNARs

The production of sdAbs is important for the detection and identification of potential
candidate proteins for further drug studies [15,39]. In recent years, it has been demonstrated
that sdAbs are highly amendable to a variety of modifications without losing their structural
integrity; in addition, they are compatible with a variety of high-throughput screening
platforms such as yeast [58], phage [27], bacteria [59], and ribosome displays [60,61]—with
the phage display being the most established one because of its large storage capacity,
simple operation, and the ability to be manipulated at the gene level. Meanwhile, besides
the employment of phage libraries derived from immunized specimens, naïve [15,62] and
synthetic libraries [63–65] have been explored as additional, less time-consuming options.
It needs to be emphasized that IgNARs have experienced iterative affinity maturation in
immunized sharks upon immunization [18]; therefore, VNARs from immunized libraries
generally have higher affinities and specificities than those from semi-synthetic libraries
and naïve libraries.

Currently, the most popular and broadest approach through which to isolate target
antigens for shark VNAR is through phage display (Figure 4). Using this technology, the
gene encoding the antibody binding domain is fused with the phage coat protein gene to
display the antibody on the phage surface for the selection of antigen recognition binding
proteins [66]. Existing phages are built from stock in two forms. First, after repeated
immune processes, simple blood samples are collected from animals to enhance and extract
RNA, and then the VNAR sequence is amplified from the cDNA generated from the total
information [67]. Antibodies with strong specificity and high affinity for immune antigens
can usually be obtained with this method. Second, natural or semi-synthetic phage display
libraries are constructed based on the VNAR domain produced by natural animals, and
these usually contain additional diversity in the CDR region [68–71]. Feng et al. [15], based
on EASeL technology, extracted RNA from six nurse sharks to construct a phage display
natural library with a library capacity of up to 1.2 × 1010, from which antibodies with
high affinity and those with a specific recognition of tumor treatment-related antigens and
viruses could be obtained.
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Figure 4. VNAR production using a phage display library. Specific antigens were used to immunize
sharks and induce an immune response for approximately three to six months. After which, the
screened VNAR sequences were cloned into phage vectors for phage antibody display, and phage
libraries were made. The antibodies identified after screening can be used to assess their potency
in vitro and in vivo.

2.3.3. Recombinant VNAR Production

Duan et al. [72] transformed phages containing antibody sequences into expressing
the HV2151 strain instead. In addition, they obtained large amounts of VNAR from the
bacterial liquid lysate via purification in order to compare how to obtain sdAbs with high
yield, quality, and purity. At the same time, they attempted to produce sdAbs using the
mammalian cell line Expi293F. The advantage of mammalian cell expression is that it
allows posttranslational modifications, especially glycosylation. However, monodomain
antibodies do not require post-translational modification, and recombinant VNAR is highly
soluble [73] and stable because hydrophilic residues are present on its surface. It also lacks
glycosylation modification, which is easy to clone and express in bacteria [38], and it does
not cost much compared with the production of traditional monoclonal antibodies [74].
Experiments have proven that the small-scale and large-scale production of recombinant
monodomain antibodies have excellent biological functions [72]. Thus, the bacterial expres-
sion system is suitable for the production of large quantities of recombinant monodomain
antibodies [75]. Experiments have proven that the yield of shark VNARs in Escherichia
coli ranges from 2 mg/L to 15 mg/L [72] and that such a low cost can bring considerable
economic benefits.

3. Potential Applications of VNAR in Preclinical Test

Intact mAbs dominate clinically approved therapeutic drugs. However, due to the
inherent characteristics that limit the development of these antibodies, antibody fragments
that are smaller and easier to permeate tissues have been developed for in vivo imaging
and clinical treatments [2]. In terms of drug targeting, based on their ability to interact with
demanding epitopes such as receptor domains, sdAbs have gradually become promising
candidates for biomedical applications [76], many of which have been proven successful in
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early-stage clinical trials [60,77–79]. The drug delivery system, given the unique properties
of sdAbs (Table 2), can maximize the delivery of drugs to the necessary sites and minimize
off-target toxicity. VNARs have been modified and adapted to satisfy the requirements
of drug discovery and development. Through this, a number of important additional
attributes have been demonstrated, thereby leading to the belief that it will also become a
valuable platform for multiple medical treatments [2].

Table 2. The first marketed single-domain VHH-based antibody drugs and current VNAR-based
drugs in development.

Drug Application Source Clinical Trial Phase Ref.

Caplacizumab aTTP VHH 2019 FDA-approved [76]
AD214 Idiopathic pulmonary fibrosis VNAR Phase I [77]

TXB4 Primary central nervous system
Lymphoma VNAR Preclinical [78]

3.1. Advantages in Drug Development and Clinical Treatment

When combined with traditional antibodies, VNARs have high affinity and clearly
high tissue penetration. Based on its unique structure, the potential of VNAR technology
as a powerful “engine” for novel drug discovery is evident. The small size and unique
topology of shark VNARs provide an opportunity through which to penetrate tissues and
bind to novel and hidden targets that are difficult to access through the larger spherical
binding domains that are currently available. VNARs demonstrate a surprising ability for
specific and high-affinity binding to diverse antigens by using just two variable domains
per molecule. VNARs have evident advantages in developing highly specific and effective
drugs against specific targets given their ability and versatility [80]; they also provide a
new idea for the development of bis-specificity antibodies because VNARs can be easily
fused [81].

Rapid distribution and elimination are desirable features of disease-specific biolog-
ics [82]; as such, the small size of VNARs provides extensive applicability for in vivo
diagnostic imaging. Therefore, their excellent molecular characteristics make VNAR a
potential substitute for the defects of traditional antibody drugs, thus allowing them to
become a highly effective new targeted therapy agent. The screening of semi-synthetic [83]
and CDR3-randomized VNAR libraries allows for the rapid and convenient identification
of anti-idiotypic VNAR domains against monoclonal antibodies. The resulting VNAR
variant does not cross-react with unrelated antibodies and was able to maintain its ex-
cellent target recognition in human and mouse sera. Molecular engineering and phage
display technologies could be potentially used in molecular imaging, drug delivery, and
the treatment of several major diseases [84].

Due to the large number of recombinant VNAR proteins that can be expressed in
prokaryotes and the low cost of preparation, although there are still many challenges
for the development of VNAR-based drugs, such as the need for humanization of the
sequence and the short half-life of the vector, the price is much lower than that of traditional
antibody drugs, and this serves as the basis for their widespread use. Increasing numbers
of next-generation antibodies and novel scaffolds have been introduced into the research of
biotechnology and biopharmaceutical companies to overcome the limitations of traditional
antibodies, as well as provide additional opportunities for new disease-targeting and
alternative drug delivery methods.

The advantages of VNARs, such as their stable quality, low production cost, easy
storage, and long half-life, are beneficial to the efficacy of their clinical applications. On-
going preclinical developments, such as immunoassay [85], medical imaging [86], in vitro
diagnosis [87], and disease treatment [88], will help define the utility of shark VNARs as a
novel family of drug candidates for treating cancer and other human diseases [14].
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3.2. Exploration and Development of VNAR-Based New Drugs

VNARs may be an effective neutralizing agent against mutated virus strains based on
their ability to bind highly variable influenza viruses (which cause great immunogenicity).
In 2021, Gauhar et al. [89] reported the identification of neutralizing single-domain VNAR
antibodies that were selected against the severe acute respiratory syndrome coronavirus
2 spike protein (which was derived from the Wuhan variant with the phage display
approach). And then, Obinna et al. [27] and Valdocino et al. [90] compared the binding of
VNARs that were selected from phage libraries and mutant virus strains. It was shown
that the mutation of the virus had been proven to barely affect the affinity of VNARs.
A crystallographic analysis of VNARs found that they recognized separate epitopes on
the RBD and had distinctly different mechanisms of virus neutralization—ones that were
unique to VNARs. VNARs were reported as showing picomolar affinity binding and a wide
range of neutralizing activity toward the receptor binding domain (RBD) of SARS-CoV-2
variants [91]. In addition, they can be isolated from the SARS-CoV-2 RBD-immunized
Chiloscyllium plagiosum [26] due to their ability to cope with evolving and evading COVID-
19 [7]. The intranasal administration of VNARs can effectively protect mice from the
challenges of SARS-CoV-2, as demonstrated by their advantages of small size and high
bioavailability [91]. These results showed that VNARs offer unique binding capabilities
to the RBD protein, especially in regions that are not readily susceptible to conventional
mAbs. Thus, they should be a useful adjunct to existing antibody approaches in terms of
treating COVID-19 as detectors and in therapeutics. Broadly speaking, these findings also
suggest the potential druggability and assay reagent iteration of VNARs, which would
provide these molecules with the potential for extensive use in human diseases.

Currently, three companies in the world are engaged in the research and development
of shark antibody drugs: Ossianix, Elasmogen, and AdAlta. Only Ad-214 from AdAlta has
been used in clinical practice thus far [92]. Ad-214 is an i-body developed by AdAlta that
specifically binds to CXR4. Meanwhile, Ad-314 is fused with human Fc for the treatment
of idiopathic pulmonary fibrosis. A phase I intravenous administration safety study has
been successfully completed. At the same time, AdAlta is working on developing Ad-214
inhalable preparations so as to improve the bioavailability of the drug, improve patient
convenience, and reduce the cost. Non-immunoglobulin VNARs were fused with anti-
hTNF-α biologics (Quad-X™ and D1-NDure™-C4) to determine the effect of anti-drug
antibodies (ADAs) on preclinical in vivo efficacy [75], and the promising applications of
VNARs in the biomedical industry were also indicated.

3.3. Application of VNAR as an Enzyme Inhibitor

When antibodies are used as enzyme inhibitors, they can inhibit enzyme activity
by changing the conformation of the active site(s) or directly binding to the active site(s)
of the enzyme [93]. Burgess et al. [94] identified a VNAR that specifically recognized
Aurora-A kinase by constructing a VNAR semi-synthetic library, and proved, via crystal
structure analysis, that the VNAR could destroy the salt bridge, change the conformation,
and inactivate the enzyme. The goal of replicating the precise targeting specificity of the
antibodies and increasing added value through differential qualities, such as small size,
has been the core aim in the development and progress of several alternative drugs in
recent years.

3.4. VNARs Can Penetrate Tissues and Deliver Drugs across the Blood–Brain Barrier

A well-defined high tissue penetration was verified in VNAR treatment. Drug delivery
across the BBB remains an important barrier for the development of biopharmaceuticals
with therapeutic effects on the central nervous system. On the basis of the small size of
VNARs and their extended CDR3 loop, Pawel et al. [95] screened the synthetic VNAR phage
display library for antibodies that can penetrate the brain parenchyma of mice and can be
specifically taken into TfR1-positive neurons to address issues such as retention when using
TfR1 receptor antibodies to cross the BBB. In subsequent assays [96], they demonstrated
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that the TfR1-targeting VNAR shuttle protein could be fused with the agonist antibodies,
as well as be effectively transported to the BBB and delivered into the brain parenchyma at
physiologically relevant concentrations. In addition, systemic treatments with VNARs can
prevent neuronal loss. The experimental results proved that VNARs can rapidly cross the
BBB with excellent pharmacokinetics and safety and that they can adapt to carry various
biological therapeutic drugs from blood to brain at any time, thus making them the first of
the next generation of brain-penetrating agonist antibodies with therapeutic potential in a
wide range of brain diseases.

Given the special structure of the corneas, Kocaleva et al. [97] administered the drug
to the mouse model of corneal scratches via dropping; they proved that VNARs have the
ability to penetrate the cornea and overcome the drawbacks of traditional antibodies, such
as the fact that they could only be administered via vitreous injection, accompanied by in-
fection and retinal detachment. Camacho et al. [98] also proved that VNARs penetraurface
abrasion or discomfort and that they may become a new drug candidate for the treatment
of vascular ophthalmopathy. These findings suggested that VNARs have good adaptability
and penetration to host tissues.

The success of these applications showed that VNARs are druggable after perfect
design and adjustment and that they satisfy the requirements of drug discovery and
development, thus ensuring that VNARs could become a valuable platform for various
medical treatments.

4. Applications in Anti-Tumor Preclinical Studies

Antibody drugs are mostly used in the treatment of cancers, autoimmune diseases,
as well as infectious diseases, cardiovascular diseases, and organ transplant rejection.
Antibody drugs are widely used in clinical treatment as targeted drugs; in addition, they
account for a large proportion of the new FDA-approved drugs. Cancers and chronic
inflammatory diseases are currently the main indications for antibody therapy, and this is
in part due to the systemic accessibility of the target antigens [2]. As an emerging tumor
treatment in recent years, immune antibody therapy can improve the ability of the immune
system to recognize antigens on the tumor surface by changing the expression of immune
regulatory factors in the tumor microenvironment [99,100].

The main limitation to the wide clinical use of ADCs is their non-uniform distribution
in solid tumors. Another major factor affecting the efficacy of ADCs is the heterogeneity of
their intratumoral distribution [101]. In addition to the complicated and harsh tumor mi-
croenvironment [102], massive neovascularization [103], variable antigen expression [104],
and low clearance rate [105], the physicochemical characteristics of monoclonal antibodies—
such as their large size and high binding affinity—slow down the penetration of these drugs
into tumors [106,107]. Improving the intratumoral distribution of ADCs is critical to in-
creasing their in vivo efficacy [108]. Early diagnosis is particularly important for the timely
detection and treatment of diseases, especially for serious diseases such as tumors. The
utilization of VNARs against various tumor markers has also been successfully developed
to date (Figure 5).
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Figure 5. The production of IgNAR and its advantages and applications in the treatment of solid
tumors.

4.1. VNARs Have Stronger Affinity to Cancer-Specific Targeting Antigens

Torchia et al. [83] chemically synthesized a small peptide through phage display library
screening and then attached it to the amino terminus of a pre-prepared IgG Fc protein. They
identified a small peptide with an affinity for a unique tumor type and demonstrated its
ability to kill tumor cells specifically and trigger macrophages to phagocytose tumor cells.
The effective clearance of human lymphoma in a mouse xenograft model demonstrated that
this approach can be used to personalize and precisely target tumors. On this basis, Arturo
et al. [65] screened VNAR libraries that were displayed by yeast through fluorescence-
activated cell sorting (FACS) so as to enrich antigen-bound VNARs against the BCRS of
different lymphoma cell lines. Five VNARs were expressed as Fc fusion proteins and
revealed binding constants in the low one-digit nanomolar range.

Meanwhile, a proof-of-concept study based on the generation of VNAR antibody–
drug conjugates has been reported. The high specificity of VNAR antibodies provides
a therapeutic window for the eradication of lymphoma B cells, and future experiments
may result in VNAR-Fc antibody formats with a higher binding valence. Treatment with
VNARs has many advantages over monoclonal antibodies [60]. VNARs have a much
smaller molecular weight than monoclonal antibodies, and this may allow greater tissue
permeability. A molecule in the form of a polypeptide body can carry more than two
antigen-binding domains, thus resulting in a higher affinity for the target.

4.2. Strong and Rapid Tissue Permeability

As potential chemotherapeutic agents, sdAds may passively target and penetrate
tumor tissue with their excellent permeability, all the while their clearance by the lymphatic
system is reduced. Adam et al. [109] proposed a new concept in the nanoparticle targeting
of sdAds, i.e., anti-DLL4 VNARs were specifically conjugated with a target in DLL4 and
used as a new treatment for pancreatic cancer. The studies demonstrated that VNARs
can specifically bind to DLL4 with high affinity and are preferentially internalized by
pancreatic cancer cell lines and endothelial cells that express DLL4. In addition, anti-DLL4
VNARs have significant anti-angiogenic effects. Arturo et al. [65] screened a yeast library
for soluble anti-idiotypic VNAR targeting lymphoma cells and generated VNAR antibody–
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drug conjugates that induced lymphoma cell-specific killing at low concentrations of
~20 pM to 1 μM without significant cytotoxicity—even at higher three-digit nanomolar
concentrations.

4.3. The Next-Generation Antibody for Anti-Tumor Applications

In 2017, Ubah et al. [110] immunized nurse sharks and screened anti-rhTNF-α (a
recombinant homo tumor necrosis factor) sdAbs via phage display technology. An in vitro
assay confirmed that the candidate VNAR obtained was as effective as adalimumab in the
treatment of intestinal epithelial barrier dysfunction. In the follow-up animal experiments
in 2019, the mouse arthritis model (Tg197) even indicated that VNARs are more superior to
IgG in their in vivo binding capacity [111]. In 2022, Zhao et al. [53] identified 15 specific
mouse TNF VNARs from a phage display VNAR library after immunizing a bamboo
shark. Their findings indicated that VNARs showing affinity to mTNF-α were successfully
enriched and identified by iterative biological screening. These results showed that VNARs
can fulfill the requirements for next-generation antibody drugs in clinical tumor treatment.

Favorable therapeutic effects have been achieved in hematological malignancies since
the introduction of chimeric antigen receptor (CAR) T cell therapy in this field. How-
ever, solid tumors remain a challenge due to the lack of appropriate antigen targets and
immunosuppressive tumor microenvironments.

VNARs can overcome the disadvantages of traditional IgG drugs and effectively
penetrate solid tumors with the help of their small size and high antigen-binding affinity.
The PD-L1 immune pathway is crucial for tumor cells to escape from immune surveillance
in the human body. Broos [112] stated, in their publication in 2019, that the antigen-binding
component of this pathway should be further developed. Hpd-l1-binding sdAbs were
prepared and injected intravenously in mice, and results confirmed that this antibody was
able to block PD-1/PD-L1, enhance the T cell receptor signaling pathway, and kill tumor
cells. Subsequently, bivalent and trivalent sdAbs were constructed using a glycine-serine
linker, and their activities were 313 and 135 times those of a monovalent single-domain
antibody, respectively. In addition, an attempt was made to link the identified high-affinity
sdAbs fragment to the human IgG Fc fragment, and this modified Fc domain was found to
effectively enhance the anti-tumor effect [113].

Dan Li et al. [20] constructed a semi-synthetic VNAR phage library and identified
anti-PD-L1 sdAbs. These antibodies showed cross-reactivity with human, mouse, and
dog PD-L1s, as well as partially blocking the interaction between human PD-1 and PD-
L1. Through this process, to a certain extent, the prevention of tumor metastasis and the
induction of tumor regression were achieved.

5. Conclusions

The progress of research into sdAbs as valuable drug conjugates is summarized in this
review. The structural characteristics and potential applications in clinical tests, as well as
the anti-tumor drugs, were highlighted to reveal the value of sdAbs as biomedical reagents.
Biological agents predominate the market for therapeutic drugs, and innovation drives the
development of the next generation of medical products. The development of therapeutic
antibodies has focused on smaller, more stable, and more flexible products to improve the
efficacy of the drugs and expand their clinical use. The structure of shark sdAbs brings
about specific functions for these molecules, including a small size, excellent thermal
stability, penetration into tumor epitopes, and a low production cost. These advantages
will hopefully lead to the development of highly specific, stable, and effective drugs in
the future [114]. These characteristics will enable sdAbs to become the focus of various
clinical uses.

Shark-derived sdAbs and their conjugates can still be improved in terms of their
stability, expression level, protease resistance, and the aggregation caused by synthetic
linkers. Small-size proteins are usually associated with short serum half-lives. Generally,
any molecules smaller than the threshold for glomerular filtration (approximately 60 kDa)
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will be rapidly eliminated from the body. Fusion to the Fc domain can solve this problem.
However, if a small size is advantageous, then the addition of several extra domains (i.e.,
Fc) would counteract the advantage of a small size. Although a large number of preclinical
studies on shark-derived sdAbs have been conducted, their progress into clinical use
has been slow. Considering the great evolutionary distance between cartilaginous fishes
and humans, potential immunogenicity should be considered prior to clinical application.
However, the feasibility of humanizing VNAR domains to prevent xenoreactivity has been
demonstrated in previous studies [2]. Although Fc fragments lack the ability to mediate the
ADCC effect and to guide immune cells to clean the targeted tumor cells, VNAR structural
characteristics and their high affinity for target antigens make it possible for them to be
used as effective antigen-binding therapeutic drugs.

This study also indicated that bamboo shark, as a model organism for the preparation
of high-affinity VNARs, may contribute to paving the path for VNAR application as a clini-
cal drug candidate. However, in the process of IgNAR preparation, identifying methods to
dynamically monitor IgNARs in sharks for observation and recording is still necessary.

The main direction of antibody development at present is to reduce the size and
complexity of antibodies while maintaining their affinity and selectivity for their targets.
This approach includes natural antibodies (such as single-domain antibodies), antibody-
like domains, and scaffolds. sdAbs should still be modified and clinically verified for their
aspects, such as with respect to their immunogenicity and functionalization, even though
these antibodies can efficiently expand potential drug targets due to their unique structural
characteristics [84]. Envafolimab is the first camel-derived humanized PD-L1-IgG Fc single-
domain fusion antibody drug to enter phase I clinical studies [9]. However, drugs based
on shark-derived VNARs have rarely been clinically studied. The mechanism of action
of VNARs with their molecular targets in vivo should be further investigated for VNAR
antibody drugs to clarify their function, benefits, and efficacy in tumor immunodiagnosis
and treatment. Shark VNARs are promising in the treatment and early diagnosis of tumors,
especially solid tumors, due to their superior molecular structure characteristics and their
objective advantages over VHH. Further development of VNAR antibody drugs may
change the future of biological agents.
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Abstract: Marine natural products offer immense potential for drug development, but the limited
supply of marine organisms poses a significant challenge. Establishing aquaculture presents a
sustainable solution for this challenge by facilitating the mass production of active ingredients
while reducing our reliance on wild populations and harm to local environments. To fully utilize
aquaculture as a source of biologically active products, a cell-free system was established to target
molecular components with protein-modulating activity, including topoisomerase II, HDAC, and
tubulin polymerization, using extracts from aquaculture corals. Subsequent in vitro studies were
performed, including MTT assays, flow cytometry, confocal microscopy, and Western blotting, along
with in vivo xenograft models, to verify the efficacy of the active extracts and further elucidate
their cytotoxic mechanisms. Regulatory proteins were clarified using NGS and gene modification
techniques. Molecular docking and SwissADME assays were performed to evaluate the drug-likeness
and pharmacokinetic and medicinal chemistry-related properties of the small molecules. The extract
from Lobophytum crassum (LCE) demonstrated potent broad-spectrum activity, exhibiting significant
inhibition of tubulin polymerization, and showed low IC50 values against prostate cancer cells. Flow
cytometry and Western blotting assays revealed that LCE induced apoptosis, as evidenced by the
increased expression of apoptotic protein-cleaved caspase-3 and the populations of early and late
apoptotic cells. In the xenograft tumor experiments, LCE significantly suppressed tumor growth
and reduced the tumor volume (PC3: 43.9%; Du145: 49.2%) and weight (PC3: 48.8%; Du145: 7.8%).
Additionally, LCE inhibited prostate cancer cell migration, and invasion upregulated the epithelial
marker E-cadherin and suppressed EMT-related proteins. Furthermore, LCE effectively attenuated
TGF-β-induced EMT in PC3 and Du145 cells. Bioactivity-guided fractionation and SwissADME
validation confirmed that LCE’s main component, 13-acetoxysarcocrassolide (13-AC), holds greater
potential for the development of anticancer drugs.

Keywords: apoptosis; epithelial–mesenchymal transition (EMT); prostate cancer; tubulin polymer-
ization; 13-acetoxysarcocrassolide
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1. Introduction

Historically, human medicine has relied heavily on plants and animals, harnessing
their secondary metabolites for therapeutic purposes. Secondary metabolites, although not
essential for the organism’s survival, carry out significant biological activities and have
been utilized as dietary supplements and therapeutic agents. Ancient texts like Shennong’s
Classic of Materia Medica and the Compendium of Materia Medica by Li Shizhen document
numerous marine organisms and their medicinal properties [1]. Recently, marine natural
products have been shown to show potent biological activity, with antitumor properties
surpassing those of terrestrial sources, largely due to their unique stereochemical structures
and special elemental compositions [1].

Soft corals are a prolific source of terpenoids, especially cembrane diterpenoids, which
exhibit a broad spectrum of pharmacological activities, including anti-inflammatory, an-
ticancer, antibacterial, and immunomodulatory effects [2,3]. Taiwan, boasting one of the
world’s highest densities and diversities of marine corals, has significant expertise in
developing and establishing aquaculture systems [4]. This technical prowess positions
Taiwan to be able to advance sustainable marine environment conservation and develop
marine-derived medicines targeting many diseases, especially cancer.

Topoisomerases are crucial enzymes in the DNA metabolism, making them prime
targets for anticancer drugs. The pursuit of topoisomerase inhibitors has become a signif-
icant focus in cancer drug development. Over the past decade, researchers have identi-
fied, synthesized, and evaluated a variety of novel bioactive molecules targeting topoiso-
merases. These inhibitors have been categorized into several structural classes, including
N-heterocycles, quinones, flavonoids, diterpenes, coumarins, lignans, polyphenols, fatty
acids, and metal complexes [5–13].

Despite the prevalence of topoisomerase poisons, such as etoposide, in cancer ther-
apy, their associated cardiotoxicity, resistance issues, and potential for causing secondary
malignancies necessitate safer alternatives. Catalytic inhibitors, which block the enzyme’s
function without causing DNA damage, represent a promising research direction [14–18].
Our research identified a marine sesquiterpenoid, 13-acetoxysarcocrassolide (13-AC), which
competitively inhibits topoisomerase and the N-terminal ATP binding site of heat shock
proteins. This compound holds potential as a less toxic anticancer agent, particularly for
blood, oral, and prostate cancers [14]

Microtubules, composed of α-tubulin and β-tubulin subunits, are integral to various
cellular functions, including cell shape, division, and intracellular transport. The disruption
of tubulin polymerization is a key strategy in cancer treatment as it interferes with cell
division [19]. Antitubulin drugs, derived from plants, microbes, and marine organisms,
either stabilize or destabilize tubulin. Notable stabilizers, such as Taxol and vinca alkaloids,
are widely used in clinical settings [20]. Given the critical role of tubulin in cellular processes
and tumorigenesis, targeting tubulin polymerization remains a promising approach in
anticancer drug development.

Histone deacetylases (HDACs) regulate gene expression by altering the chromatin
structure. HDAC inhibitors (HDACis) are a promising class of anticancer agents, especially
when designed as multi-target hybrids that inhibit multiple cancer pathways. These hybrid
molecules have garnered significant interest due to their potential to reduce side effects
and enhance therapeutic efficacy. Recent developments have seen several HDACi hybrids,
such as CUDC-101 and CUDC-907, enter clinical trials, underscoring their therapeutic
potential [21]. The research into HDAC inhibitors continues to be a vibrant field, with
a focus on developing agents that can synergistically improve the effectiveness of other
anticancer drugs.

Epithelial–mesenchymal transition (EMT) is a process where epithelial cells acquire
mesenchymal traits, enhancing their motility. This transition is crucial during embryonic
development, wound healing, and cancer metastasis. EMT enables cancer cells to invade
surrounding tissues and disseminate to distant organs [22,23]. More than 90% of cancer-
related deaths are caused by metastatic cancer diseases. Given that over 90% of cancer-
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related deaths are due to metastasis, understanding and targeting EMT mechanisms are
critical for developing therapies to inhibit cancer spread [24,25].

This study investigates the anticancer potential of extracts from aquaculture soft corals,
focusing on their effects on topoisomerase II, HDAC, and tubulin polymerization. Using
in vitro and in vivo assays, we evaluated the extracts’ efficacy against prostate cancer cells
and their ability to inhibit cancer cell metastasis and EMT. Specifically, we assessed whether
these extracts could inhibit EMT-related protein expression in the presence or absence of
TGF-β, an EMT inducer. The goal is to explore the potential of these marine extracts as
anticancer and anti-metastatic agents.

2. Results

2.1. Effects of Different Crude Extracts on the Cell Growth of Leukemia and Prostate Cancer Cells

In this study, more than 180 soft corals in the aquaculture system were extracted using
ethyl acetate to screen out their cytotoxicity against leukemic and prostate cancer cells. The
results showed that six extracts (Figure 1) inhibited the survival of more than half of the
cancer cells at the highest dose (40 μg/mL) for 72 treatments (Table 1). C2 showed the
most potent activity, with IC50 values of less than 0.16 and 0.33 ± 0.05 μg/mL for leukemia
Molt4 and K562 cells, respectively. C5 was the most active extract against prostate Du145
and LNCaP cells, with IC50 values of 4.96 ± 0.04 and 2.76 ± 0.34 μg/mL, respectively. The
use of any of the six crude extracts at a high dose (40 μg/mL) inhibited almost 90% of
growth in four cancer cells, except C3 and C4 for Du145 and LNCaP cells, which resulted
in IC50 values of over 30 μg/mL.

 

Figure 1. Morphology of aquaculture soft corals.

Table 1. Cytotoxic activity of six coral extracts against different leukemia and prostate cancer cell lines
after 72 h using MTT assay. The IC50 values were calculated using CalcuSyn software Version 1.1.1.

IC50 (μg/ mL), 72 h

Leukemia Cell Prostate Cancer

Crude Extracts Molt 4 K562 Du145 LNCaP

C1 4.11 ± 0.99 4.58 ± 0.15 12.39 ± 2.11 17.37 ± 3.86
C2 <0.16 0.33 ± 0.05 14.66 ± 0.79 15.49 ± 4.56
C3 1.87 ± 0.36 6.11 ± 2.28 11.44 ± 4.26 36.18 ± 0.69
C4 0.66 ± 0.084 2.65 ± 0.44 36.9 ± 2.8 37.88 ± 0.21
C5 1.5 ± 0.7 2.29 ± 0.17 4.96± 0.04 2.76 ± 0.34
C6 1.57 ± 0.57 2.27 ± 0.12 5.88 ± 0.48 9.17 ± 0.07
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2.2. Effects of the Different Crude Extracts on the Function of Topoisomerase II

The Food and Drug Administration (FDA)-approved chemotherapeutic agents dox-
orubicin and paclitaxel are topoisomerase inhibitors [26]. A cell-free system assay can be
used to detect whether the activity of human topoisomerase II is affected by these coral
extracts. The results showed that C1 and C3 increased the level of supercoiled DNA at a
dose of 0.16 μg/mL. This indicated that extracts C1 and C3 could diminish the function
of topoisomerase II at low doses, and at a dose of 2.5 μg/mL, all the extracts significantly
inhibited the formation of relaxed DNA induced by topoisomerase II, while all extracts
inhibited topoisomerase II at a high dose of 40 μg/mL (Figure 2). All these extracts dose-
dependently decreased the catalytic activity of topoisomerase II, with IC50 values of 0.16,
0.55, 0.17, 2.93, 3.10, and 2.35 μg/mL, respectively. Therefore, topoisomerase II could be a
potent target of the six coral extracts.

 

Figure 2. Effects of the six coral extracts (C1–C6) on topoisomerase II activity. Supercoiled DNA was
pre-incubated with DNA topoisomerase IIα, and the indicated compounds were added (0.16, 2.5,
and 40 μg/mL). After incubation and agarose gel electrophoresis, the bands of linear DNA were
analyzed. The result indicated that C1–C6 inhibited TOPO II activity in a dose-dependent manner.
Linear and supercoiled DNA were marked. Etoposide was used as the positive control.

2.3. Effects of Different Crude Extracts on HDAC Activity

The inhibition of HDAC is a promising target of cancer therapeutics. We evaluated
the effect of six coral extracts on HDAC activity. Treatment with six coral extracts at 10
and 40 μg/mL exhibited moderate inhibition of HDAC, with 0.49 ± 0.07 and 0.35 ± 0.09;
0.83 ± 0.09 and 0.47 ± 0.04; 0.88 ± 0.03 and 0.48 ± 0.02; 0.63 ± 0.09 and 0.48 ± 0.04;
0.82 ± 0.08 and 0.62 ± 0.06; and 0.65 ± 0.06 and 0.55 ± 0.05, respectively. The HDAC
inhibitor, trichostatin (TSA), significantly inhibited HDAC activity at 300 μM to 0.24 ± 0.01-
fold in comparison with the control (Figure 3). The results indicated that the antiprolifer-
ative activity of the six coral extracts does not involve HDAC inhibition. The C6 extract
showed a comparable activity to trichostatin at 40 μg/mL.

2.4. Effects of Different Crude Extracts on the Activity of tubulin Polymerization

Taxol, vinca, and colchicine-binding site analogs are therapeutically active anticancer
drugs targeting tubulin polymerization [20]. We determined the effects of the six coral
extracts on tubulin polymerization. Tubulin polymerization assays are used to study the
effects of drugs and proteins on tubulin assembly and measure the ability of tubulin to
polymerize into microtubules by observing changes in the optical density at a specific
wavelength (OD 350 nm) [27]. As shown in Figure 4, paclitaxel, a classic tubulin-stabilizing
agent, induced time-dependent 4.24-, 5.31-, 5.08-, and 4.67-fold tubulin accumulation
compared with the control after 5, 10, 15, and 20 min, respectively. In addition, 1.93-, 2.05-,
2.97-, and 2.03-fold tubulin accumulation was also observed in the presence of C4 extract
(4 μg/mL) compared with the control after 5, 10, 15, and 20 min, respectively. Nevertheless,
the treatment with C1–C3 and C5–C6 extracts (4 μg/mL) decreased tubulin accumulation
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0.17-, 0.39-, 0.37-, 0.22-, and 0.19-fold after 5 min. All treatments reached steady-state
equilibrium status after 10 min. Less than 1% of tubulin accumulation was observed with
the treatment of C5 extract after 10 min. These results indicated that tubulin could be a
potent target of the six coral extracts.

 
Figure 3. The effect of six coral extracts on histone deacetylase (HDAC) activity in a cell-free system.
Trichostatin A (TSA) is a potent reversible inhibitor of HDAC that was used as the positive control.
Relative deacetylation of histone was decreased by the treatment with marine organism extracts (10
and 40 μg/mL). (* p < 0.05; ** p < 0.01; *** p < 0.005).

Figure 4. The effects of the coral extracts (4 μg/mL) on the kinetic tubulin polymerization in a
cell-free system. Paclitaxel is a tubulin-binding agent and was used as the positive control. The time
course of tubulin polymerization and depolymerization at 37 ◦C was measured in the presence of
vehicle (DMSO) or marine organism extracts as indicated. The effect was measured using an ELISA
reader at 350 nm. The result indicated that C4 upregulated the level of tubulin polymerization. C1,
C2, C3, C5, and C6 upregulated the level of tubulin depolymerization.

2.5. Effect of C5 Extract (LCE) on Cell Growth, Colony Formation, and Apoptosis in Prostate
Cancer Cells

Prostate cancer is the fifth leading cause of death in the world, and it is also the second
most diagnosed cancer in men, with a high mortality rate. It is usually discovered after
being metastasized to other organs, rendering the available treatments ineffective [28]. C5
extract (Lobophytum crassum extract, LCE), which showed the most promising antitubulin
and antiproliferation activity, was further evaluated against invasive prostate cancer cells
using in vitro and in vivo models. The cytotoxic activity of LCE extract was first detected by
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means of an MTT assay to evaluate its effect on the proliferation of human prostate cancer
cells (LNcap, PC3, Du145), and the IC50 values were calculated. The results showed that the
survival rate of prostate cancer cells decreased when we increased the dose and duration
of treatment. The IC50 values were 5.70 ± 1.37, 4.14 ± 0.48, and 5.27 ± 2.19 μg/mL after
24 h and 2.76 ± 0.341, 1.92 ± 0.09, and 4.96 ± 0.04 μg/mL at 72 h, respectively (Table 2).
Since the MTT results showed that LCE inhibited the growth rate of human prostate cancer
cells, the next step was to explore whether different doses of LCE would affect the ability of
prostate cancer cells to form colonies under long-term treatment. The results showed that
the colony formation of PC3 and Du145, as well as LNCap cells, was significantly decreased
at 1.25 μg/mL and 2.5 μg/mL, respectively (Figure 5A). In addition, the apoptosis of LNcap,
PC3, and Du145 was dose-dependently induced to 94.5, 92.4, and 57.4% at 10 μg/mL of
LCE using flow cytometric analysis (Figure 5B). The results of the Western blotting assay
showed that the activation of caspase-3 was increased and the expression of the X-linked
inhibitor of apoptosis protein (XIAP) was attenuated at 5 and 10 μg/mL of LCE (Figure 5C).
Based on the above results, it can be concluded that LCE could induce apoptosis of prostate
cancer cells.

Table 2. Cell growth inhibition of LCE against various prostate cancer cell lines after 24 and 72 h
using MTT assay. Values of IC50 were calculated using calcuSyn software version 1.1.1.

Prostate Cencer Fibroblast

LNcap PC-3 Du145 CCD966SK

24 h 5.70 ± 1.37 4.14 ± 0.48 5.27 ± 2.19 >20

72 h 2.76 ± 0.34 1.92 ± 0.09 4.96 ± 0.04 8.21 ± 1.14

2.6. Effect of LCE on Cancer Cellular Invasion Induced with TGFβ

A transwell assay is commonly used to mimic the migration and invasion of cells
in organisms. It also demonstrates and analyzes the cells’ ability to move in a certain
direction in response to various chemoinducers, such as chemokines, growth factors,
lipids, or nucleotides [29]. PC3 and Du145 were used to detect the effect of LCE on cell
migration and invasion by means of a transwell assay. The migration results showed
that the cells’ migration to the lower layer of PC3 and Du145 decreased with the increase
in the dose of LCE after 48 h of treatment. The quantification graph showed that the
migration activity of both PC3 and Du145 cells was significantly reduced with 2.5 μg/mL
of LCE (Figure 6A). The quantification graph of the invasion showed that LCE treatment
significantly inhibited the invasion of PC3 and Du145. A Western blotting assay was used
to investigate the effect of LCE on the expression of EMT-related proteins in PC3 and Du145
cells. The results showed that the adhesion protein E-cadherin, which maintains epithelial
cell properties, was increased in PC3 and Du145 following LCE treatment, especially in
Du145, and the transcription factor Slug was reduced (Figure 6B). Despite the presence of
the protein N-cadherin and the transcription factor Snail in the mesenchymal cells—the
hallmark of EMT—E-cadherin was lost, which is an important marker of epithelial cells [30].
LCE showed a potential inhibitory effect against the metastasis and invasion of prostate
cancer cells.

74



Mar. Drugs 2024, 22, 323

 

 

(A) 

 
 

(B) 
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Figure 5. The inhibitory effect of LCE on growth, colony formation, and apoptosis induction in
prostate cancer cells. (A) Three different cancer cells were treated with different concentrations of
LCE in the colony formation assay. (B) Apoptosis induction was assessed with annexin-V/PI staining
using flow cytometric analysis. (C) The expression of apoptosis-regulated proteins was determined
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with Western blotting analysis. PCa cells were treated with different doses of LCE for 24 h.
Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as the loading control. Quan-
titative results are presented as means ± SD of three independent experiments (* p < 0.05; ** p < 0.01;
*** p < 0.005).

In tumorigenesis and metastasis, the transforming growth factor-β (TGF-β) promotes
tumor invasion and metastasis by means of EMT induction [31]. The metastatic invasion
activity of the cells is induced by TGF-β. LCE extract was added to detect whether it could
influence the transformation of EMT in prostate cancer cells. According to the migration
results, LCE treatment (2.5 μg/mL) alone reduced the migration ability in PC3 and Du145
cells, while the number of cell migrations increased by 1.3~1.4 times following TGF-β
treatment. The inhibition of cell metastasis was maintained after LCE (2.5 μg/mL) and
TGF-β treatment in comparison with the TGF-β group alone. The combined treatment
with TGF-β and LCE attenuated metastasis by 46.58% and 79.92% compared with TGF-
β treatment, indicating that LCE inhibited metastasis induced by TGF-β treatment. In
addition, TGF-β induced an increase in the expression of N-cadherin in prostate cancer
cells and decreased the expression of E-cadherin, but it upregulated the performance
associated with other EMT biomarkers [32]. LCE treatment reversed the expression of E-
and N-cadherin induced by TGF-βin PC3 and Du145 cells, as demonstrated by fluorescent
and Western blotting assays, indicating that LCE treatment inhibited the migration and
invasion of cancer cells while increasing the expression of E-cadherin and decreasing the
expression of N-cadherin (Figure 6D,E).

The proteomic and LC-MS/MS analysis identified six proteins that were changed in
LCE-treated PC3 and Du145 cells (Table 3). To verify these proteomic results, a Western
blotting assay was used to further determine the expression of six proteins in PC3 and
Du145 cells. As shown in Figure 6F, the expression of the six proteins, keratin 1 and 7,
dynactin subunit 2 isoform 1 (dynactin 2), proteasome activator compels subunit 1 isoform
1(PSME1), galactoside α-(1,2)-fucosyltransferase 1, and translationally controlled 1 (HRF),
was changed in PC3 and Du145 cells after LCE treatment, demonstrating that keratin 1 and
7, dynactin 2, and galactoside α-(1,2)-fucosyltransferase 1 were the principle regulators of
the motility and polarity of LCE.

  
(A) 

Figure 6. Cont.
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(F) 

Figure 6. The effect of LCE on the migration and invasion of prostate cancer PC3 and Du145 cells.
(A) The effect of LCE on the migration and invasion of PC3 and Du145 cells, demonstrated by transwell
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assay. Quantitative representation of the migration and invasion cells after LCE treatment for 48 and
72 h. (B) LCE treatment reduced EMT-related proteins. The expression of the EMT biomarker was
determined with a Western blotting assay. PC3 and Du145 cells were treated with different doses
of LCE for 24 h. (C) The migration of PC3 and Du145 cells was analyzed by means of a transwell
assay. Quantitative representation of migration cells after LCE and TGF-β treatment for 48 h. (D) The
effect of LCE treatment on the expression of E-cadherin, demonstrated using a fluorescent confocal
assay. Scale bar: 10 μm. (E) The effect of LCE treatment on the expression of EMT-related biomarkers,
detected by Western blotting assay. PC3 and Du145 cells were treated with TGF-β (5 ng/mL) and
LCE (2.5 μg/mL) for 24 h. (F) The effect of LCE treatment on the expression of targeted proteins,
detected with a Western blotting assay. PC3 and Du145 cells were treated with LCE (10 μg/mL) for
6 h. GAPDH was used as the loading control. Scale bar, 100 μm. Quantitative results are presented as
means ± SD of three independent experiments (* p < 0.05; ** p < 0.01; *** p < 0.005).

Table 3. Identification of target proteins in PC3 and Du145 treated with LCE by means of proteomic
and LC-MS/MS assays.

Du145 PC3

Protein DMSO LCE DMSO LCE

Keratin, type II cytoskeletal 7 0.06 0.30 0.53 1.92

Dynactin subunit 2 isoform 1 1.76 1.37 0.53 0.34

Keratin 1 0.61 0.18 1.78 1.44

Proteasome activator complex
subunit 1 isoform 1 1.82 1.14 0.60 0.44

Galactoside
α-(1,2)-fucosyltransferase 1 0.10 0.66 1.21 2.03

Translationally-controlled 1 0.62 0.49 1.85 1.04

2.7. Effect of LCE on Gene Profiling

Next-generation sequencing (NGS) has advanced in the scientific arena in the last
few years owing to its high throughput, low cost, scalability, and applicability in different
biological disciplines. NGS analyses with FASTQ, HISAT2, FeatureCounts, whole-genome,
transcriptome, and exome sequencing were collected and compared with the human refer-
ence genome [33]. The volcano plot allowed us to check the differences in the performance
of genomes among two groups, as well as the statistical significance of these differences.
The X coordinate is a multiple of the difference (fold change) (Figure 7A). Of 16,699 vari-
ables, the top 10 target proteins are listed in Table 4. In addition, HMOX1 (heme oxygenase
1, HO-1), HSPA1A (HSP70), and HSPA1B (HSP70) simultaneously increased about 5.56-
and 7.46-; 5.10- and 5.58-; and 4.34- and 5.50-fold (Log2FoldChange); however, CXCL1
(C-X-C motif chemokine ligand 1) decreased about 5.35- and 4.30-fold compared with the
negative control (Log2FoldChange) in PC3 and Du145 cells, respectively, following LCE
treatment (Table 4). Based on the above NGS results, HO-1 and CXCL1 were considered
potent regulators of the proliferation inhibition of prostate cancer cells induced by LCE
treatment. Gene modification was used to verify the intricate mechanisms by which HO-1
or CXCL1 was involved in the cytotoxic effect of LCE. CXCL1 overexpression experiments
revealed that the overexpression of CXCL1 led to an augmented increase in viability by 16%
compared with the sole LCE treatment in Du145 cells (Figure 7B). Additionally, SiRNA with
HO-1 experiments illuminated that the knockdown of HO-1 led to a significant increase in
viability by 7.3% compared with the sole LCE treatment in Du145 cells (Figure 7C). These
findings suggested that these two proteins possessed the potential to promote the cytotoxic
effect of LCE.
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LCE/DMSO (Du145) LCE/DMSO (PC3) 
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Figure 7. Effect of HO-1 and CXCL1 on the cytotoxic effect of LCE. (A) Comparison of genome differ-
ences in the two groups of PC3 or Du145 cells treated with LCE using NGS analysis. (B,C) present
the gene modification of CXCL1 (overexpression), and HO-1 (siRNA) was carried out to assess the
viability inhibited by LCE treatment. Quantitative results are presented as means ± SD of three
independent experiments (* p < 0.05; ** p < 0.01).

Table 4. Top 10 pharmacological targets of PC3 and Du145 with DMSO and LCE (10 μg/mL)
treatment, respectively, using NGS analysis.

PC3 (LCE/DMSO) Du145 (LCE/DMSO)

Symbol Log2 Fold Change padj Symbol Log2 Fold Change padj

HMOX1 5.56 0 HMOX1 7.46 0

CXCL1 −5.35 0 HSPA1A 5.58 0

DDIT3 5.46 0 HSPA1B 5.50 0

HSPA1A 5.10 0 HSPA6 6.53 0

ATF3 5.41 0 CXCL1 −4.30 0

ULBP1 5.52 0 DUSP1 4.04 0

HSPA1B 4.34 0 BAG3 3.79 0

OSGIN1 5.34 0 DNAJB4 3.76 0

SESN0 4.69 0 DNAJB1 3.54 0

CHAC1 5.7 0 TXNIP −3.79 0
Heme oxygenase 1 (HMOX1); C-X-C motif chemokine ligand 1 (CXCL1); DNA damage inducible transcript 3
(DDIT3); heat shock protein family A (Hsp70) member 1A (HSPA1); activating transcription factor 3 (ATF3); UL16
binding protein 1 (ULBP1); heat shock protein family A (Hsp70) member 1B (HSPA1B); oxidative stress-induced
growth inhibitor 1 (OSGIN1); Sestrin 2 (SESN0); ChaC glutathione-specific gamma-glutamylcyclotransferase 1
(CHAC1); heat shock protein family A (Hsp70) member 6 (HSPA6); dual-specificity phosphatase 1 (DUSP1); BAG
cochaperone 3 (BAG3); DnaJ heat shock protein family (Hsp40) member B4 (DNAJB4); DnaJ heat shock protein
family (Hsp40) member B1 (DNAJB1); thioredoxin interacting protein (TXNIP).
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2.8. 13-Acetoxysarcocrassolide

Is the Active Component of LCE and a Potential Candidate for Tubulin Inhibition
Compared with the 1H NMR spectra of 13-acetoxysarcocrossolide (13-AC), the NMR

spectra of LCE showed the characteristic signals of 13-AC, including a tertiary methyl
group [δH 2.0, (3H-13OAc, s)], olefinic protons at C-17 [δH 5.60 (1H, d, J = 2 Hz) and
6.24 (1H, 99 d, J = 2 Hz)], and methine proton at C-14 [δH 4.58, (1H, t, J = 2.4 Hz)] in
α-methyl-γ-lactone ring [34]. Additionally, the HPLC chromatogram of LCE showed a
major peak at 39.847 min, coinciding with the retention time of 13-AC (Figure 8A,B). These
findings suggested that 13-AC was the major component in the LCE, as demonstrated by
the bioactivity-guided fraction.

   
(A) (B) (C) 

  
(F) (D) (E) 

Figure 8. The effect of 13-AC on tubulin depolymerization as demonstrated by means of immunoflu-
orescent and molecular docking assays. (A) The HPLC chromatogram of LCE (upper) and 13-AC
(lower). (B–E) Identification of 13-AC on the interaction of αβtubulins with 2D/3D molecular
ducking assay. (F) The effect of paclitaxel, vinblastine, and 13-AC on tubulin network according to
immunofluorescent staining with confocal examination.

LCE treatment interfered with the tubulin polymerization and disrupted the cytoskele-
tal network (Figures 4 and 6F and Table 3). To determine protein–ligand interactions that
may indicate the potency of, a docking analysis was performed. Vinblastine served as the
co-crystal ligand and was redocked to validate the docking procedure used in the study.
The docking pose of vinblastine was similar to the crystal pose, suggesting that a reliable
docking procedure was used (Figure 8B). The docking result showed that 13-AC can oc-
cupy the binding site, which is sandwiched by the alpha and beta tubulins (Figure 8C).
Several interactions with the alpha-tubulin were observed (Figure 8D). A hydrogen bond
was formed between 13-AC and the side chain of N329 (Figure 8E). As a ring structure,
13-AC facilitated the hydrophobic interactions with residues L248, N249, P325, V328, I332,
and V353 located on the alpha-tubulin. The beta tubulin residues V177, Y210, T221, P222,
and T223 supplied the additional hydrophobic interactions (Figure 8E). Together, these
interactions sandwiched 13-AC within the tubulin-binding site. The identified interactions
would be favorable for 13-AC occupation and could potentially result in the inhibition of
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tubulin polymerization. Moreover, we further examined the integrity of the cytoskeletal
microtubules in PC3 and Du145 treated with 13-AC (10 μg/mL; 13 μM) for 6 h with an
immunofluorescent assay. Paclitaxel and vinblastine were the positive polymerization
and depolymerization agents of tubulin, respectively. The Du145 and PC3 cells of the
control group showed the normal structure of microtubulins. Du145 and PC3 treated with
paclitaxel possessed a cluster-like phenomenon of microtubulin; conversely, the cells with
13-AC or vinblastine treatment showed a clear outer edge around the cell nucleus, or the mi-
crotubulins disappeared (Figure 8F). The results of the molecular docking assay indicated
that 13-AC binds to the same site as vinblastine at 7Z7D of αβ-tubulins, suggesting its po-
tential anti-microtubulin effects by disrupting the equilibrium of the tubulin–microtubulin
system and ultimately leading to microtubule depolymerization. SwissADME is a web
tool designed for the evaluation of the drug-likeness and pharmacokinetic and medicinal
chemistry-related properties of small molecules. It is particularly useful in the early stages
of drug discovery to assess whether a compound has the necessary characteristics to be-
come a viable drug candidate. SwissADME provides various predictions and analyses,
including physicochemical properties, drug-likeness, pharmacokinetics, and medicinal
chemistry parameters [35]. As shown in Table 5, 13-AC demonstrated greater potential in
drug development, as it could form favorable chemical bonds with the characteristic of
small molecules compared with vinblastine. Gastrointestinal absorption (GIA) and water
solubility analysis indicated that 13-AC will be highly absorbed in the gastrointestinal tract
and more water-soluble than vinblastine. Combined with its high bioavailability score of
13-AC (0.55), the potential of developing 13-AC for oral administration was suggested,
indicating that a larger portion of the administered dose reaches the systemic circulation
intact [36]. Additionally, 13-AC is not a substrate for the five major isoforms of cytochrome
P (CYP) enzymes. This suggests that it may have reduced toxicity and fewer adverse drug
reactions compared to vinblastine, which could be metabolized by these enzymes [37,38].
Moreover, the synthetic accessibility (SA) of 13-AC (5.66) is lower than vinblastine (9.65),
and it does not trigger any PAINS 0#Alert, suggesting a solution to synthetic challenges
regarding insufficient coral sources and making it suitable for lead optimization. Based
on these points, it is suggested that 3-AC holds more potential for development as an
oral anticancer drug compared with vinblastine due to its favorable pharmacokinetic and
chemical properties.

Table 5. Pharmacokinetic and drug-likeness predictions of vinblastine and 13-AC with SwissADME.

MW
Water

Solubility
GIA BBB Log Kp

Bioavailability
Score

PAINS#alerts
Synthetic

Accessibility

Vinblastine 810.97 Poorly Low No −8.49 0.17 0 9.65

13-AC 374.47 Soluble High Yes −6.39 0.55 0 5.66

2.9. Effect of LCE on Tumor Growth in Xenograft Human PC3 and Du145 Model

The above results showed that LCE had a cytotoxic effect on prostate cancer cells
(Figure 5A–C), so the impact of LCE on the growth of PC3 and Du145 tumors in xenograft
animals was further investigated. PC3 and Du145 cells were injected subcutaneously into
the upper right thigh of immunodeficient nude mice until the tumor volume was about
100 mm3, and the DMSO or LCE extract was injected intraperitoneally (the dose was PC3:
5 μg/g, Du145: 12 μg/g), and the drug was administered three times a week for 38 days.
Comparing the differences between the control group and the LCE extract treatment group,
it was found that there was no significant difference between the two groups (Figure 9A).
The tumor volume of PC3 and Du145 was about 537.4 ± 141.7 and 434.3 ± 110.5 mm3

in the control groups; however, the volumes were 301.4 ± 73.7 and 220.2 ± 87.3 mm3 in
the LCE group (Figure 9B). The pathological examination of tumor sections in the control
groups showed that the cancer cells appeared as round-to-spindly epithelial cells and had
a high nucleic/cytoplasm ratio with high mitosis (arrow) in both the control groups of
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PC3 and Du145 xenograft tumors (Figure 9C). The results of the microscopic examination
showed that there were no obvious pathological changes in the heart, kidney, liver, lungs,
spleen, and other tissues and organs (Figure 9D).

 
(A) 

 
(B) 

 
(C) 

  
(D) 

Figure 9. The impact of LCE on tumor growth of PC3 and DU145 in a xenograft model. Tumor-
bearing nude mice were fed with solvent control (DMSO), LCE (5 μg/g), and (12 μg/g) for 38 days.
(A) The body weight and (B) tumor volumes were measured every two to three days. Data are
shown as mean ± SD. (C) Histopathologic features of mice xenograft tumors. Tumor cells expressed
round-to-spindly epithelial cells and a high nucleic/cytoplasm ratio with high mitosis (arrow) in
both groups. (D) No significant lesions of the heart, kidneys, liver, lungs, and spleen were found in
either group using H&E staining analysis (400×). (** p < 0.01; *** p < 0.005).
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3. Discussion

Marine natural products hold the potential for drug development, but the supply
of marine organisms is a major obstacle to the development of marine natural drugs.
Although the problem of drug origin can be solved through chemical synthesis technology,
the structure of marine natural substances is complex and diverse, and the use of chemically
synthesized compounds does not expand chemical diversity. Aquaculture could provide
a good growth environment for soft corals, produce active ingredients, and reduce our
dependence on marine environments. We have successfully cultivated a large number of
corals using artificial breeding systems to establish a drug-derived coral species database,
and in 2023, over 180 species of drug-source corals had been collected, which can be mainly
divided into six genera, including Sinularia, Lobophytum, Sarcophyton, Briareidae, Capnella,
and Xenia. We screened over 180 extracts of artificial aquaculture soft corals and found
that 6 extracts exhibited potent cytotoxicity against leukemia cells at a dose of 10 μg/mL
(Table 1). In this study, we demonstrated that these corals possessed anticancer active
substances by targeting HDAC, topoisomerase II, and tubulin polymerization within the
cell-free system (Figures 2–4). Therefore, exploring effective therapeutic agents from marine
natural products has significant potential.

Metastasis is the leading cause of cancer-related mortality [39], and when cancer
cells metastasize to other organs, they need to destroy and cross the basal membrane to
metastasize to the adjacent tissues and organs. They also need to invade the extracellular
matrix and penetrate the blood vessels to flow with the blood. Our study was performed
on more malignant androgen-independent cells, PC3 and Du145. The wound healing and
transwell tests confirmed that LCE extract had a very significant inhibitory effect on cell
migration and invasion (Figure 6A,B). EMT, on the other hand, is a cellular program in
which epithelial cells develop the motor and invasion characteristics that are typical of
mesenchymal cells, which is an important initiation of cancer progression, invasion, and
metastasis [40]. Therefore, EMT is more important in the process of prostate cancer devel-
opment. During the EMT process, a series of intracellular proteins are altered, including a
decrease in the expression of E-cadherin and an increase in the expression of N-cadherin.
Unlike E-cadherin, N-cadherin binds loosely to each other, resulting in cell movement
t [40]. On the other hand, during EMT, the cytoskeleton and protein complexes change,
which affects cell polarity. In this process, the composition of the intermediate filaments
is altered by decreasing cytokeratin and increasing vimentin, which in turn leads to cell
motility [41,42]. However, the main initiation signal of EMT is certainly represented by the
downregulation of E-cadherin, the expression that decreases during EMT, while the loss of
function of this protein promotes this transition. Transcriptional repression of E-cadherin
has been considered a critical step during EMT [43]. Combined with the significant anti-
metastasis and -invasion effects, LCE may have good potential for anti-prostate cancer cell
metastasis.

Transforming growth factor β (TGF-β) is a secreted cytokine that is well known for
its role as an EMT inducer [44]. In addition, TGF-β promotes tumor cell motility, survival,
invasion, and metastasis and the evasion of immune p53 signaling in advanced cancer
cells [44]. Therefore, TGF-β was used as an inducer of EMT to promote the expression of
excess EMT in this study. The results of the transwell assay showed that the migration
transfer ability of PC3 and Du145 was induced under the action of TGF-β, and the migration
transfer of both cell lines was significantly inhibited by LCE after treatment with this extract
(2.5 μg/mL) and TGF-β at the same time. The inhibition effect of LCE was not reduced by
the addition of TGF-β, indicating that LCE still inhibited the metastasis induced by TGF-β
in prostate cancer cells with the enhancement of E-cadherin (Figure 6C,D). A possible
factor in previous studies suggested a differential effect of TGF-β on Du145 and PC3
cell activation might be related to phosphatase and tensin homologs (PTEN) in the PI3-
kinase/AKT pathway, which inhibits PI3-kinase-dependent AKT phosphorylation. In
contrast, PTEN has been shown to mutate in many cancers, which can lead to increased
levels of pAKT ser473 expression and increased cell survival [45]. In addition, PTEN was

83



Mar. Drugs 2024, 22, 323

active in Du145 cells but inactive in PC3 cells [46,47], and the protein results also showed
that PC3 did not express PTEN protein, while Du145 showed the obvious expression of
PTEN protein and increased its expression under LCE (Figure 6E), so it was speculated that
TGF-β-induced AKT phosphorylation could not be inhibited by PTEN in PC3 cells. TGF-β
showed a more obvious effect on the induction of PC3 cells [48].

Based on the results of the 2D protein analysis, six target proteins which LCE possibly
affects were screened (Table 3). Keratin 7 and galactoside alpha-(1,2)-fucosyltransferase 1
were increased in PC3 and Du145 treated with LCE (10 μg/mL), and the protein expres-
sion of the two cell lines was also consistently increased following treatment with LCE
(Figure 6F). Among them, keratin 7 is a type II keratin in cells, a type II intermediate fila-
ment (IF) that forms the cytoskeleton in the cytoplasm, which is present in all mammalians
epithelial cells and is specifically expressed in epithelial cells in the lumen of internal
organs, as well as in glandular ducts and blood vessels. Keratin is an important protein that
protects the structural integrity of the epithelial under stress and is thought to be a regulator
of many cellular properties and functions, including apical–basal polarization, motility, cell
size, protein synthesis, and membrane trafficking and signaling. In cancer cells, keratin is
widely used as a diagnostic tumor marker, because epithelial malignancies largely maintain
specific keratin patterns associated with the cells of origin, such as lung, adrenocortical,
prostate, and liver cancer, which are negative for keratin 7 and keratin 20 [49]. In addi-
tion, previous studies indicated that active keratin is involved in cancer cell invasion and
metastasis and treatment [50], so the altered keratin expression caused by LCE may in turn
affect the physiology of prostate cancer cells, especially in terms of cancer cell invasion
and metastasis. Another increased protein is galactoside alpha-(1,2)-fucosyltransferase 1,
which is a protease that catalyzes chemical reactions in physiology and participates in cell
metabolism-related reactions, and it has been pointed out that the increase in galactoside
alpha-(1,2)-fucosyltransferase 1 can inhibit the metastasis of pancreatic cancer cells by
regulating glycoproteins [51]. Dynactin subunit 2 is a multi-subunit protein complex that is
essential for the movement of cytoplasmic dynein. It binds to microtubules and cytoplasmic
dynein in cells and is involved in a variety of cellular functions, including the transport
from the ER to the Golgi apparatus, centripetal movement of lysosomes and endosomes,
spindle formation, chromosome movement, nuclear localization, and axonogenesis [52].
Thus, it is interesting to mention that LCE exhibited a potent efficiency in terms of EMT
and inhibition invasion of prostate cancer cells, with disruption of the cytoskeleton.

With NGS analysis, the result of the volcano plots showed that the important regu-
lators, HO1 and CLCX1, had a consistent effect in PC3 and Du145 cells with LCE treat-
ment (Figure 7A). CXCL1, also known as GROα (growth-regulated oncogene alpha), is
a chemokine that plays a role in inflammation and immune responses. In the context of
cancer, CXCL1 has been implicated in various aspects of tumor progression and metasta-
sis, making it a potential target for anticancer therapies [53]. CXCL1 can promote tumor
growth by stimulating the proliferation of cancer cells. Additionally, it plays a role in
angiogenesis, the process by which new blood vessels are formed to supply nutrients and
oxygen to tumors. Inhibiting CXCL1 signaling can therefore impede tumor growth and
reduce the tumor’s ability to access essential nutrients [54]. However, this chemokine is
involved in the recruitment of immune cells to the tumor microenvironment, where it can
promote tumor cell migration and invasion. By targeting CXCL1 or its receptors, it may be
possible to inhibit these processes, thereby preventing cancer cells from spreading to other
parts of the body [55]. Given its involvement in multiple aspects of tumor progression
and metastasis, CXCL1 has emerged as a potential therapeutic target in cancer treatment.
Strategies aimed at inhibiting CXCL1 signaling include the use of monoclonal antibod-
ies, small-molecule inhibitors, and gene therapy approaches. These therapies are being
investigated in preclinical studies and clinical trials to assess their safety and efficacy in
cancer patients [56]. In this study, the overexpression of CXCL1 reduced viability with
16% in LCE-treated Du145 cells (Figure 7B). In summary, CXCL1 plays a multifaceted
role in cancer progression and metastasis, making it an attractive target for anticancer

84



Mar. Drugs 2024, 22, 323

therapies. By inhibiting CXCL1 signaling, it may be possible to impede tumor growth,
metastasis, and immune suppression, ultimately improving patient outcomes in various
types of cancer. The regulation of heme oxygenase-1 (HO-1), also called heat shock protein
32, plays a significant role in cancer therapy due to its role in cellular responses to oxidative
stress and inflammation, especially for detoxification and protection [57]. In addition, the
enhancement of HO-1 expression suppressed the growth in androgen-dependent LNCap
and androgen-independent PC3 and Du145 cells [58]. The knockdown of HO-1 reversed
viability with 7.3% in LCE-treated Du145 cells (Figure 7C). Several studies indicated that
HO-1 could be a notable therapeutic target in PCa [59,60]. Both HO-1 and CXCL1 play
complex and interconnected roles in cancer progression and represent promising targets for
anticancer therapies. Understanding the interplay between these factors and their contribu-
tions to the tumor microenvironment is crucial for the development of effective treatment
strategies that can disrupt tumor growth, metastasis, and immune evasion in cancer.

Tubulin polymerization, the process by which tubulin proteins assemble into micro-
tubules, plays a crucial role not only in cell division but also in cell migration and invasion,
particularly in the context of cancer metastasis. The disruption of tubulin polymerization
can impair cell polarization and inhibit efficient migration and invasion [61]. In addi-
tion, tubulin polymerization can influence various signaling pathways that regulate cell
migration and invasion. For instance, microtubule dynamics can affect the activity and
localization of signaling molecules such as Rho GTPases, which play key roles in cytoskele-
tal rearrangements and cell motility. The disruption of tubulin polymerization can alter
the activation of these signaling pathways, impacting cancer cell migration and invasion.
Targeting tubulin polymerization and microtubule dynamics has therapeutic implications
for cancer metastasis [62]. Microtubule-targeting agents (MTAs), such as taxanes and
vinca alkaloids, disrupt tubulin polymerization and inhibit cancer cell proliferation [63,64].
The result of our bioactivity-guided fractionation substantiated that 13-AC was the active
component in LCE by means of NMR and HPLC identification (Figure 8A) [34], and we
targeted alpha and beta tubulins to disrupt the tubulin dynamics using molecular ducking
analysis and confocal examination (Figure 8B–E). Specifically, a hydrogen bond is formed
between 13-AC and the side chain of the amino acid N329. Hydrogen bonds are impor-
tant in molecular recognition and the stabilization of protein–ligand complexes. The ring
structure of 13-AC allows it to engage in hydrophobic interactions with specific residues
on the alpha-tubulin subunit. These residues (L248, N249, P325, V328, I332, and V353)
likely have hydrophobic side chains that can interact favorably with the hydrophobic
regions of the ligand. In addition to interacting with alpha-tubulin, 13-AC also engages
in hydrophobic interactions with residues on the beta-tubulin subunit (V177, Y210, T221,
P222, and T223). These interactions contribute to the overall stability of the protein–ligand
complex. Overall, this interaction between 13-AC and tubulin subunits suggests a po-
tential mechanism for the binding of 13-AC to tubulin, which could have implications
for drug design or understanding the biological effects of 13-AC. Finally, SwissADME is
a web tool developed by the Swiss Institute of Bioinformatics for the prediction of the
pharmacokinetic properties and drug-likeness of small molecules [35]. When examining
13-AC (13-acetoxysarcocrassolide) using SwissADME, the tool provides insights into its
pharmacokinetic properties and drug-likeness. By comprehensively analyzing these factors,
researchers can assess the overall potential of 13-AC as an oral anticancer drug compared
to vinblastine. This evaluation provides insights into its suitability for further development
and optimization in drug discovery programs.

4. Materials and Methods

4.1. Cell Lines, Chemicals, and Biological Materials

The cell lines, leukemia cells (K562 and Molt4), prostate cancer cells (Du145 and PC3),
and normal fibroblasts (CCD-966SK) were purchased from the American Type Culture
Collection (ATCC, Manassas, VA, USA). Cells were incubated in a 5% Co2 humidified
atmosphere at 37 ◦C. RPMI 1640 was the growing medium for Molt 4. Minimum essen-
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tial medium was the growing medium for CCD-966SK, K 562, and Du145. Ham’s F-12
medium was the growing medium for PC3. Glutamine (2 mM), antibiotics (100 μg/mL of
streptomycin and 100 units/mL of penicillin), and 10% fetal calf serum (FCS) were used to
supplement the growing medium. RPMI 1640, minimum essential medium, Ham’s F-12
medium, glutamine, antibiotics (streptomycin and penicillin), and FCS were obtained from
GibcoBRL (Gaithersburg, MD, USA). 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium
Bromide (MTT), dimethyl sulfoxide (DMSO), bovine serum albumin (BSA), and all other
chemicals were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies against
Slug, snail, p-PTEN, XIAP, and HO-1 were purchased from Santa Cruz Biotechnology
(Santa Cruz, CA, USA). Anti E-Cadherin and N-Cadherin antibodies were obtained from
ABclonal Technology (Taipei, Taiwan). Antibodies against cleaved caspases-3, cytoker-
aton 1 and 7, HRF, dynactin 2, PSME, and galactoside 2-α-L fucosynltransferase 1 were
obtained from Cell Signaling Technologies (Beverly, MA, USA). HRP-conjugated anti-
mouse and anti-rabbit antibodies were harvested from Molecular Probes (Eugene, OR).
4′,6-diamidino-2-phenylindole (DAPI) and fluorescence-conjugate anti-rabbit antibody
were bought from Invitrogen technologies (Carlsbad, CA, USA). The topoisomerase II drug
screening kit, HDAC activity assay kit (Fluorometric), and tubulin polymerization assay
kit were purchased fromTopoGen, Inc (Port Orange, FL, USA), Abcam (Cambridge, UK)
and Cytoskeleton (Denver, CO, USA), respectively. Cell Tubulin Staining Kit was obtained
from AAT Bioquest (Pleasanton, CA, USA).

4.2. Preparation of Coral Extracts

The soft coral was first freeze-dried and then finely ground into powder. The powder
was subsequently extracted with ethyl acetate using a weight-to-volume ratio of 1:10
at room temperature for 2 h. This extraction process was repeated three times. The
resulting extracts were combined and concentrated under reduced pressure to yield the
ethyl acetate extract.

4.3. In Vitro Proliferation Assay

Cancer cells were seeded into individual wells of a 96-well plate at a density of
7 × 104 cells/well for Du145 and PC3 and 2 × 105 cells/well for CCD-966SK, Du145,
and PC3 in various media conditions. Following treatment with extracts, the cells were
incubated for 24, 48, or 72 h. After the respective incubation periods, 50 μL of MTT
solution was added to each well for staining. The plates were further incubated at 37 ◦C
for 2–4 h. Absorbance readings at 570 nm and 620 nm were obtained using an ELISA
reader (Anthoslabtec instrument, Salzburg, Austria). The IC50 value, representing the
concentration causing 50% inhibition of cell viability, was subsequently calculated based
on these absorbance measurements.

4.4. Western Blotting Assay

Equal amounts of protein were separated by means of electrophoresis on 10%, 12%, or
15% SDS-PAGE gels and then electrotransferred to PVDF membranes. The membranes were
blocked for 30 min with 5% blocking serum in TBS-T buffer. Specific primary antibodies
were then applied, followed by specific secondary antibodies to detect protein expression
using an enhanced chemiluminescence kit (Pierce, Rockford, IL, USA).

4.5. Network Pharmacology with RNASeq Analysis

The total RNA was purified with TruSeq Stranded mRNA Library Prep kit (Illumina,
San Diego, CA, USA). A series of sequencings of FastP [65], SortMeRNA [66], HISAT2 [67]
and featureCounts [68] were conducted, and further, an array of DGE, GSEA, WGCNA, and
function enrichment was used to determine differences in gene expression in the biological
process, molecular function, and cellular component (GENOMICS, Taipei, Taiwan).
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4.6. Activities of HDAC, Topoisomerase II, and Tubulin Polymerization in Cell-Free System
4.6.1. Assay of HDAC Activity in Cell-Free System

According to the manufacturer’s protocol (BPS Biosciences, San Diego, CA, USA),
the extracts (including the carboxylic and hydroxamic acids) were screened for their pan-
HDAC-inhibitory activity using an HDAC inhibitor drug screening kit. Different concen-
trations of the extracts were applied, and the samples were incubated for 30 min at 37 ◦C to
assess the deacetylation of the substrate, which sensitized it. The reaction was halted by
means of treatment with 10 μL of lysine developer, and the mixture was further incubated
for 30 min at 37 ◦C to generate a chromophore. Fluorescence measurements were then taken
using a spectrofluorometer (Biotek synergy, Winooski, VT, USA) at excitation = 350–380 nm
and emission = 440–460 nm.

4.6.2. Assay of Topoisomerase II Activity in Cell-Free System

The assay was performed following the manufacturer’s protocol [14,16] and a standard
relaxation reaction mix (20 μL) was utilized. This mix contained 50 mM Tris-HCl (pH 8.0),
10 mM MgCl, 200 mM potassium glutamate, 10 mM dithiothreitol, 50 μg/mL bovine serum
albumin, 1 mM ATP, 0.3 μg of pHOT1 plasmid DNA, 8 units of human topo II (Topogen,
Columbus, OH, USA), and either etoposide (10 mM) or various concentrations of coral
extracts. The reaction was carried out at 37 ◦C for 30 min. The termination of the reaction
was achieved by adding 2 μL of 10% SDS, followed by digestion of the bound protein with
2.5 μL of proteinase K (50 μg/mL) and incubation at 37 ◦C for 15 min. Subsequently, the
DNA product was analyzed by means of electrophoresis on a vertical 2% agarose gel at
2 volts/cm in 0.5× TAE buffer, and images were captured using the Eagle Eye II system
(Stratagene, La Jolla, CA, USA).

4.6.3. Assay of Tubulin Polymerization in Cell-Free System

According to the manufacturer’s protocol, the extracts (including the carboxylic and
hydroxamic acids) were screened for tubulin polymerization. Tubulin protein was incu-
bated with GTP and fluorescent-labeled tubulin in a reaction buffer containing 80 mM
PIPES (pH 6.8), 1 mM EGTA, 2 mM MgCl2, and 1 mM GTP. The reaction was initiated
by adding tubulin to the buffer and monitored over time using a spectrofluorometer
(Biotek synergy, Winooski, VT, USA) at excitation/emission wavelengths of 360/420 nm.
Changes in fluorescence intensity indicated polymerization activity, which was analyzed
to determine the effects of various extracts on microtubule assembly.

4.7. Two-Dimensional Electrophoresis

The cell lysate was precipitated by adding 0.11 g of TCA per 1 mL of acetone (TCA
solution) and 20 mM DTT, followed by incubation in a −20 ◦C freezer for 30 min. The
precipitate was then washed twice with TCA solution (supernatant removed by means
of centrifugation at 12,000 rpm) and air-dried. Next, the sample was rehydrated with
rehydration buffer and incubated at 4 ◦C overnight. After quantification, 125 μL of the
sample was taken for isoelectric focusing (IEF). Following IEF, the strip was rinsed with
water and then equilibrated in SDS equilibration buffer (containing 0.5 g DTT) for 15 min.
The strip was placed on an SDS-PAGE gel, sealed with 0.5% agarose sealing solution, and
subjected to two-dimensional electrophoresis. Finally, the proteins were visualized by
means of silver staining.

4.8. Plasmid and siRNA Transfection

Empty vector (EV) pCMV6-AC-GFP and human CXCL1- pCMV6-AC-GFP plasmids
(Origene; Rockville, MD, USA) were used for transfection. Cells were grown in a 10 cm
dish (2 × 106 cells/dish) for 24 h before transfection, and 5 μg of EV or Human CXCL1-
pCMV6-AC-GFP plasmids was transfected using a Lipofectamine 3000 transfection reagent
(Invitrogen) following the manufacturer’s instructions. After 30 h of transfection, cells
were harvested and plated in 96-well culture plates (7000 cells/well) and 10cm dishes
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(1 × 106 cells). Cells were treated with LCE for viability analysis and Western blotting after
24h. For siRNA transfection, control siRNA and human HO-1 siRNA were purchased from
Origene (Rockville, MD, USA). Cells were seeded at a density of 1.5 × 105 cells/mL in a
growth medium for 24 h. Cells were transfected with Lipofectamine RNAiMAX reagent
following the manufacturer’s protocol. At 48 h after transfection, cells were subcultured
and seeded in 96-well culture plates (7000 cells/well) and 10 cm dishes (2 × 106 cells). After
24 h, cells were treated with LCE for viability analysis and Western blotting.

4.9. Immunostaining Confocal Examination

The cells were seeded 7 × 104 cells/mL into 12-well culture plates, and each well had
a sterile circular coverslip in the growth medium. After 24 h, cells were treated with DMSO,
LCE 2.5 μg/mL, LCE 2.5 μg/mL + TGF-α 5 ng/mL, and TGF-α 5 ng/mL, respectively, for
6 h, followed by immunostaining. For immunostaining and confocal imaging, the cells
were rinsed with PBS, followed by fixation with 1% paraformaldehyde for 30 min at room
temperature on a shaker. Then, the cells were rinsed three times with PBS and incubated in
0.1% Triton X-100 in PBS for 15 min. The cells were incubated in 300 μL of 1% BSA (bovine
serum albumin) (Sigma-Aldrich, Melbourne, Australia) in PBS for 30 min, followed by
incubation with the primary antibodies (E-cadherin and N-cadherin; 1:100) overnight at
4 ◦C. At the end of the incubation step, the cells were washed thrice with PBS, and then
the cells were incubated for 1 h with the fluorescence-labeled goat anti-rabbit secondary
antibody (Invitrogen) at 1:500 and DAPI 1:1000 in 1% BSA. The cells were washed three
times with PBS for 5 min each. Finally, the coverslips were mounted with a fluoro-shield
mounting medium (Sigma Aldrich) and sealed with nail polish. The fluorescence images
were acquired using an Olympus IX-81 motorized inverted microscope with an FV-1000
laser scanning confocal system using the confocal laser scanning microscope LSM-800
(ZEISS, Göttingen, Germany). Cells were seeded 7 × 104 cells/mL into 4 chambers of Glass-
Bottomed Dishes (Cellvis; Sunnyvale, CA, USA). After 24h, the cells were treated with
DMSO, LCE, Paclitaxel (1 μM), and Vinoblastin (0.5 μM), respectively, for 6 h, followed by
immunostaining. After washing with PBS, the cells were stained with tubulin using a Cell
Tubulin Staining Kit (AAT Bioquest, Pleasanton, CA, USA) according to the manufacturer’s
protocol. The fluorescence images were acquired using an Olympus IX-81 motorized
inverted microscope with an FV-1000 laser scanning confocal system using the confocal
laser scanning microscope LSM-800 (ZEISS, Germany).

4.10. Molecular Docking and Interaction Analysis

The compound, 13-AC, was molecularly docked using the Schrödinger Maestro molec-
ular software v12.1 suite [69]. The protein structure was obtained from the Protein Data
Bank (PDB ID: 7Z7D) repository. Protein preparation and compound preparation were
performed using the Maestro Protein Preparation and LigPrep modules in Maestro, re-
spectively. The co-crystal ligand, vinblastine (VLB), was used to define the binding site.
Docking analysis was performed using Glide [70]. The extra-precision (XP) setting was
used. All other constraint settings were set to default. The docking procedure was validated
by redocking the co-crystal ligand, vinblastine, and comparing its spatial positioning to the
resulting docking pose. Protein–ligand interactions and the 2D interaction diagram were
generated using the ProLIF Python package [71]. The final binding poses were rendered
using PyMOL v.2.5.4 software.

4.11. Antitumor Examination of LCE with Xenograft Human Prostate Cancers

The xenograft animal model was established following the existing literature [16]. Five-
week-old nude mice (BALB/cAnN.Cgfoxnlnu/CrlNarl) were purchased from the National
Laboratory Animal and Research Center. The Animal Care and Treatment Committee of
the National Museum of Marin Biology & Aquarium (IACUC Permit Number 201707)
approved this study. The Guide for the Care and Use of Laboratory Animals of the
National Institutes of Health was followed in all experiments. All efforts were made to
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minimize animal stress/distress. Human prostate cancer PC3 and Du145 cells were injected
subcutaneously into the right leg of the nude mice. LCE was administered by means of
intraperitoneal injection in the experimental group, while the control group received solvent
only (DMSO). The drug was administered three times a week. The tumor volume was
calculated using the following formula: width2 × length/2. After 38 days of treatment,
animals were euthanized with carbon dioxide according to standard protocols. Tumors,
heart, liver, spleen, lungs, and kidneys were collected post-euthanasia. The tumor weights
were measured, and the organs were fixed with formalin for histochemical staining and
microscopic examination.

4.12. Statistical Analysis

All statistics are expressed as the mean ± standard deviation (SD). The comparison of
statistically significant data was performed using Student’s independent t-test at p < 0.05,
p < 0.01, and p < 0.001 for each experiment.

5. Conclusions

As is widely known, soft corals serve as excellent sources of marine-derived natural
products. Among them, genera such as Sarcophyton, Sinularia, and Lobophytum are
particularly attractive targets for marine natural product research. Six corals were shown
to be capable of potent inhibition of the activities of cell growth, HDAC, topoisomerase II,
and tubulin polymerization based on screening more than 180 EA extracts of marine soft
corals. Particularly, the coral Lobophytum crassum exhibited the most effective enhancement
of cytotoxicity and suppression of invasion in PCs. Our findings showed that these EA
extracts were enriched with active compounds to develop potent inhibitors of HDAC,
topoisomerase II, and tubulin polymerization in a cell-free system. Moreover, our research
unveils that 13-AC could be a potential candidate with high gastrointestinal absorption
(GIA), water solubility, bioavailability score, and synthetic accessibility for cancer therapy.
However, the source of marine natural products is a serious problem and a major obstacle
to supplying active compounds for the development of clinical drugs. Many still believe
that the total synthesis of marine compounds could not provide a sufficient amount for
clinical trials. The successful aquaculture of marine corals is an exciting development and
represents a potential advancement in the acceleration of lead drug development. Given
that these compounds are recognized for their broad spectrum of biological activities,
they hold considerable potential for the development of various pharmaceuticals that are
beneficial to human health and ecology.
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Abstract: Eight rifamycin-related polyketides were isolated from the culture broth of a marine-
derived bacterium Salinispora arenicola, including five known (2–5 and 8) and three new derivatives
(1, 6, and 7). The structures of the new compounds were determined by means of spectroscopic
methods (HRESIMS and 1D, 2D NMR) and a comparison of their experimental data with those
previously reported in the literature. The isolated compounds were evaluated for their cytotoxicity
against one normal, six solid, and seven blood cancer cell lines and 1 showed moderate activity
against all the tested cell lines with GI50 values ranging from 2.36 to 9.96 μM.

Keywords: Salinispora arenicola; polyketides; rifamycin; saliniketal; cytotoxicity

1. Introduction

The marine environment covers approximately 70% of planet Earth and hosts a huge
biodiversity due to its unique living conditions with high pressure, high salinity, and low
oxygen supply [1]. Actinomycetes are the largest reservoir of microbial natural products
with interesting bioactivities and have been useful in diverse applications in agriculture and
medicine [2]. As an alternative source to the conventionally used terrestrial microorganisms,
actinomycetes are ubiquitous in marine environments and are considered an appealing
source of novel structures for new drug discovery [3]. The genus Salinispora was reported as
the first obligate marine actinomycetal genus. Until now, three closely related species from
this genus, including Salinispora tropica, S. arenicola, and S. pacifica, have been identified [4].
Members of this genus were commonly found in various substrates in marine environments,
including tropical and subtropical sediments, tropical sponges, ascidians, and seaweeds [5].
Although their discovery was relatively late, more than 50 secondary metabolites with
a broad range of chemical scaffolds, such as salinosporamides, rifamycins, lomaiviticins,
cyclomarins, and salinaphthoquinones, as well as many inspired muta- and semi-synthesis
structures, have been reported from this genus [6]. Among the reported compounds,
salinosporamide A showed significant activity against various types of cancer and has now
entered clinical studies [7]. Based on the unique living conditions and diverse biosynthetic
abilities, the genus is considered an emerging source of leading structures for future
drug discovery.

Rifamycins are a group of antibiotics produced by several actinomycetes, such as
Amycolatopsis, Streptomyces, Micormonospora, and Salinispora [8–11]. The rifamycin group,
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including classic rifamycin drugs and their semi-synthesized derivatives, is widely used in
clinical practice for the treatment of tuberculosis [12]. The structures of rifamycins are quite
unique and consist of an aromatic moiety bridged by an aliphatic chain. The aromatic part
can be a naphthalene or naphthoquinone ring, and the aliphatic chain is called an ansa-
chain [13]. The biosynthesis of rifamycins has been well studied, and their structures were
confirmed by X-ray crystallography and total synthesis research [14]. To date, the absolute
configuration of the ansa-chain was reported to be identical in all rifamycin derivatives [15].

As part of our ongoing research on natural products produced by actinomycetes near
Dokdo island, Republic of Korea, the strain 225DD-027 was isolated from a sediment
sample and was identified as Salinispora arenicola by 16S rRNA gene sequence analysis.
The strain produced orange pigments, which were primarily speculated as rifamycin
analogs from a literature review. In a small culture (1 L), the production of pigments was
relatively low, and it was insufficient for structural elucidation. Therefore, a mass culture
was conducted to obtain a sufficient amount and to determine the structures and biological
properties of the pigments. As a result, eight rifamycin-related polyketides, including three
new compounds (1, 6, and 7, Figure 1), were isolated, and the details of their isolation,
structure determination, and bioactivities are described in this paper.

 

Figure 1. Structures of 1–8 isolated from Salinispora arenicola 225DD-027.

2. Results and Discussion

Compound 1 was isolated as an orange powder. The molecular formula of 1 was deter-
mined as C35H43NO12 by HRESIMS data (m/z 670.2852, [M + H]+

, calcd for [C35H44NO12]+

670.2858, −0.9 ppm). The 1H NMR spectrum of 1 (Table 1) revealed the presence of two
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singlet aromatic protons at δH 7.63 (H-3) and 7.05 (H-5); four olefinic protons at δH 6.82
(dd, J = 15.0, 11.2 Hz, H-18), 6.68 (dd, J = 9.6 and 1.2 Hz, H-29), 6.48 (d, J = 11.1 Hz, H-17),
and 6.03 (dd, J = 15.1, 8.0 Hz, H-19); four oxygenated methines at δH 4.60 (d, J = 11.0 Hz,
H-25), 3.76 (d, J = 9.8 Hz, H-21), 3.65 (dd, J = 10.1, 2.6 Hz, H-23), and 3.55 (t, J = 9.6 Hz,
H-27); five methines at δH 3.45 (t, J = 9.6 Hz, H-28), 2.44 (m, H-20), 2.07 (m, H-24), 1.94 (m,
H-22), and 1.93 (m, H-26); and seven methyl groups at δH 2.11 (s, H3-14), 2.09 (s, H3-30),
1.91 (d, J = 1.3 Hz, H3-13), 1.10 (d, J = 7.0 Hz, H3-32), 1.08 (d, J = 6.5 Hz, H3-34), 1.01 (d,
J = 6.8 Hz, H3-31), and 0.89 (d, J = 6.9 Hz, H3-33). The 13C and HSQC data of 1 revealed
35 signals of two ketone carbonyls at δC 186.5 (C-4) and 183.8 (C-1); three carboxyl groups
at δC 173.0 (C-34a), 171.4 (C-11), and 169.9 (C-15); two oxygenated sp2 carbons at δC 165.1
(C-8) and 163.8 (C-6); twelve sp2 carbons at δC 108.2-145.7; four oxygenated methines at δC
74.5-83.1; five methines at δC 35.0-51.6; and seven methyls at δC 8.0-20.5. The 1H and 13C
NMR data of 1 were almost identical to those of the isolated compound, 34a-α-rifamycin
W-M1-hemiacetal (2). The only difference was the chemical shift of C-34a (δC-34a 173.0 for
1, and δC-34a 94.5, δH-34a 5.08 for 2), indicating the hemiacetal at C-34a of 2 was oxidized
to a carbonyl in 1, which was re-confirmed by HRESIMS data of 1 with one less degree of
unsaturation than that of 2. The presence of a lactone ring between C-25 and C-34a of 1 was
also confirmed by the significant downfield chemical shift of C-25 in 1 compared to those of
2 (δC-25 83.1 and δH-25 4.60 for 1, and δC-25 72.7, δH-25 4.21 for 2). Further detailed analysis
of 2D NMR data (Figure 2) determined the planar structure of 1, as shown in Figure 1. The
NOESY correlation from H-17 to H3-30 indicated the Z-configuration of Δ16,17, and the
large coupling constant of H-18 and H-19 (J = 15.0 Hz) confirmed the E-configuration of
Δ18,19. The NOESY correlations of H-27/H3-29, H-27/H3-34, and H-25/H3-34 indicated
that H-25, H-27, H3-29, and H3-34 were located on the same face of the lactone ring. The
large coupling constants of H-27/H-26 and H-27/H-28 (J = 9.6 Hz) confirmed that H-26
and H-28 were located on the opposite face from H-27 (Figure 3). Thus, the relative configu-
ration of the lactone ring was determined to be the same as those of co-isolated compounds
(2 and 3). The absolute configuration of the ansa-chain was proposed to be the same as
that of other rifamycin derivatives by considering their biosynthetic relationship, NMR
data, and coupling constants of 1 and 2. Thus, the structure of 1 was determined, and 1

was given the trivial name of salinisporamycin C.

Figure 2. Key 1H-1H COSY and HMBC correlations for 1, 6, and 7.
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Figure 3. Key NOESY correlations and coupling constants for the lactone ring of 1 and tetrahydrofu-
ran ring of 7.
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Table 1. 1H and 13C NMR data for 1 and 6.

1 6

No
δH, Mult
(J in Hz)

δC No
δH, Mult
(J in Hz)

δC

1 183.8 1 144.1

2 142.4 2 125.0

3 7.63, s 117.1 3 7.21, s 119.4

4 186.5 4 139.7

5 7.05, s 108.7 5 121.5

6 163.8 6 175.5

7 118.1 7 125.0

8 165.1 8 8.61, s 137.2

9 108.2 9 122.6

10 132.2 10 112.2

11 171.4 11 197.6

12 134.8 12 108.5

13 1.91, d, (1.3) 13.5 13 1.68, s 21.5

14 2.11, s 8.0 14 2.49, s 15.1

15 169.9 15 172.3

16 129.4 16 132.0

17 6.48, d, (11.1) 138.7 17 6.30, d, (10.7) 134.1

18 6.82, dd, (15.0, 11.2) 127.7 18 6.43, dd, (15.4, 11.2) 124.9

19 6.03, dd, (15.1, 8.0) 145.7 19 5.98, dd, (15.5, 5.7) 141.7

20 2.44. m 42.2 20 2.35, m 39.8

21 3.76, d, (9.8) 75.9 21 3.95, d, (9.4) 73.4

22 1.94, m 35.0 22 1.79, m 34.5

23 3.65, dd, (10.1, 2.6) 77.7 23 3.43, d, (10.3) 78.3

24 2.07. m 38.7 24 1.35, m 39.4

25 4.60, d, (11.0) 83.1 25 3.62, d, (10.6) 71.8

26 1.93, m 39.1 26 1.06, m 41.8

27 3.55, t, (9.6) 74.5 27 4.38, d, (5.6) 68.5

28 3.45, t, (9.6) 51.6 28 5.22, dd, (12.4, 6.0) 125.0

29 6.68, dd, (9.6, 1.2) 137.1 29 6.19, d, (12.5) 142.1

30 2.09, s 20.5 30 2.07, s 20.5

31 1.01, d, (6.8) 16.9 31 0.92, d, (6.9) 18.0

32 1.10, d, (7.0) 11.6 32 1.03, d, (6.9) 11.3

33 0.89, d, (6.9) 9.3 33 0.60, d, (6.8) 8.9

34 1.08, d, (6.5) 13.1 34 −0.64, d, (6.7) 8.8

34a 173.0 35 174.0

36 4.70, d, (16.9)
4.56, d, (16.9) 62.1

Compound 6 was isolated as an orange powder. The molecular formula of 6 was
determined to be C36H45NO12 by HRESIMS data (m/z 706.2809, [M + Na]+

, calcd for
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[C36H45NO12Na]+ 706.2834, −3.5 ppm). The 1H NMR spectrum showed the presence of
two singlet aromatic protons at δH 7.21 (H-3) and 8.61 (H-8); five olefinic protons at δH
6.30 (d, J = 10.7 Hz, H-17), 6.43 (dd, J = 15.4 and 11.2 Hz, H-18), 5.98 (dd, J = 15.5 and
5.7 Hz, H-19), 5.22 (dd, J = 12.4 and 6.0 Hz, H-28), and 6.19 (d, J = 12.5 Hz, H-29); four
oxygenated methines at δH 3.95 (d, J = 9.4 Hz, H-21), 3.43 (d, J = 10.3 Hz, H-23), 3.62 (d,
J = 10.6 Hz, H-25), and 4.38 (d, J = 5.6 Hz, H-27); four methines at δH 2.35 (m, H-20), 1.79
(m, H-22), 1.35 (m, H-24), and 1.06 (m, H-26); oxygenated methylenes at δH 4.70 and 4.56
(d, J = 16.9 Hz, H-36a and H-36b); and seven methyl groups at δH 1.68 (s, H3-13), 2.49
(s, H3-14), 2.07 (s, H3-30), 0.92 (d, J = 6.9 Hz, H3-31), 1.03 (d, J = 6.9 Hz, H3-32), 0.60 (d,
J = 6.8 Hz, H3-33), and -0.64 (d, J = 6.7 Hz, H3-34). The 13C and HSQC spectra revealed
signals of 36 carbons belonging to a ketone at δC 197.6 (C-11); two carbonyls at δC 172.3
(C-15) and 174.0 (C-35); sixteen sp2 carbons at δC 112.2–175.5; a hemiketal at δC 108.5 (C-12);
four oxygenated methines at δC 68.5–78.3; an oxygenated methylene at δC 62.1 (C-36);
four methines at δC 34.5–41.8; and seven methyls at δC 8.8–21.5. The continuous 1H-1H
COSY correlations from H-17 to H-29 via H3-31, H3-32, H3-33, and H3-34, as well as the
HMBC correlations from H3-30 to C-15, C-16, and C-17, established the structure of an
ansa-chain. The HMBC correlations from H3-14 to C-6, C-7, and C-8; from H-3 to C-1
and C-10; from H-8 to C-1, C-6, C-10, and C-14 established a naphthalene ring with three
hydroxy groups at the C-1, C-4, and C-6 positions. The HMBC correlations from H-29 to
C-12, H3-13 to C-11, and C-12 confirmed the structure of a furan ring and the connection
of the ansa-chain with the aromatic moiety via an ether bond between C-29 and C-12.
Further, the HMBC correlations from H-36a,b to C-35 determined the presence of glycolic
acid. By comparison with data reported in the literature, the structure of 6 was determined
as 8-deoxy-25-desacetyl-27-demethyl-rifamycin L [16] and named salinisporamycin D.

Compound 7 was isolated as a colorless solid. The molecular formula of 7 was deter-
mined as C22H37NO6 by HRESIMS data (m/z 434.2496, [M + Na]+, calcd for [C22H37NO6Na]+

434.2513, −3.9 ppm), five degrees of unsaturation. The 1H NMR spectrum of 7 (Table 2)
revealed the presence of three olefinic protons at δH 6.17 (d, J = 11.1 Hz, H-3), 6.58 (dd,
J = 15.2 and 11.1 Hz, H-4), and 5.78 (d, J = 15.2 and 8.3 Hz, H-5); five oxygenated methines
at δH 3.46–4.05; four methines at δH 1.81–2.34; a methylene group at δH 2.63 and 2.75
(H-15a and H-15b); and six methyls at δH 0.95–2.18. The 13C and HSQC NMR spectra
demonstrated the presence of 22 carbons, including a ketocarbonyl at δC 210.3 (C-16); a
carboxyl at δC 175.1 (C-1); four olefinic carbons at δC 128.3–142.1; five oxygenated methines
at δC 75.6–83.5; four methines at δC 36.3–44.0; a methylene at δC 48.5 (C-15); and six methyls
at δC 10.6–30.6. The 1H and 13C NMR data of 7 were similar to those of the co-isolated
known compound, saliniketal A (8). The significant downfield chemical shifts of C-11 (δC
83.5), C-13 (δC 82.7), and C-14 (δC 80.8), and the HMBC correlation from H-14 (δH 3.95)
to C-11 confirmed the partial structure of a tetrahydrofuran ring between C-11 and C-14.
The NOESY correlation between H-11, H3-22, H-13, and H-15a,b indicated their co-facial
relationship, and that of H-14/H-12 indicated that H-14 and H-12 were located on the
opposite face of the tetrahydrofuran ring. Saliniketals A and B are bicyclic polyketides
isolated from a Salininispora arenicola strain [15]. Their structures were elucidated by the 2D
NMR techniques and were confirmed by total synthesis studies [8]. Saliniketals shared a
partially similar structure with the ansa-chain of rifamycin derivatives isolated from the
same strain. The biosynthesis studies also confirmed this relationship, and saliniketals and
rifamycin derivatives shared the same absolute configuration [9]. By comparing 1H and
13C NMR data and the experimental ECD spectrum of 7 with those of saliniketal A (8) and
considering their biosynthetic relationship, the absolute configuration of 7 was proposed to
be the same as that of saliniketal A (8) and named salinifuran A.
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Table 2. 1H and 13C NMR data for 7.

No
δH, Mult
(J in Hz)

δC No
δH, Mult
(J in Hz)

δC

1 175.1 13 3.46, t (8.4) 82.7

2 131.4 14a 3.95, td (8.7, 3.5) 80.8

3 6.17, br d (11.1) 134.1 14b

4 6.58, dd (15.2, 11.1) 128.3 15a 2.75 dd (15.6, 3.5) 48.5

5 5.78, dd (15.2, 8.3) 142.1 15b 2.63 dd (15.6, 8.9)

6 2.34, m 42.3 16 210.3

7 3.73, dd (9.3, 1.3) 75.6 17 2.18, s 30.6

8 1.89, m 36.3 18 1.95, s 20.9

9 3.50, dd (7.9, 4.6) 78.9 19 0.95, d (6.9) 17.1

10 1.81, m 38.5 20 0.98, d (7.0) 10.9

11 4.05, dd (10.2, 1.2) 83.5 21 0.95, d (6.9) 10.6

12 2.00, m 44.1 22 1.05, d (6.5) 14.2

Structures of known compounds were identified as 34a-α-rifamycin W-M1-hemiacetal
(2), 34a-β-rifamycin W-M1-hemiacetal (3) [9], rifamycin W (4) [17], protorifamycin I (5) [18],
and saliniketal A (8) [19] by comparison of their spectroscopic data with those reported in
the literature.

Rifamycins are a group of antimicrobial drugs, and their mode of action, resistance,
and biosynthesis have been well studied [20]. Previous studies showed that the biosynthe-
sis of rifamycins starts with 3-amino-5-hydroxybenzoic acid (AHBA) and chain extension
by various rifamycin biosynthetic genes. The ansa-chain was established from two acetates
and eight propionates [15]. Numerous structures of naturally occurring rifamycins are
mainly due to the extensive post-PKS enzymatic tailoring conducted by enzymes encoded
by pathway-specific genes [15]. Similarly, the possible biosynthesis pathway of the new
compounds was proposed, as shown in Figure 4. Firstly, proansamycin X was synthesized,
and then the compound was converted to rifamycin W. Rifamycin W was oxidized to
rifamycin Z, and then this compound was converted to demethly-desacetyl rifamycin SV.
Compound 1 could be originated from rifamycin Z by oxidation and decyclization at the
C-5 position. Compound 6 could be synthesized from demethly-desacetyl rifamycin SV
by deoxidation at C-8 and adding glycolic acid (from an acetate unit) at the C-4 position.
The biosynthesis of 7 was proposed to be similar to saliniketals. Rifamycin W was con-
verted to a percussor (11) via several steps, and 11 could be reduced and cyclized to give
a tetrahydrofuran-containing derivative (13), and then the napthoquinone moiety was
eliminated to yield salinifuran (7).

Some isolated compounds were screened for their cytotoxicity against one normal,
six solid, and seven blood cancer cell lines (Table 3). According to the guidelines of NCI,
when a compound shows cytotoxicity with an IC50 value less than 4 μg/mL or 10 μM, the
compound is considered to have cytotoxicity [21]. We defined the potency of compounds
as significant (IC50 < 1 μM), moderate (IC50 = 1–10 μM), weak (IC50 = 10–30 μM), and
non-cytotoxic (IC50 > 30 μM). Compound 1 showed moderate activity against all the tested
cell lines with GI50 of 2.36–9.96 μM. Compound 6 exhibited weak cytotoxicity against solid
cancer cells with GI50 values of 21.84–29.75 μM. Compound 7 showed weak activity against
NALM6 (GI50 = 26.76 μM). Compound 8 was not active against all the tested cell lines (GI50
> 30 μM). From the activity results, it is noteworthy that rifamycin derivatives showed
moderate or weak cytotoxicity, and the aromatic moiety is important for their cytotoxicity
(1 and 6). Compounds 7 and 8 are composed of only an ansa-chain and showed weak or no
cytotoxicity. The lack of a hydroxy group at the C-8 position (6) may reduce the activity.
The results of this study were consistent with previous reports that naturally occurring
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rifamycins are generally not effective enough for new drug development. However, further
research should be conducted to semi-synthesize their derivatives with lower toxicity
against normal cells and better pharmacological properties.

 

Figure 4. Plausible biosynthetic pathway of the new compounds.
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Table 3. Growth inhibition (GI50, μM) of 1 and 6-8 against cancer cell lines.

1 6 7 8 Adr.

ACHN 8.45 >30 >30 >30 0.168

MDA-MB-231 8.79 >30 >30 >30 0.159

HCT-15 9.25 24.20 >30 >30 0.137

PC-3 8.46 26.59 >30 >30 0.144

NUGC-3 7.41 29.75 >30 >30 0.136

NCI-H23 8.05 21.84 >30 >30 0.151

HL-60 9.96 4.79 >30 >30 0.021

Raji 5.37 12.05 >30 >30 0.003

K562 7.17 9.53 >30 >30 0.057

RPMI-8402 4.75 2.45 >30 >30 0.014

NALM6 4.28 4.76 26.76 >30 0.002

U266 2.63 2.30 >30 >30 0.034

WSU-DLCL2 2.36 5.40 >30 >30 0.002

RPMI-1788 8.47 4.93 nt nt 0.014
Adr.: Adriamycin as a positive control. nt: not tested. Six solid [ACHN (renal), MDA-MB-231 (breast), HCT-15
(colon), PC-3 (prostate), NUGC-3 (stomach), and NCI-H23 (lung)], seven blood [(HL-60 (acute myelogenous
leukemia, AML), Raji (Burkitt’s lymphoma), K562 (chronic myelogenous leukemia, CML), RPMI-8402 (T cell acute
lymphocytic leukemia, T-ALL), NALM6 (B cell acute lymphocytic leukemia, B-ALL), U266 (multiple myeloma),
WSU-DLCL2 (diffuse large B cell lymphoma, DLBCL) cells lines and a normal [RPMI-1788 (B lymphocytes)]
cell line.

3. Materials and Methods

3.1. General Experimental Procedures

The 1D and 2D NMR spectra were measured by a Bruker 600 MHz spectrometer
(Bruker BioSpin GmbH, Rheinstetten, Germany). UV–Vis spectra were obtained using a
Shimadzu UV-1650PC spectrophotometer (Shimadzu Corporation, Kyoto, Japan). A JASCO
FT/IR-4100 spectrophotometer (JASCO Corporation, Tokyo, Japan) was used to record IR
spectra. A hybrid ion trap time-of-flight mass spectrometer (Shimadzu LC/MS-IT-TOF,
Kyoto, Japan) was used for measuring high-resolution ESIMS experiments. HPLC was per-
formed with a PrimeLine Binary pump (Analytical Scientific Instruments, Inc., El Sobrante,
CA, USA) and a RI-101 detector (Shoko Scientific Co., Ltd., Yokohama, Japan). Semi-
preparative HPLC was conducted using an ODS column (YMC-Pack-ODS-A, 250 × 10 mm
i.d., 5 μM, Kyoto, Japan). A Rudolph Research Analytical Autopol III polarimeter (Rudolph
Research Analytical, Hackettstown, NJ, USA) was used to record optical rotations. Mass
culture was carried out using a 100 L fermenter (Fermentec Co., Ltd., Cheongju, Republic
of Korea). All solvents were either HPLC grade or distilled prior to use.

3.2. Isolation of the Microorganisms from Marine Sediment Samples

Marine sediment samples were obtained off the coast of Dokdo Island in the Republic
of Korea during expeditions in May 2022. The sediment samples were obtained using a
grab sampler at a depth of approximately 200 m below the water’s surface. The sediments
were collected and stored at 5 ◦C upon return to the laboratory in sterile 50 mL conical tubes.
Actinomycetes are spore-forming bacteria that can endure harsh environments and high
temperatures. As a result, pretreatment with selective heating was employed to reduce non-
spore-forming unwanted microorganisms. Each sample was weighed to 1.0 g, placed on a
sterile plate, and kept at 60 ◦C for 30 min in a dry oven. The samples were then successively
diluted to 10−1, 10−2, and 10−3 by sterile seawater, and each aliquot (100 μL) was spread
on humic acid–vitamin agar (HV), actinomycetes isolation agar (AIA), and Bennett’s agar
(BN) media. The plates were kept in a BOD (bio-oxygen demand) incubator at 28 ◦C for
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1~4 weeks until colonies could be seen with the naked eye. Colonies that could be seen
were picked up and transferred onto new BN agar plates. The purification procedure was
carried out repeatedly several times until single pure colonies were obtained.

3.3. Isolation and Identification of the Strain 225DD-027

The strain 225DD-027 was isolated from humic acid–vitamin agar after being incu-
bated for 12 days. It was identified as Salinispora arenicola according to its morphological
characteristics and results of 16S-rRNA gene sequence analysis by Macrogen Inc. (Seoul,
Republic of Korea). The sequence of 225DD-027 was submitted to GenBank under accession
number OR084782. The strain is currently preserved in the Microbial Culture Collection,
Korea Institute of Ocean Science and Technology (KIOST), with an accession number of
225DD-027, under the curatorship of Hee Jae Shin.

3.4. Fermentation of the Strain 225DD-027 and Extraction and Isolation of Metabolites

Bennett’s medium (BN, 1% glucose, 0.2% tryptone, 0.1% yeast extract, 0.1% beef
extract, 0.5% glycerol, sea salts 32 g/L, and agar 17 g/L for agar medium) was used to
conduct the seed and mass cultures of the strain 225DD-027. Firstly, the strain was cultured
on Bennett’s agar medium in a Petri dish for 14 days. The actively grown colonies were
transferred aseptically into a 100 mL conical flask containing 50 mL of Bennett’s broth
medium and incubated on a rotary shaker (140 rpm) at 28 ◦C for 9 days. An aliquot (10
mL) was aseptically inoculated into a 2.0 L flask containing 1.0 L of BN broth. The strain
was incubated at 28 ◦C for 7 days on a rotary shaker at 140 rpm, and then the culture
broth was inoculated into a 100 L fermenter filled with 70 L of BN broth. The mass culture
was carried out at 28 ◦C for 16 days and then harvested. The culture was separated into
supernatant and mycelium by continuous centrifugation at 60,000 rpm, and the supernatant
was extracted twice with an equal volume of EtOAc (70 L × 2). The EtOAc layer was
evaporated under reduced pressure to obtain a crude extract (8.0 g). The extract was then
fractionated into 15 fractions (fractions 1 to 15) by vacuum liquid chromatography on an
ODS column using a stepwise elution with 3 × 300 mL each of 20%, 40%, 60%, and 80%
MeOH in H2O and 100% MeOH. The F7 fraction was subjected to a semi-preparative HPLC
(YMC-Pack ODS-A, 250 × 10 mm i.d., 5 μm, flow rate 2.0 mL/min) with an isocratic elution
of 45% MeOH in H2O to obtain compound 7 (2.0 mg, tR = 42 min). The F9 fraction was
purified using semi-preparative HPLC (YMC-Pack ODS-A, 250 × 10 mm i.d., 5 μm, flow
rate 2.0 mL/min) with an isocratic elution of 30% MeCN in H2O to yield compounds 4

(3.0 mg, tR = 40 min) and 8 (3.5 mg, tR = 52 min). Compounds 5 (5.0 mg, tR = 65 min)
and 6 (3.3 mg, tR = 75 min) were isolated from the F10 fraction using a semi-preparative
HPLC (YMC-Pack ODS-A, 250 × 10 mm i.d., 5 μm, flow rate 2.0 mL/min) with an isocratic
elution of 30% MeCN in H2O. The F11 fraction was purified using a semi-preparative
HPLC (YMC-Pack ODS-A, 250 × 10 mm i.d., 5 μm, flow rate 2.0 mL/min) with an isocratic
elution of 54% MeCN in H2O to yield compounds 1 (1.2 mg, tR = 32 min), 2 (1.5 mg, tR = 26
min), and 3 (1.5 mg, tR = 22 min).

Salinisporamycin C (1): orange powder, [α]20
D − 30.5 (c 0.1, MeOH); UV (MeOH) λmax

(log ε) 218 (4.65), 273 (4.30) nm; IR νmax 3364, 2976, 2880, 1632, 1600, 1496, 1374, 1062,
1021 cm−1; HRESIMS m/z 670.2852, calculated for [C35H44NO12]+, 670.2858; for 1H NMR
(CD3OD, 600 MHz), see Table 1; for 13C NMR (CD3OD, 150 MHz), see Table 1.

Salinisporamycin D (6): orange powder, [α]20
D + 35.0 (c 0.1, MeOH); UV (MeOH) λmax

(log ε) 222 (4.50), nm; IR νmax 3364, 2966, 2851, 1759, 1643, 1590, 1222, 1099 cm−1; HRESIMS
m/z 706.2809, calculated for [C36H45NO12Na]+, 706.2834; for 1H NMR (CD3OD, 600 MHz),
see Table 1; for 13C NMR (CD3OD, 150 MHz), see Table 1.

Salinifuran A (7): colorless solid, [α]20
D − 50.0 (c 0.1, MeOH); UV (MeOH) λmax (log ε)

204 (5.10), nm; IR νmax 3339, 2961, 2922, 1706, 1660, 1596, 1458, 1024 cm−1; HRESIMS m/z
434.2496, calculated for [C22H37NO6Na]+, 434.2513; for 1H NMR (CD3OD, 600 MHz), see
Table 2; for 13C NMR (CD3OD, 150 MHz), see Table 2.
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3.5. Cytotoxicity Assay

The cytotoxic activities of 1 and 6–8 against adherent cells and suspension cells were
conducted by SRB (sulforhodamine B) assay [22] and CellTiter-Glo assay [23], respectively,
as described earlier. The compounds were dissolved and serially diluted in dimethyl
sulfoxide. GraphPad Prism 8 (GraphPad Software Inc., San Diego, CA, USA) was used to
determine GI50 values. Cancer and normal cell lines were purchased from the Japanese
Cancer Research Resources Bank (JCRB) (NUGC-3, JCRB Cell Bank/Cat. # JCRB0822), the
DSMZ-German Collection of Microorganisms and Cell Cultures (RPMI-8402, DSMZ/Cat #
ACC 290; WSU-DLCL2, DSMZ/Cat # ACC 575), and the American Type Culture Collection
(ATCC) (PC-3, ATCC/Cat. # CRL-1435; MDA-MB-231, ATCC/Cat. # HTB-26; ACHN,
ATCC/Cat. # CRL-1611; NCI-H23, ATCC/Cat. # CRL-5800; HCT-15, ATCC/Cat. #
CCL-225; HL-60, ATCC/Cat. # CCL-240; Raji, ATCC/Cat # CCL-86; K562, ATCC/Cat
# CCL-243; NALM6, ATCC/Cat # CRL-3273; U266, ATCC/Cat # TIB-196); RPMI-1788,
ATCC/Cat # TIB-156). Cells were cultured in Dulbecco’s Modified Eagles medium (ACHN,
MDA-MB-231), RPMI-1640 medium (HCT-15, PC-3, NUGC-3, NCI-H23, Raji, NALM6,
U266, WSU-DLCL2, RPMI-1788) or Improved Minimum Essential Medium (K562, HL-60),
supplemented with fetal bovine serum and penicillin-streptomycin.

4. Conclusions

In conclusion, we have isolated eight rifamycin-related polyketides from the marine-
derived actinomycetal strain Salinispora arenicola 225DD-027, including three new com-
pounds (1, 6, and 7). The gross structures of the new compounds were elucidated by
detailed analysis of their spectroscopic data (HRESIMS, 1D, and 2D NMR). Their abso-
lute configuration was established by consideration of their biosynthetic relationship and
comparison of their NMR chemical shifts, 1H-1H coupling constants, and ECD spectra
with those of the co-isolated derivatives. The new compounds were evaluated for their
cytotoxicity against one normal, six solid, and seven blood cancer cell lines, and 1 displayed
moderate cytotoxicity against all the tested cancer cell lines with GI50 ranging from 2.36 to
9.96 μM. Further investigations should be performed to comprehend the mechanism of
action of the active metabolites. The findings of this report have enriched the biological
and chemical diversities of naturally occurring polyketides from the genus Salinispora.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/md21090494/s1. Figure S1. Structures of some analogs of the
isolated compounds. Figure S2. 1H NMR spectrum of 1. Figure S3. 13C NMR spectrum of 1.
Figure S4. HSQC spectrum of 1. Figure S5. 1H-1H COSY spectrum of 1. Figure S6. HMBC spectrum
of 1. Figure S7. Selective 1D NOESY spectrum of 1 (irradiated at H-17). Figure S8. Selective 1D
NOESY spectrum of 1 (irradiated at H-27). Figure S9. Selective 1D NOESY spectrum of 1 (irradiated
at H-28). Figure S10. Selective 1D NOESY spectrum of 1 (irradiated at H-25). Figure S11. HRESIMS
data of 1. Figure S12. 1H NMR spectrum of 6. Figure S13. 13C NMR spectrum of 6. Figure S14. HSQC
spectrum of 6. Figure S15. 1H-1H COSY spectrum of 6. Figure S16. HMBC spectrum of 6. Figure
S17. NOESY spectrum of 6. Figure S18. HRESIMS data of 6. Figure S19. 1H NMR spectrum of 7.
Figure S20. 13C NMR spectrum of 7. Figure S21. HSQC spectrum of 7. Figure S22. 1H-1H COSY
spectrum of 7. Figure S23. HMBC spectrum of 7. Figure S24. Band selective HMBC of 7. Figure S25.
Selective 1D NOESY spectrum of 7 (irradiated at H-3). Figure S26. Selective 1D NOESY spectrum of
7 (irradiated at H-11). Figure S27. Selective 1D NOESY spectrum of 7 (irradiated at H-13). Figure S28.
Selective 1D NOESY spectrum of 7 (irradiated at H-14). Figure S29. HRESIMS data of 7. Figure S30.
Comparison of ECD spectra of 7 and saliniketal A (8). Figure S31. Results of cytotoxicity test and
dose–response curves for compounds 1 and 6–8. Table S1. Comparison of chemical shifts of 1 and 2.
Table S2. Comparison of chemical shifts of 7 and 8.
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Abstract: A HPLC-UV guided fractionation of the culture broth of Streptomyces sp. CNQ-617 has
led to the isolation of a new quinazolinone derivative, actinoquinazolinone (1), as well as two
known compounds, 7-hydroxy-6-methoxy-3,4-dihydroquinazolin-4-one (2) and 7-methoxy-8-hydroxy
cycloanthranilylproline (3). The interpretation of 1D, 2D NMR, and MS spectroscopic data revealed
the planar structure of 1. Furthermore, compound 1 suppressed invasion ability by inhibiting
epithelial–mesenchymal transition markers (EMT) in AGS cells at a concentration of 5 μM. In addition,
compound 1 decreased the expression of seventeen genes related to human cell motility and slightly
suppressed the signal transducer and activator of the transcription 3 (STAT3) signal pathway in AGS
cells. Together, these results demonstrate that 1 is a potent inhibitor of gastric cancer cells.

Keywords: actinoquinazolinone; Streptomyces sp.; marine natural products; quinazolinone;
gastric cancer; motility

1. Introduction

Cancer is the uncontrolled growth and division of cells in the body [1]. Gastric cancer,
also known as stomach cancer, is responsible for an estimated 768,793 deaths, making it the
fourth leading cause of cancer death in 2020 [2,3]. Suppressed metastasis may be a target in
gastric cancer therapy [4]. During the epithelial—mesenchymal transition (EMT) process,
cancer cells take on a mesenchymal cell phenotype to spread to a different part of the body.
Therefore, EMT plays a significant role in metastatic cancers [5,6]. Furthermore, the signal
transducer and activator of transcription 3 (STAT3) is a kind of oncogene that can promote
the invasion and migration potential of cancer cells [7]. Thus, suppressing the EMT and
STAT3 signal pathways is crucial for developing effective cancer therapies.

Marine microorganisms, including actinobacteria, have emerged as a promising
source for the discovery of novel bioactive compounds with potential pharmacological
properties [8,9]. Actinobacteria are Gram-positive bacteria that have been extensively
studied for their ability to produce secondary metabolites with a wide range of biological
activities. Many of these compounds have demonstrated promising activity against
various diseases, including cancer, bacterial infections, and viral infections [10,11]. The
high biodiversity of marine-derived actinobacteria provides a rich source of novel com-
pounds, which is one of their main advantages [11]. Additionally, marine environments
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offer unique ecological niches, including extreme temperatures, pressures, and salinity,
which can produce unique compounds not found in terrestrial environments. Thus,
marine-derived actinobacteria are considered a valuable resource for drug discovery and
development [10–12].

Streptomyces sp. strain CNQ-617 is a marine-derived actinobacterium isolated from
sediment samples collected from La Jolla Submarine Canyon in California. This strain
has been shown to produce several bioactive compounds with potential therapeutic
applications [10]. Streptomyces is a well-known genus of actinobacteria known for pro-
ducing a large number of secondary metabolites, including many clinically important
antibiotics. Indeed, Streptomyces species are thought to have produced approximately
two-thirds of all known antibiotics [11,13,14]. Researchers have also discovered several
novel bioactive compounds derived from marine-derived Streptomyces species in recent
years.

Therefore, marine-derived Streptomyces and other actinobacteria are regarded as a
valuable resource for the discovery of novel bioactive compounds with potential therapeutic
applications [15–26]. Marineosins A and B are two structurally related compounds that
were first discovered from this strain. They are analogs of the natural product prodigiosin
and have been shown to possess strong and selective anticancer activity against a variety of
cancer cell lines by inducing apoptosis, inhibiting angiogenesis, and disrupting microtubule
assembly [26,27].

In addition to marineosins A and B, this strain has also been shown to produce de-
oxyvasicinone, a compound with potential anti-melanogenic properties. Deoxyvasicinone
has been shown to inhibit melanin production in murine and human melanoma cells,
suggesting that it could be a promising agent for treating hyperpigmentation disorders [10].
Moreover, further extensive investigation of crude extracts from Streptomyces sp. strain
CNQ-617 has resulted in the isolation of a novel quinazolinone derivative, actinoquina-
zolinone (1). This study reported the isolation of actinoquinazolinone (1) along with two
known compounds, 7-hydroxy-6-methoxy-3,4-dihydroquinazolin-4-one (2) and 7-methoxy-
8-hydroxy cycloanthranilylproline (3) (Figure 1), as well as the structural characterization
and bioactivity of 1.

Figure 1. Chemical Structures of actinoquinazolione (1), 7-hydroxy-6-methoxy-3,4-
dihydroquinazolin-4-one (2), and 7-methoxy-8-hydroxy cycloanthranilylproline (3).

2. Results and Discussion

Actinoquinazolinone (1) was isolated as a yellowish brown oil with a molecular
formula of C13H14N2O6 based on the HR-FAB-MS ion at m/z 295.0924 [M + H]+ (calcd for
C13H15N2O6, 295.0930). The 1H NMR spectrum of 1 (Table 1, Figures S1–S5) displayed one
hetero-aromatic proton at δH 8.07 (1H, s, H-2), two aromatic protons at δH 7.46 (1H, s, H-5)
and 6.98 (1H, s, H-8), one methoxy group at δH 3.88 (3H, s, 6-Ome), and one exchangeable
proton at δH 10.35 (1H, s, OH). Based on spectroscopic data from 13C NMR and HSQC, six
quaternary carbons were assigned at δC 159.7 (C-4), 148.2 (C-6), 153.0 (C-7), 143.9 (C-9),
113.8 (C-10), and 172.2 (C-14), two methylene carbons at δC 51.2 (C-11) and 39.8 (C-13), four
methine carbons at δC 147.1 (C-2), 105.7 (C-5), 110.9 (C-8), and 65.0 (C-12), and one methoxy
carbon at δC 55.7 (6-Ome).
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Table 1. NMR Spectral Data for Compounds 1 (DMSO-d6) a.

No.
1

dC, mult. b dH (J in Hz) COSY HMBC

2 147.1, CH 8.07, s 4, 9, 10, 11
4 159.7, qC
5 105.7, CH 7.46, s 4, 6, 7, 8, 9, 10
6 148.2, qC
7 153.0, qC
8 110.9, CH 6.98, s 4, 6, 7, 9, 10
9 143.9, qC

10 113.8, qC
11a 51.2, CH2 3.74, dd (13.4, 8.2) 12 2, 4, 12, 13
11b 4.12, dd (13.4, 3.9)
12 65.0, CH 4.18, m 13

13a 39.8, CH2 2.29, dd (15.5, 8.2) 11, 12, 14
13b 2.45, dd (15.5, 4.7)
14 172.2, qC

6-Ome 55.7, CH3 3.88, s 6
7-OH 10.35, s

12-OH
14-OH

14-Ome
a 400 MHz for 1H NMR and 100 MHz for 13C NMR. b Numbers of attached protons were determined by analysis
of 2D spectra.

Additional 2D NMR analyses allowed the structure of 1 to be constructed. The
quinazolin-4-one unit was assigned by the NMR signals of six aromatic carbons at δC 105.7
(C-5), 148.2 (C-6), 153.0 (C-7), 110.9 (C-8), 143.9 (C-9), and 113.8 (C-10), and two hetero-
aromatic carbons at δC 147.1 (C-2) and 159.7 (C-4), along with the HMBC correlations from
H-2 to C-4, C-9 and C-10; from H-5 to C-4, C-6, C-7 and C-10; and from H-8 to C-7, C-9
and C-10. In addition, HMBC correlations from 6-Ome to C-6 provided the attachment of
the methoxy group at C-6. Furthermore, COSY cross peaks [H-11/H-12 and H-12/H-13]
and long-range HMBC correlations of H-12 and H-13 with C-14 (δC 172.2) as well as the
carbon chemical shift of C-12 (δC 65.0) allowed the construction of the 3-hydroxybutanoic
acid moiety. This moiety was linked to the quinazolinone moiety through the nitrogen
atom between C-2 and C-4 from the consideration of the carbon chemical shift of C-11
(δC 51.2) and from the observation of the long-range HMBC correlation from H-12 to C-2
and C-4. Additionally, the unassigned hydroxy group was determined to be located at
C-7 based on the carbon chemical shift of C-7 (δC 153.0) and the molecular formula of the
compound. Therefore, the final structure of actinoquinazolione (1) was determined to be
7-hydroxy-6-methoxy quinazolinone with a 3-hydroxy butanoic acid moiety, as shown in
Figure 2.

Figure 2. COSY and key HMBC correlations of 1.

The 1H NMR (400 MHz, DMSO-d6) spectrum of 2 revealed one hetero-aromatic proton
at δH 7.90 (1H, d, J = 3.47, H-2), two aromatic protons at δH 7.43 (1H, s, H-5) and 6.98
(1H, s, H-8), one methoxyl group at δH 3.87 (3H, s, 6-Ome), and two exchangeable protons
at δH 11.93 (1H, s, OH) and 10.27 (1H, br s, NH) (Figure S6). The interpretation of 13C
NMR spectral data revealed nine carbons at δC 160.1 (C-4), 153.0 (C-7), 148.0 (C-2), 144.9
(C-6), 143.6 (C-9), 114.7 (C-10), 111.3 (C-8), 105.5 (C-5), and 55.7 (6-Ome) (Figure S7).
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Compound 2 was identified as 7-hydroxy-6-methoxy-3,4-dihydroquinazolin-4-one based
on a comparison of its NMR data to that of a previously reported synthetic compound [28].
However, it was the first report of the compound being isolated from a natural source.

Compound (3) was isolated as yellowish oil and its molecular formula was determined
to be C13H14N2O4 by HR-FAB-MS [M+H]+ ion at m/z 263.1029. The 1H NMR spectrum
of compound 3 displayed para-coupled aromatic protons at δH 7.36 (1H, s, H-1) and 6.58
(1H, s, H-4) (Figure S8). The 13C NMR spectrum of 3 showed twelve carbons at δC 171.2
(C-11), 166.6 (C-5), 151.1 (C-8), 145.4 (C-7), 131.4 (C-9a), 117.9 (C-5a), 111.8 (C-6), 107.7
(C-9), 57.2 (C-11a), 47.1 (C-3), 25.8 (C-1), 23.4 (C-2), and one methoxy group at δC 55.4
(7-Ome) (Figure S9). The chemical structure of 3 was determined as 7-methoxy-8-hydroxy
cycloanthranilylproline based on the comparison of NMR data to those of previously
reported ones [25].

Compounds 1 and 2 are quinazolinone derivatives with an N-containing heterocyclic
scaffold. Quinazolinones are a class of nitrogen-containing heterocyclic compounds found
in nature which are produced by plants and microorganisms [29,30]. Quinazolinones have
sparked considerable interest in the fields of medicinal chemistry and drug discovery. The
chemical structure of quinazolinones has been shown to possess a wide range of pharmaco-
logical properties [31]. Furthermore, quinazolinones are considered as a significant scaffold
of various therapeutic and biological activities, including anticancer [32], anticonvulsant [33],
anti-cholinesterase [34], anti-diabetic [35], antimalarial [36], antimicrobial [37,38], antitubercu-
lar [39], antihypertensive [40], anti-HIV [41], anti-inflammatory [42], and antipsychotic [43].
Other therapeutic and biological activities include cellular phosphorylation inhibition [44],
kinase inhibitory [45], dihydrofolate reductase inhibition [46], inhibitors of tubuline polymeriza-
tion [47], dopamine agonists, and diuretic activities [48,49]. Reported microbial-derived quina-
zolinones, penicamide A, penoxazolones A and B, aspertoryadins A–J, nortryptoquivaline, 2-(4-
hydroxybenzyl)quinazolin-4(3H)-one, and penipanoids B and C, are isolated from the ascidian-
derived fungus Penicillium sp. 4829 [50], the cold-seep-derived fungus Penicillium oxalicum [51],
the marine-derived fungus Aspergillus sp. HNMF114 [52,53], the sea fan-derived fungus Neosar-
torya siamensis [54], the entomopathogenic fungus Isaria farinose [55], and the sediment-derived
fungus Penicillium paneum SD-44 [56], respectively. In addition, several quinazolinones from
Streptomyces have been reported, including 2-(1H-indol-3-yl)quinazolin-4-(3H)-one, quinazolin-
4(3H)-one, 2-methylquinazolin-4(3H)-one [57], 2-(4-hydroxyphenyl) quinazolin-4(3H)-one [50],
quinazolinones A and B, 4(3H)-quinazolinone [58], 2-(2-carboxyethyl)-8-hydroxyquinazolin-
4(3H)-one, 2-(2-carboxyethyl)-6-hydroxyquinazolin-4(3H)-one, 2-(4-hydroxyphenyl)quinazolin-
4(3H)-one [59], farinamycin [60], 2-Methyl-3H-quinazolin-4-one and 1H-quinazoline-2,4-dione
and arborine [61,62]. Moreover, these quinazolinones have been reported to have various
biological activities, such as cytotoxicity to Vero cells [63], antifungal activity against P. litchi [64],
and cytotoxicity against KB and HL-60 cell lines [65].

Additionally, compounds 1 and 2 share structural similarities with previously reported
compound 4-(7,8-dihydroxy-4-oxoquinazolin-3(4H)-yl) butanoic acid, which was isolated
from the leather coral-derived fungus Xylaria sp. FM1005 [66]. However, the structures of
compounds 1 and 2 differ from that of the previously reported compound. In the quina-
zolinone moiety, compound 1 has a substituted methoxy group at C-6 and an additional
hydroxy group attached at C-12, but no 8-OH group. Meanwhile, compound 2 has a similar
structure to compound 1, except for the absence of the 3-hydroxybutanoic acid substituent
on the amide moiety. In addition, 1–3 have been tested for their viability of cancer cell lines.
The relative cell viability of cancer cell lines A549 (lung cancer), AGS (gastric cancer), and
Caco-2 (colorectal cancer) was measured by an MTT assay after treatment with various
concentrations of 1–3 for 48 h. The result showed that treatment with 100 μM of compound
1 significantly decreased the cell viability of A549, AGS, and Caco-2. However, 100 μM
of compound 2 did not affect the cell viability of A549 and AGS, while suppressing the
cell viability of Caco-2. Moreover, 100 μM of compound 3 suppressed the cell viability of
AGS and Caco-2 while having no significant effect on the cell viability of A549 (Figure 3).
Therefore, these results showed that compound 1 is more effective in reducing the cell
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viability of A549, AGS, and Caco-2 than the other two compounds. However, it should be
noted that the observed cell viability reduction by 1–3 is modest even at 100 μM.

Figure 3. The effect of different concentrations of actinoquinazolione (1), 7-hydroxy-6-methoxy-3,4-
dihydroquinazolin-4-one (2), and 7-methoxy-8-hydroxy cycloanthranilylproline (3) on cell viability
of AGS, A549, and Caco-2. Cell viability was measured by using MTT assays. Data are presented as
mean ± SD and analysis was performed by Student’s t-test (n = 3). * p < 0.05; ** p < 0.01; *** p < 0.001.

To confirm the concentration-dependent inhibitory effect of compound 1 on cancer
motility, we evaluated invasion assays in A549, AGS, and Caco-2 cells. From the results
(Figure 4A,B), 1 displayed a dose-dependent inhibitory effect on the invasion ability of AGS
at concentrations from 1 to 5 μM, whereas the invasion ability of A549 and Caco-2 cells
were not affected by treatment of 1. The results indicated that 1 has a higher suppression
activity on the AGS invasion ability than A549 and Caco-2.

Figure 4. Effect of actinoquinazolione (1) on the invasion ability of AGS, A549, and Caco2 cells.
(A) representative images of each insertion in the invasion assay. (B) relative percentage of invaded
cells. Data are presented as the mean ± SD and analysis was performed by Student’s t-test (n = 5).
* p < 0.05, *** p < 0.001.

Cancer metastasis accounts for approximately 90% of cancer deaths [67,68]. A poor
prognosis can be caused by the EMT, which is linked to metastasis [69]. E-cadherin is
known to suppress cancer metastasis; the loss of its expression promotes the EMT markers
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E-cadherin, Snail, Slug, and Twist [69]. We assessed whether compound 1 decreased the
motility associated with EMT by using qPCR assays and Western blot assays (Figure 5A).
Based on the result, treatment with 5 μM of 1 significantly promoted the protein and mRNA
expression level of E-cadherin in AGS cells (Figure 5B,C). Furthermore, the protein and
mRNA expression levels of the EMT effector N-cadherin and the EMT transcription factors
Snail, Slug, and Twist were decreased in AGS by treatment with 5 μM of 1 (Figure 5B,C).

Figure 5. Effect of actinoquinazolione (1) on EMT markers in AGS cells. (A) Western blot analysis of
E-cadherin, N-cadherin Snail/Slug, and Twist. (B) relative protein levels of E-cadherin, N-cadherin
Snail/Slug, and Twist. (C) relative mRNA expression levels of E-cadherin, N-cadherin Snail, Slug,
and Twist. mRNA expression levels were normalized against the glyceraldehyde 3-phosphate
dehydrogenase (GAPDH) housekeeping gene. Data are presented as mean ± SD and analysis was
performed by Student’s t-test (n = 3).* p < 0.05; *** p < 0.001.

Previous studies have shown that STAT3 and EMT interact with each other to promote
cancer metastasis. EMT is the downstream mediator of STAT3 and, therefore, the upregu-
lation of the positive effect of STAT3 on the EMT process [70]. Western blot assays were
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performed to assess whether treatment with 1 affects the STAT3 protein level. The results
(Figure 6A,B) indicate that 1 did not affect the total STAT3 protein level, whereas 5 μM of 1

slightly decreased the protein level of phosphorylated STAT3 (p- STAT3) in AGS cells.

Figure 6. Effect of actinoquinazolione (1) on STAT3 in AGS cells. (A) Western blot analysis of STAT3
and p-STAT3. (B) relative protein levels of STAT3 and p-STAT3. Data are presented as mean ± SD
and analysis was performed by Student’s t-test (n = 3). * p < 0.05.

Finally, the Human Cell Motility RT2 Profiler PCR Array was used to examine the effect
of compound 1 on the mRNA expression level of cell motility-related genes. The results
(Figure 7) showed that treatment with 5 μM of 1 decreased the expression of ARP2/3
actin-related protein 2/3 (ACTR2/3), rho guanine nucleotide exchange factor (GEF) 7
(ARHGEF7), cell division cycle 42 (CDC42), V-crk sarcoma virus CT10 oncogene homolog
(CRK), cortactin (CTTN), enabled homolog (ENAH), insulin-like growth factor 1 (IGF-1),
insulin-like growth factor 1 receptor (IGF1R), mitogen-activated protein kinase 1 (MAPK1),
Met proto-oncogene (hepatocyte growth factor receptor (MET), Phosphoinositide-3-kinase,
catalytic (PIK3CA), rho family GTPase 3 (RND3), rho-associated, coiled-coil containing
protein kinase 1 (ROCK1), Vimentin (VIM), WAS protein family 1 (WASF1), and walkout-
Aldrich syndrome protein-like (WASL). These genes are related to cancer cell motility and
could be used to treat cancer. ACTR2/3 regulates cell motility by playing an important
role in actin dynamics and cytoskeleton organization [71]. The ARHGEF7 gene stimulates
cancer cell motility and invasiveness by modifying the cytoskeleton [72]. CDC42 is as
known a structural homolog of the Rho GTPase family; inhibition of CDC42 can reduce
cancer progression by suppressing distinct GEFs [73]. CRK is a regulator of kinase and
overexpression of CRK is associated with adenocarcinomas of the stomach [74]. CTTN
is a regulator of actin polymerization by binding the actin-regulated protein complex
ACTR2/3 [75]. ENAH includes a member of the ENAH/VASP family which can modify cell
morphology and adhesion in the metastasis process [76]. IGF1 promotes cell proliferation by
suppressing apoptosis in cancer [77]. MAPK1 is closely related to invasion and metastasis
via modulated EMT [78]. The invasiveness and metastasis of aggressive cancer cells link to
the overexpression of oncogene MET [79]. PIK3CA has been related to cancer cell motility,
which is the second most frequent mutant oncogene. A statistical analysis showed that
mutation of PIK3CA is the reason for more than 10% of cancer cases [80]. RND3 may
serve as a predictor of EMT upregulation [81]. ROCK1 is a small GTPase Rho downstream
effector that is crucial in cancer metastasis [82]. VIM has been related to cancer metastasis by
promoting the EMT process [83]. WASF1, also known as WAVE1 (WASP family verprolin
homologous protein 1), is associated with regulating actin cytoskeleton dynamics for cancer
cell invasion and migration [84].
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Figure 7. Effect of actinoquinazolione (1) on cell motility-related genes in AGS cells Relative mRNA
expression levels of ACTR2/3, ARHGEF7, CDC42, CRK, CTTN, ENAH, IGF-1, IGF1R, MAPK1,
MET, PIK3CA, RND3, ROCK1, VIM, WASF1, and WASL in AGS cells treated with 5μM of 1. Data
are presented as mean ± SD and analysis was performed by Student’s t-test (n = 3). ** p < 0.01;
*** p < 0.001.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations were measured using a Kruss Optronic P-8000 polarimeter with a
5 cm cell. Infrared spectra were measured with a Varian Scimitar Series FT-IR spectrometer
in methanol (MeOH). The NMR spectra were established by an Agilent NMR spectrometer
(Agilent, Santa Clara, CA, USA, at 400 MHz for 1H and at 100 MHz for 13C) equipped at
the Drug Development Research Core Center using the signals of the residual solvent as
internal references (δH 2.50 ppm and δC 39.5 ppm for dimethyl sulfoxide-d6 (DMSO-d6)
and δH 3.31 ppm and δC 4.91 ppm for deuterated methanol (CD3OD). The low-resolution
LC/MS measurements were recorded on the Agilent Technologies 1260 quadrupole and
Waters Micromass ZQ LC/MS system using a reversed-phase column (Phenomenex Luna
C18 (2) 100 Å, 50 mm × 4.6 mm, 5 μm) at a flow rate of 1.0 mL/min at the National Research
Facilities and Equipment Center (NanoBioEnergy Materials Center) at Ewha Womans
University. Open column chromatography was performed using silica (40–63 μm, Merck
silica gel 60, Kenilworth, NJ, USA) eluting with a gradient solvent of dichloromethane
(CH2Cl2) and methanol (MeOH). The fractions were purified via semi-preparative HPLC
using a Waters 996 Photodiode Array Detector HPLC coupled with a reversed-phase
Phenomenex Luna C18 (2) (100 Å, 250 nm × 10 mm, 5 μm) column with a mixture of
acetonitrile and H2O at a flow rate of 2.0 mL/min. High-resolution mass spectra were
recorded on a JMS-700 mass spectrometer (JEOL Ltd., Tokyo, Japan) at Seoul National
University.

3.2. Collection and Phylogenetic Analysis of the CNQ-617 Strain

The marine actinomycete strain CNQ-617 was isolated from a marine sediment sample
collected offshore of La Jolla, California. The strain was specified as the MAR3 clade based
on 16S rDNA analysis. The phylogenetic analysis revealed that this strain showed 99.7%
similarity to Streptomyces cacaoi based upon the result of NCBI blast analysis of the partial
16S rDNA. The gene sequence data are available from GenBank (deposit #EU161093).

3.3. Cultivation and Extraction

Streptomyces strain CNQ-617 was cultured in 160 of 2.5-L Ultra Yield Flasks each
containing 1 L of the medium (10 g/L of soluble starch, 2 g/L of yeast, 4 g/L of peptone,
10 g/L of CaCO3, 20 g/L of KBr, 8 g/L Fe2(SO4)3·4H2O dissolved in 750 mL of natural
seawater and 250 mL of distilled water) at 27 ◦C with constant shaking at 120 rpm. After
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15 days, the culture broth was extracted with ethyl acetate (EtOAc; 160 L in total) to obtain
16.0 g of EtOAc extract.

3.4. Isolation of Compounds

The crude extract (16.0 g) of the CNQ-617 strain was fractionated by medium-pressure
liquid chromatography (MPLC) eluting with a step gradient of CH2Cl2 and MeOH (100/0,
99/1, 98/2, 96/4, 95/5, 90/10, 80/20, 50/50, 0/100, v/v, 600 mL for each gradient) to afford
fractions M1–M9. The fourth fraction M4 was purified by HPLC (Phenomenex Luna C18(2)
100 Å, 250 mm × 10 mm, 5 μm) with 15% acetonitrile in H2O with 0.1% trifluoroacetic acid
(TFA) at a flow rate of 2.0 mL/min to yield 19.0 mg actinoquinazolinone (1, tR 14.5 min)
and 7-methoxy-8-hydroxy cycloanthranilylproline (3, tR 27.0 min). Fraction M8 was also
purified by reversed phase HPLC (Phenomenex 100 Å, 250 mm × 10 mm, 5 μm,) under
isocratic conditions with 11% acetonitrile in H2O with 0.1% TFA at flow rate 2.0 mL/min to
yield 7-hydroxy-6-methoxy-3,4-dihydroquinazolin-4-one (2, tR 15.9 min).

Actinoquinazolinone (1): yellowish brown oil; [α]25
D = +62.4 (c 0.19, MeOH); UV (MeOH)

λmax (log ε) 202 (2.4), 243 (2.7), 309 (1.9), 322 (1.9) nm; IR (KBr) νmax 3188, 2956, 2925, 1658,
1457 cm−1 (Figure S10), 1H and 13C NMR data, Table 1, Figures S1–S5; HR-FAB-MS m/z
295.0924 [M + H]+ (Figure S11, calcd for C13H15N2O6, 296.0930).

7-Hydroxy-6-methoxy-3,4-dihydroquinazolin-4-one (2): 1H (400 MHz, DMSO-d6, Figure S6);
δH 7.91 (s, H-2), 7.43 (s, H-5), 6.98 (s, H-8), 3.87 (s, 6-OMe), 13C (100 MHz, DMSO-d6, Figure S7);
δC 160.1 (C-4), 153.0 (C-7), 148.0 (C-2), 144.9 (C-6), 143.6 (C-9), 114.7 (C-10), 111.3 (C-8), 105.5
(C-5), 55.7 (6-OMe), LR-ESI-MS m/z 193.1 [M + H]+.

7-methoxy-8-hydroxy cycloanthranilylproline (3): [α]25
D = +275 (c 0.22, MeOH); IR (KBr)

vmax 3214, 1693, 1607, 1519, 1437, 1274, 1201, 1179, 786 cm−1; UV (MeOH) λmax (log ε) 220
(7.76), 260 (3.79), 300 (3.31) nm, 1H (500 MHz, CD3OD, Figure S8); δH 7.36 (s, H-6), 6.58
(s, H-9), 4.16 (m. H-11a), 3.91 (s, 7-OCH3), 3.72 (m, H-3), 3.57 (m, H-3), 2.67 (m, H-1), 2.05
(m, H-1), 2.02 (m, H-2), 13C (125 MHz, CD3OD, Figure S9); δC 171.2 (C-11), 166.6 (C-5),
151.1 (C-8), 145.4 (C-7), 131.4 (C-9a), 117.9 (C-5a), 111.8 (C-6), 107.7 (C-9), 57.2 (C-11a), 55.4
(7-OCH3), 47.1 (C-3), 25.8 (C-1), 23.4 (C-2), HR-FAB-MS m/z 263.1029 [M + H]+ (calcd for
C13H14N2O4, 263.1029).

3.5. Cell Culture

Cell lines A549 (lung cancer), AGS (gastric cancer), and Caco-2 (colorectal cancer) were
cultured in Roswell Park Memorial Institute (RPMI) 1640 Medium or Dulbecco’s Modified
Eagle Medium (DMEM) (Gen Depot, Barker, TX, USA), supplemented with 10% FBS and
1% penicillin–streptomycin solution C in a humid environment with 5% CO2 [85].

3.6. MTT Assay

A549 (3 × 103 cells/well), AGS (3 × 103 cells/well), and Caco-2 (2.5 × 103 cells/well) were
seeded on 96-well plates for gown overnight, and then treated with DMSO (Sigma-Aldrich) or
various concentrations of actinoquinazolione (1), 7-hydroxy-6-methoxy-3,4-dihydroquinazolin-
4-one (2), and 7-methoxy-8-hydroxy cycloanthranilylproline (3) for 48 h. MTT was added to
the cultures for 4 h after treatment. In the final step of MTT, the cells were lysed with 150 μL of
DMSO and the absorbance was measured using a spectrophotometer (Bio Tek Instruments,
Winooski, VT, USA) [86,87].

3.7. Invasion Assay

Transwell containing polycarbonate membranes with 8 μm pores coated with 1%
gelatin-coated polycarbonate was used to measure the invasion ability of AGS cells. The
AGS cells were seeded in media containing 0.2% bovine serum albumin (BSA), then
treated with 1 and 5 μM concentrations of compound 1 for 24 h and DMSO as a control.
The lower chamber was filled with 600 μL RPMI containing 0.2% BSA and 6 μg/mL
fibronectin (EMD Millipore Corp., Billerica, MA, USA) as a chemoattractant. Diff-Quik
kit (Sysmex, Kobe, Japan) was used for the fixation and dying of AGS cells after 24 h
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treatment, the cells in the upper chambers were quantified using a K1-Fluo Confocal
Microscope (Nanoscope Systems, Republic of Korea) and i-Solution FL Auto Software
(IMT i-Solution Inc., Vancouver, QC, Canada) [88,89].

3.8. qPCR

Total RNA of AGS cells was extracted by RNAiso Plus (Takara, Otsu, Japan) according
to the manufacturer’s suggestions. Using a Moloney Murine Leukemia Virus (M-MLV) kit,
total RNA (1 μg) from DMSO as well as 1 and 5 μM of treatment with compound 1 groups
were converted to cDNA. SYBR Green (Enzynomics, Seoul, Republic of Korea) was used to
evaluate relative gene expression and CFX (Bio-Rad, Hercules, CA, USA) was applied for
analysis [90,91].

3.9. Western Blots

The AGS cells were seeded in 6-well plates for gown overnight, and then treated with
DMSO as well as 1 and 5 μM concentrations of 1. After 24 h treatment, rinsed with PBS,
then extracted using lysis buffer. The extracted protein was separated by SDS-PAGE. The
membranes were incubated in blocking buffer (20 mmol/l Tris-HCl, 137 mmol/l NaCl,
pH 7.6, 492 containing 0.1% Tween and 3% nonfat dry milk) for one hour and antibodies
against E-cadherin and N-cadherin (BD Bioscience, San Jose, CA, USA); Snail/Slug and
Twist (Abcam, London, UK); α-tubulin, STAT3, and p-STAT3 (Cell Signaling Technology,
Danvers, MA, USA) were detected by horseradish peroxidase-conjugated secondary an-
tibodies (Thermo Fisher Scientific, Waltham, MA, USA) using the Immobilon Western
Chemiluminescent HRP Substrate Kit (Millipore, Billerica, MA, USA). The Multi Gauge 3.0
(Fujifilm, Tokyo, Japan) software was used for analyzing the density of the bands [92,93].

3.10. Statistical Analysis

Data is represented as means ± standard deviation. All statistical analyses were
carried out using the Sigma Plot software. Student’s t-test was used to compare statistically
significant differences between two groups. A p-value less than 0.05 was considered
statistically significant.

4. Conclusions

In summary, the exploration of marine natural products from marine sediment-derived
Streptomyces sp. CNQ-617 has led to the discovery of a novel compound, actinoquina-
zolinone (1), along with two previously reported compounds, 7-hydroxy-6-methoxy-3,4-
dihydroquinazolin-4-one (2) and 7-methoxy-8-hydroxy cycloanthranilylproline (3). Fur-
thermore, compound 1 exhibited moderate antibacterial activity against the Gram-positive
bacteria K. rhizophila KCTC 1915 and weak inhibitory activities against B. subtilis KCTC
1021 and S. aureus KCTC 1927. In addition, compound 1 showed higher activity than
compounds 2 and 3 in decreasing the cell viability of cancer cells. Moreover, compound
1 suppressed the invasion ability of the EMT and STAT3 signal pathways, and some of
the cell motility-related genes. These findings highlight the potential of marine sediment-
derived Streptomyces sp. CNQ-617 as a source of novel bioactive compounds that may
have therapeutic applications. Further studies are required to determine the potential
therapeutic effect and the potential side effect of 1.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md21090489/s1, Figures S1–S5 NMR spectra of actinoquinazolinone (1) in DMSO-d6; Figures
S6 and S7 NMR spectra of 7-hydroxy-6-methoxy-3,4-dihydroquinazolin-4-one (2) in DMSO-d6;
Figures S8 and S9 NMR spectra of 7-methoxy-8-hydroxy cycloanthranilylproline (3) in CD3OD;
Figures S10 and S11 IR and HRMS spectra actinoquinazolinone (1).
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91. Gamage, C.D.B.; Kim, J.-H.; Yang, Y.; Taş, İ.; Park, S.-Y.; Zhou, R.; Pulat, S.; Varlı, M.; Hur, J.-S.; Nam, S.-J.; et al. Libertellenone T, a
Novel Compound Isolated from Endolichenic Fungus, Induces G2/M Phase Arrest, Apoptosis, and Autophagy by Activating the
ROS/JNK Pathway in Colorectal Cancer Cells. Cancers 2023, 15, 489. [CrossRef]

92. Ouhtit, A.; Thouta, R.; Zayed, H.; Gaur, R.L.; Fernando, A.; Rahman, M.; Welsh, D.A. CD44 mediates stem cell mobilization to
damaged lung via its novel transcriptional targets, Cortactin and Survivin. Int. J. Med Sci. 2020, 17, 103–111. [CrossRef] [PubMed]

93. Pulat, S.; Hillman, P.F.; Kim, S.; Asolkar, R.N.; Kim, H.; Zhou, R.; Taş, İ.; Gamage, C.D.B.; Varlı, M.; Park, S.-Y.; et al. Marinobaz-
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Marine Polyether Phycotoxin Palytoxin Induces Apoptotic Cell
Death via Mcl-1 and Bcl-2 Downregulation
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Abstract: Palytoxin is considered one of the most potent biotoxins. As palytoxin-induced cancer
cell death mechanisms remain to be elucidated, we investigated this effect on various leukemia
and solid tumor cell lines at low picomolar concentrations. As palytoxin did not affect the viability
of peripheral blood mononuclear cells (PBMC) from healthy donors and did not create systemic
toxicity in zebrafish, we confirmed excellent differential toxicity. Cell death was characterized by a
multi-parametric approach involving the detection of nuclear condensation and caspase activation
assays. zVAD-sensitive apoptotic cell death was concomitant with a dose-dependent downregulation
of antiapoptotic Bcl-2 family proteins Mcl-1 and Bcl-xL. Proteasome inhibitor MG-132 prevented the
proteolysis of Mcl-1, whereas the three major proteasomal enzymatic activities were upregulated
by palytoxin. Palytoxin-induced dephosphorylation of Bcl-2 further exacerbated the proapoptotic
effect of Mcl-1 and Bcl-xL degradation in a range of leukemia cell lines. As okadaic acid rescued cell
death triggered by palytoxin, protein phosphatase (PP)2A was involved in Bcl-2 dephosphorylation
and induction of apoptosis by palytoxin. At a translational level, palytoxin abrogated the colony
formation capacity of leukemia cell types. Moreover, palytoxin abrogated tumor formation in a
zebrafish xenograft assay at concentrations between 10 and 30 pM. Altogether, we provide evidence
of the role of palytoxin as a very potent and promising anti-leukemic agent, acting at low picomolar
concentrations in cellulo and in vivo.

Keywords: palytoxin; cell death; apoptosis; Bcl-2; Mcl-1; leukemia; solid tumors

1. Introduction

Palytoxin (Figure 1) was initially found in soft corals from tropical areas of the Pacific
Ocean, for example, Hawaii; it was first discovered in the tropical soft coral Palythoa
species, a zoanthid [1]. Palytoxin was first characterized by the chemist Moore in 1981.
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This compound represents one of the largest polyether-type phycotoxins [1]. This non-
peptidic toxin consists of a long polyhydroxylated and partially unsaturated chain of
129 carbon atoms, and the aliphatic backbone contains 64 chiral centers [2]. Eight dou-
ble bonds can exhibit geometrical cis/trans isomerism so that palytoxin can present over
1021 stereoisomers [3]. Structural analogs of palytoxin were also discovered and included
ostreocin [4], ovatoxin [5], and mascarenotoxin [6]. The molecular weight of palytoxin
ranges from 2658 to 2680 g/mol, depending on the Palythoa species from which it was
obtained [2]. Palytoxin features lipophilic and hydrophilic regions and is considered a
super-carbon-chain compound with the longest chain of carbon atoms in any known nat-
ural product [7]. Palytoxin is heat-stable, resists boiling, and remains stable in neutral
aqueous solutions. A rapid decomposition is observed under acid or alkaline conditions
leading to the loss of its toxicity [2].

 

Figure 1. Structure of palytoxin.

The molecular action of palytoxin leads to the inhibition of the Na+/K+ adenosine
triphosphatase (ATPase) channel [8,9]. This transmembrane protein exchanges three Na+

ions and two K+ ions using ATP hydrolysis as the driving force. The electrochemical
gradient generated by the sodium pump for maintaining cell homeostasis is then inhib-
ited by palytoxin. Palytoxin binds to the extracellular domain of the Na+/K+-ATPase to
transform the pump into a non-specific, permanently open ion channel causing membrane
depolarization, voltage-gated ion channel opening, and a massive increase of calcium ions
(Ca2+) into the cytosol [10] strongly interfering with vital functions of the cell. An alteration
of intracellular cation concentration, in particular, a calcium increase, is associated with
cell death as a modification in the distribution of these ions across the plasma membrane
plays a crucial role in palytoxin-induced cell-type specific cytotoxic response [11]. Further
characterization of the anticancer mode of action of this compound would allow a better
understanding of cell death mechanisms triggered by palytoxin at the cellular level.

Here, we first focused on assessing differential cell toxicity and mechanisms involved
in palytoxin-induced cell death in human leukemia cell lines. Palytoxin activates intrinsic
and extrinsic apoptotic pathways triggered by alterations in the expression levels of the
pro- and antiapoptotic Bcl-2 family proteins. Moreover, we provide evidence that palytoxin
inhibits 3D tumor growth in colony formation assays and xenograft models. Altogether
our results show that palytoxin acts as a potent and promising anti-leukemic agent at
picomolar concentrations.
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2. Results

2.1. Cytotoxic Effect of Palytoxin on Human Cancer Cells

Before investigating the cell death mechanisms, we first evaluated the antiproliferative and
cytotoxic effects of palytoxin on various leukemia (Figure 2A–C) (Supplementary Figure S1)
and solid tumor cell lines (Supplementary Figure S1). Cells were treated for 2, 4, 6, and 8 h at
different concentrations of palytoxin, and viability was assessed by a Trypan Blue exclusion
assay. Our results showed that solid tumor cell lines were more resistant to palytoxin
under our experimental conditions than leukemia cell types. We also used PBMCs from
healthy donors (Figure 2D) to evaluate the differential toxicity of palytoxin. We treated
cells with palytoxin at various concentrations and conducted Trypan Blue staining to assess
cell integrity and viability. At concentrations of 100 pM, palytoxin did not generate levels
of toxicity comparable to cancer cells.

p < 0.05, **p< 0.01, ***p<0.001, ****p<0.0001, one-way anova analysis

p < 0.05, **p< 0.01, ***p<0.001, ****p<0.0001, one-way anova analysis

p < 0.05, **p< 0.01, ***p<0.001, ****p<0.0001, one-way anova analysis

Figure 2. Differential cytotoxic effect of palytoxin on human leukemia cell lines. (A) Effects of
Palytoxin on human chronic leukemia K562 cell viability and proliferation. (B) Effects of palytoxin
on human T-cell leukemia Jurkat cell viability and proliferation. (C) Effects of Palytoxin on human
histiocytic lymphoma U937 cell lines. (D) Time and concentration-dependent effect of palytoxin
on the viability of healthy PBMCs from three buffy coats. Data are the mean of SD ± of three
independent experiments. Statistical significance was assessed as * p < 0.05, ** p < 0.01, *** p < 0.001,
**** p < 0.0001.
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2.2. Effect of Palytoxin on Healthy Zebrafish Embryos

Palytoxin was used at various concentrations to treat zebrafish embryos and larvae
for 24 h. Interestingly, we did not observe any toxicity nor alterations of the morphology
of the yolk-sac nor axial/tail malformations (Figure 3A–C). Altogether this compound
demonstrates a remarkable differential toxicity and selectively targets cancer cells.

Figure 3. Differential effects of palytoxin on zebrafish embryos and healthy cells. (A) Effects of
palytoxin on developmental defects in zebrafish embryos. Zebrafish embryos were incubated with
palytoxin at concentrations from 1 pM to 1 μM for 24 h. (B) Effect of palytoxin exposure on zebrafish
morphology scale bar: 20 μM. Zebrafish exposed to palytoxin did not exhibit moderate or severe
defects of morphology. (C) Effect of palytoxin on the viability of healthy PBMCs. PBMCs from
healthy donors were treated with indicated palytoxin concentrations for 24 h. Results correspond to
the mean of ±SD of the quantification of three independent experiments.

2.3. Palytoxin-Induced Cell Death Leads to Caspase Activation in U937 Cells

We subsequently investigated whether palytoxin could trigger caspase-dependent
apoptotic cell death. Palytoxin-induced cell death was identified by changes in the nuclear
morphology typical of apoptotic cell death after staining with Hoechst and PI (Figure 4A).
As caspase activation is sensitive to pan-caspase inhibitor zVAD, we concluded that paly-
toxin induces apoptosis (Figure 4B). Palytoxin induced the cleavage of the pro-caspases-8
and -9 and executor pro-caspases-3 and -7 after 6 h of treatment in a dose-dependent
manner (Figure 4C). These results were further confirmed by luminescent assays where
palytoxin induced the enzymatic activity of caspase-3/7 in U937 cells (Figure 4D).
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Figure 4. Palytoxin-induced cell death leads to caspase activation in U937 cells. (A) Hoechst/PI
staining of palytoxin-treated cells. White arrows indicate cells displaying apoptotic features such as
fragmented and condensed nuclei. Red arrows indicate PI-positive cells undergoing late apoptosis
and presenting necrotic morphology. (B) The percentage of apoptotic cells was evaluated by counting
cells corresponding to apoptosis, late apoptosis, and necrosis. At least 100 cells in three random fields
were counted by fluorescence microscopy. (C) Palytoxin activation of pro-caspase-8, -9, -7, and -3 was
investigated by Western blot analysis (left; one of three independent experiments). Enzymatic activity
of caspases-3 and -7 was upregulated in a dose-dependent manner. (right; data representative of
three independent experiments (mean ± SD). (D) Etoposide-treated cells (100 μM, 4 h) were positive
controls for the induction of apoptosis. * p < 0.05, ** p < 0.01, *** p <0.001, **** p < 0.0001 versus control.

2.4. Palytoxin Downregulates Expression of Antiapoptotic Bcl-2 Family Proteins

As the induction of apoptosis can be triggered by the inhibition of antiapoptotic
proteins or activation of proapoptotic mechanisms, we investigated the overall expression
levels of the Bcl-2 family proteins after palytoxin treatment (Figure 5A). Myeloid cell
leukemia-1 (Mcl-1) and B-cell lymphoma-extra large (Bcl-xL) expression are downregulated
in a dose-dependent manner. In contrast, B-cell lymphoma 2 (Bcl-2) is affected to a lesser
extent. Moreover, proapoptotic Bcl-2 interacting domain death agonist (BID) was truncated
by palytoxin treatment (Figure 5B), which implied that the amplification of intrinsic and
extrinsic cell death pathways could be expected [12]. We generalized our finding by
investigating the effect of palytoxin on a range of leukemia cell types (Figure 5C–E). Our
results show a consistent decrease in Mcl-1 expression before the execution of cell death and
before any other Bcl-2 family protein. We further generalized our findings by validating
the modulation of Bcl-2 family proteins in solid tumor cell lines (Supplementary Figure S2).
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Figure 5. Palytoxin downregulates the expression of antiapoptotic Bcl-2 family proteins. (A) Western
blot analysis of antiapoptotic Bcl-2 family protein expression levels inhibited by palytoxin after 6 h of
treatment in U937. (B) Western blot analysis of the truncation of proapoptotic protein BID induced
by palytoxin in U937. Western blot analysis of the Mcl-1 protein expression inhibited by palytoxin
in a kinetic approach in K562 (C), Jurkat (D), and Raji (E). Western blot results are representative of
three independent experiments.

2.5. Mcl-1 Is Downregulated by Palytoxin in a Proteasome-Dependent Manner

It is well established that antiapoptotic Mcl-1 can be downregulated by several mecha-
nisms [13], including caspase-mediated- or proteasome-dependent degradation [14]. Ac-
cordingly, we assessed palytoxin-induced Mcl-1 degradation in the presence of two pro-
totypical inhibitors, zVAD and MG-132. Our results show that palytoxin-induced Mcl-1
degradation is completely abolished in the presence of MG-132, underlining the essen-
tial role of proteasome degradation in the effect of palytoxin (Figure 6A). Unexpectedly,
the three major proteasomal enzymatic activities, including trypsin, chymotrypsin, and
caspase-like, were upregulated after palytoxin treatment, most likely further exacerbating
the degradation of Mcl-1 (Figure 6B).

To get a deeper insight into the chronology of the molecular events triggered by paly-
toxin, we attempted to identify drivers of cell death rather than investigate the consequence
of ongoing cellular demise. We used a kinetic approach to compare proteasomal activation,
Mcl-1 degradation, and caspase activation. We obtained a rapid and significant activation
of proteasomal activities before Mcl-1 degradation and caspase cleavage (Figure 6C). In
parallel, ATP levels were quantified in the cells. We also observed a rapid decline in ATP
levels (Figure 6D). BID was cleaved at early steps, which is in line with our hypothesis, as
BID requires polyubiquitination and proteasomal activation for its processing (Figure 6D).
Altogether, we concluded that palytoxin selectively targets essential cell death regulators
before activation of the executioner caspase 3 and overall cellular degradation.
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Figure 6. Mcl-1 is ubiquitously downregulated by palytoxin in a proteasome-dependent manner.
(A) Palytoxin-induced proteasome-dependent degradation of Mcl-1 in U937 cells. Band intensities
were quantified using ImageJ software. Values represent the mean of ±SD for three independent
experiments. (B) The three major proteolytic activities of the 26S proteasome were assessed under the
same conditions as the Western blots. MG-132 at 5 μM was used as a positive control for proteasomal
inhibition in U937 cells. The asterisk indicates significant differences between treated versus control,
**** p < 0.0001. (C) Kinetic analysis of the assessment of three major proteasome activities in U937
cells. Cell viability was determined to normalize the three major proteasome activities induced by
palytoxin. (D) Expression of Mcl-1 and Bcl-xL degradation, BID truncation, and Caspase 3 cleavage
was evaluated by Western blot analysis under the same conditions. Data representative of three
independent experiments is shown as mean ± SD. * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
versus control.

2.6. Bcl-2 Serine 70 Dephosphorylation Induced by Palytoxin Is Mediated through Protein
Phosphatase 2A Activation

Our results also show that palytoxin affects Bcl-2 expression and phosphorylation
levels witnessed by a discrete upshift of the band [15] (Figure 7A). We investigated phos-
phorylation levels of Bcl-2 as it is well known that serine 70 phosphorylation is required
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for the pro-survival function of this protein [16]. Our results show a dose-dependent
dephosphorylation of Bcl-2, potentially contributing to a loss of its pro-survival function
(Figure 7A). Serine 70 phosphorylation of Bcl-2 can be abrogated by phosphatase activation,
mainly by protein phosphatase 2A (PP2A) activity [17]. Accordingly, in the next step, we
used chemical inhibitors of selected cell signaling pathways, including okadaic acid used
at a concentration inhibiting specifically PP2A. Our results show that PP2A inhibition par-
tially rescues U937 cells from palytoxin-induced cell death, whereas other kinase pathways
do not seem to be involved. (Figure 7B).

Figure 7. Bcl-2 serine70 dephosphorylation induced by palytoxin is mediated through protein
phosphatase 2 activation in U937 cells. (A) Palytoxin induces a dose-dependent dephosphorylation
of Bcl-2 at serine70 in U937 cells. Western blot is representative of three independent experiments.
Band intensities were quantified using ImageJ software. Paclitaxel (500 nM, 8 h) is used as a positive
control for multisite phosphorylation of Bcl-2. *** p < 0.005 versus control. (B) Okadaic acid, a
protein phosphatase 2A (PP2A) inhibitor, rescues U937 cells from palytoxin-induced cell death.
Hydroquinone (10 μM, 24 h) was used as a positive control for PP2A activation. Cells were stained
with Hoechst to analyze the nuclear morphology merged with phase contrast images using ImageJ.
The percentage of cell death was evaluated by counting the number of cells undergoing various types
of cellular death. Three independent fields of 100 cells were quantified. SB202190 and PD98059 were
used as MAP kinase inhibitors. Data representative of three independent experiments is shown as
mean ± SD. * p < 0.05.
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Altogether, we concluded that palytoxin-induced dephosphorylation of Bcl-2 by PP2A
exacerbates the proapoptotic effect of Mcl-1 and Bcl-xL degradation and that okadaic acid
could rescue in part palytoxin-induced cell death.

2.7. Anticancer Effect of Palytoxin in 3D Cell Culture and Zebrafish Xenografts

We investigated the colony formation ability of cancer cells in the presence of increas-
ing concentrations of palytoxin to confirm its potential to impair the replicative capacity of
cancer cells. After 10 days of treatment, colony formation in AML cell lines was strongly
reduced by palytoxin at concentrations from 0.4 pM. Concentrations beyond 1 pM com-
pletely abrogated colony formation capacity (Figure 8A–D). Besides AML cells, palytoxin
significantly inhibited colony formation in CML cell lines, K562 and imatinib-resistant
K562 (K562IR) (Figure 8E,F). Moreover, we generalized our findings with the solid prostate
cancer cell line PC3. Concentrations between 0.5 and 1 pM abrogated colony formation
(Supplementary Figure S3) and prevented spheroid formation in a dose-dependent manner
(Supplementary Figure S4).

 
Figure 8. Palytoxin reduces the colony-forming ability in leukemia cell lines. Palytoxin showed
an inhibitory effect on colony formation in a dose-dependent manner in U937 (A), HL60 (B), KG-1
(C), THP1 (D), K562 (E), and K562IR (F). All data represent the mean ± SD. of three independent
experiments. Statistical significance was assessed as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
versus control.

To further extend our evaluation of the anticancer potential of palytoxin, we examined
the ability of palytoxin to abrogate tumor development in an ex vivo zebrafish xenotrans-
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plantation model. Fluorescently labeled leukemia cells were pre-treated for 6 hours with
palytoxin at 5, 10, and 30 pM and then injected into the yolk sac of zebrafish embryos.
Results revealed that the tumor-associated fluorescence intensity signal was drastically
lowered in the palytoxin-treated zebrafish group compared to the untreated controls as
early as 5 pM (Figure 9A–F for a representative overview; Supplementary Figure S5 shows
all nine fish for each group).

Figure 9. Palytoxin inhibits colony-forming ability in in vivo zebrafish xenografts. In vivo antitumor
forming ability by palytoxin was evaluated by zebrafish xenografts. Top: bright field, middle: CM-Dil,
bottom: merge. (A) U937, (B) HL60, (C) KG-1, (D) THP1, (E) K562, (F) K562IR cells were used for
generating zebrafish xenograft and nine zebrafishes were assessed per condition (Supplementary
Figure S5). Statistical significance was assessed as *** p < 0.001, **** p < 0.0001.

3. Discussion

We demonstrated that palytoxin, one of the most toxic marine biotoxins known [18],
can significantly induce apoptotic cell death at low picomolar concentrations in different
cancer cell types. We focused on cell death mechanisms, especially in acute myeloid
leukemia (AML) U937 cells.

So far, palytoxins have essentially been investigated at high nanomolar doses. Palytox-
ins act as a skin tumor promoter when combined with a carcinogenic agent. It can modulate
critical signal transduction pathways involved in carcinogenesis and inflammation [19].
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It has been shown that palytoxin stimulates prostaglandin production from arachidonic
acid and activates mitogen-activated protein kinases (MAPKs), including extracellular
signal-regulated kinase (ERK), c-Jun N-terminal kinase (JNK) and p38 mitogen-activated
protein kinase (p38) [20].

In contrast, this manuscript shows that palytoxin induced apoptosis at lower pM
concentrations in a caspase-dependent manner. Apoptosis is the most common and well-
defined form of programmed cell death, a physiological process of cellular suicide [21].
However, as we observed a small measurable amount of non-apoptotic cell death after cas-
pase inhibition by zVAD, it is essential to determine in the future which type of secondary
cell death mechanism the cell activates in the absence of apoptotic capacity [22]. In that
sense, investigating the activation of non-caspase proteases inducing calpains or cathepsins
could be interesting [23,24].

Among Bcl-2 family proteins, Mcl-1 and Bcl-xL were found to be strongly downregu-
lated by palytoxin, even at low picomolar concentrations. As we observed a consistent and
early onset of BID truncation, the differential effect of extrinsic versus intrinsic cell death
pathway is interesting and will be investigated by pathway-specific caspase inhibitors [12].

We demonstrated that palytoxin rapidly reduces Mcl-1 protein levels without involv-
ing caspase-dependent modulation. Palytoxin instead induced proteasome-dependent
degradation of Mcl-1. Three major proteasome activities are upregulated by palytoxin.
Ubiquitin E3 ligases Skp Cullin F-box containing F-box WD repeat domain containing
7 (SCFFbw7), β-transducin repeat-containing protein 1 (SCFβ-TrCP), and Mcl-1 ubiqui-
tin ligase E3 (Mule) [25,26] could then promote Usp9x (ubiquitin-specific peptidase 9,
X-linked) which is required for Mcl-1 deubiquitination [27]. Moreover, Bcl-2 homology
domain-3 (BH-3) only proteins, including p53 upregulated modulator of apoptosis (PUMA)
or Phorbol-12-myristate-13-acetate-induced protein 1 (NOXA), induce the degradation of
Mcl-1 at the mitochondrial level, which also requires the E3 ligase Mule [28]. The implica-
tion of NOXA in regulating Mcl-1 proteasomal degradation will support our hypothesis as
the disruption of the 26S proteasome function by different mechanisms triggers the rapid
accumulation of proteasome-dependent BH-3-only family proteins and subsequent cell
death induced by apoptosis [28].

It will be interesting to investigate the overexpression of Mcl-1 with plasmid constructs,
specifically wild-type and proteasome-resistant isoforms of Mcl-1 [29]. Overexpression
of these proteins will further allow the strengthening of the hypothesis of proteasomal
degradation. Similarly, stably-transfected Jurkat T cells expressing mutated Bcl-2 (serine70,
serine87, and threonine 69) will allow us to understand the role of Bcl-2 expression regulated
by palytoxin in various models [30,31].

This study also showed that inhibition of PP2A activity rescued palytoxin-induced
cell death, which implies that phosphatases play a significant role in cellular mechanisms
activated by palytoxin [32]. PP2A has been suggested as a therapeutic target in Philadel-
phia chromosome-positive chronic or acute myeloid leukemia, where PP2A inactivation
is a recurrent event [32]. Palytoxin could restore PP2A or related phosphatases to induce
caspase-dependent apoptosis mediated through AKT and ERK1/2 pathways [33]. PP2A
exerts inhibitory and stimulatory effects on MAP kinase signaling pathways [34]. Previous
findings suggested that palytoxin activates the mitogen-activated protein kinase (MAPK)
cascade (including extracellular signal-regulated protein kinases 1 and 2 (ERK1/2), c-Jun
N-terminal kinases/stress-activated protein kinase (JNK) and p38 protein kinase) in re-
sponse to heat shock protein 27 (HSP27) phosphorylation in human breast adenocarcinoma
(MCF-7) cells [35]. In monocyte-derived human macrophages, palytoxin phosphorylates
p38 MAPK. It activates nuclear factor kappa B (NF-κB) pathways by increasing the mRNA
levels of inflammation-related genes like interleukin 8 (IL-8), an inhibitor of kappa alpha
(IκB-α), leading to NF-κB nuclear translocation [6]. These observations allow us to hypoth-
esize that palytoxin may activate a proinflammatory signaling cascade in leukemia cell
lines by regulating kinases and phosphatases [36].
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This manuscript is the first step in the preclinical evaluation of palytoxin. We are
aware that there might be a long way to derive this high molecular weight compound into
a druggable formulation. However, the potential of Na+/K+ ATPase modulating agents
was clinically investigated and exploited by cardiac glycosides so that the molecular target
of palytoxin is of clear clinical relevance. In the future, the potent cytotoxicity, combined
with the described proinflammatory potential, could find clinical applications in targeted
antibody-drug conjugate (ADC) compounds like brentuximab vedotin or trastuzumab
emtansine. Despite the limited success of first-generation ADCs, palytoxin could provide a
cytotoxic, likely immunogenic warhead able to kill difficult-to-target cancer cells.

One of the future outcomes of this study is to validate the Na+/K+-ATPase inhibition
by palytoxin as the possible cancer target. In this context, functional studies (i.e., silencing
or overexpressing the pump subunits) and the future design of simplified analogs based
on essential pharmacophores of palytoxin might be considered. Palytoxin inhibited tumor
formation in a zebrafish xenograft model at concentrations between 10 and 30 pM. We plan
to extend our investigation to animal models other than zebrafish to exclude any intrinsic
evolutionary resistance developed by aquatic animal models. Furthermore, studies on
primary cells will consolidate the documented differential cytotoxicity.

4. Materials and Methods

4.1. Cells and Medium

K562 (human chronic myelogenous leukemia), Jurkat (human T-lymphocyte), Raji
(Burkitt lymphoma), and U937 (human histiocytic lymphoma) were purchased from DSMZ
(Braunschweig, Germany). THP1, promyeloblast HL60 and bone marrow acute myeloge-
nous leukemia KG-1 were obtained from the Korean cell line bank (KCLB, Seoul, Republic
of Korea). All cells were cultured in Roswell Park Memorial Institute (RPMI) 1640 medium
(Bio-Whittaker, Lonza, Rockland, ME, USA) containing a 1% (v/v) antibiotic/antimycotic
mixture of 100 U/mL penicillin, 100 μg/mL streptomycin, and 0.25 μg/mL amphotericin B
(Bio-Whittaker, Lonza, Rockland, ME, USA) at 37 ◦C and 5% of CO2 in a humidified atmo-
sphere. The Imatinib-resistant K562 (K562IR) cell line was a gift from the Korea Leukemia
Bank, Catholic University, Seoul, and cultured in RPMI medium with 25 mM HEPES (Lonza,
Rockland, ME, USA) supplemented with 10% (v/v) FBS, 1% (v/v) antibiotic-antimycotic
and 1 μM of imatinib. Cells were cultured and harvested every three days and treated with
palytoxin in an exponential growth phase. Cells were regularly tested for mycoplasma
infection (MycoalertTM, Lonza, Rockland, ME, USA) per the manufacturer’s instructions.

4.2. Compounds

Palytoxin was extracted from Palythoa Aff. Clavata following an established pro-
cedure (patent publication EP3087172B1). The compound, with a molecular mass of
2680.14 g mol−1, was received as a powder, solubilized in DMSO (Sigma-Aldrich, Saint
Louis, MO, USA), and further diluted to get working aliquots at 1 mM. Stocks and aliquots
were stored at 4 ◦C for up to 2 years without loss of activity and protected from light and
were used directly before the experiments. Etoposide was purchased from Sigma-Aldrich,
Saint Louis, MO, USA, and dissolved in DMSO at a stock concentration of 50 mM. Pan-
caspase inhibitor, z-VAD FMK, was purchased from Calbiochem (San Diego, CA, USA),
dissolved in DMSO, and added 1 h before at a concentration of 50 μM. Protein phosphatase
2A inhibitor okadaic acid was purchased from Calbiochem (San Diego, CA, USA) and
dissolved in DMSO at a stock concentration of 1 mM. Proteasome inhibitor MG-132 was
purchased from Sigma-Aldrich (Saint Louis, MO, USA) and dissolved in DMSO at a stock
concentration of 10 mM. MAP kinase inhibitors, SB202190 and PD98059, were purchased
from Calbiochem (San Diego, CA, USA) and dissolved in DMSO at a stock concentration of
100 mM. Hydroquinone was purchased from Sigma-Aldrich (Saint Louis, MO, USA) and
dissolved in DMSO at 10 mM. Inhibitors were used for 1h before palytoxin treatment at the
indicated working concentrations.
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4.3. Cell Viability Assessment

Cell vitality was assessed in three leukemia cell lines, K562, Jurkat, and U937. Each
cell line was treated with various concentrations of palytoxin for 2, 4, 6, and 8 h in a
dose-dependent manner. The percentage of viability was evaluated using the Trypan Blue
exclusion test (0.2% Trypan Blue), and the percentage of viability of cells without palytoxin
treatment was considered to be 100%.

4.4. Caspase 3/7 Activity Assay

3 × 105 U937 cells/mL were seeded in 96-well plates in triplicate in 75 μL for paly-
toxin treatment. The enzymatic activities of caspases- 3 and -7 were determined using a
luminescent Caspase-glo®3/7 Assay (Promega, Cosmogenetech, Seoul, Republic of Korea).
The assay was performed per the manufacturer’s instruction by adding 75 μL of the
caspase-3/7 substrate to U937 cells in suspension. After one hour of incubation with
DEVD-aminoluciferin substrate and luciferase, the luminescent signal was measured using
a Centro LB 960 microplate luminometer (Berthold Technologies, JCBio Co. Ltd., Seoul,
Republic of Korea).

4.5. Proteasome Activity Assay

The Proteasome-Glo®cell-based assay (Promega, Cosmogenetech, Seoul, Korea) was
used to evaluate the three major proteolytic enzyme activities (chymotrypsin-like, caspase-
like, trypsin-like). The assays were performed as indicated in the manufacturer’s protocol.
U937 cells were treated at a concentration of 106 cells/mL in RPMI 1640 medium containing
0.1% FCS at indicated concentrations of palytoxin. After an incubation period, 50 μL of
U937 cellular suspension was mixed with 50 μL of the assay reagent. The luminescence sig-
nal was measured on the Centro LB 960 Microplate Luminometer (Berthold Technologies,
JCBio Co., Ltd., Seoul, Republic of Korea). The proteasome signal was normalized to
the number of viable cells performed in parallel using CellTiter-Glo®(Promega, Cosmo-
genetech, Seoul, Republic of Korea). MG-132 at 5 μM (Sigma, USA) was used as a control
for proteasomal inhibition.

4.6. Cell Lysate Preparations and Western Blots

Ten million U937 cells were seeded in 30 mL of RPMI 1640 medium (Lonza, Rockland,
ME, USA) with 10% fetal bovine serum (FBS) (Biowest, Riverside, MO, USA) and 1%
antibiotics (Lonza, Rockland, ME, USA). Cells were treated with palytoxin in a dose- and
time-dependent manner as indicated. Cellular lysates were centrifuged at 22 ◦C, 350 g,
for 7 min. After removal of the supernatant, the pellets were washed in 1ml phosphate-
buffered saline (PBS) and centrifuged again at 4 ◦C, 350 g for 7 min. Afterward, the
supernatants were removed, and the pellets were stored at −80 ◦C until use. The extraction
was performed on ice to avoid the denaturation of the proteins. Whole-cell extracts
were prepared with 5 mL of mammalian protein Extraction reagent (M-PER), per the
manufacturer’s instructions (Pierce, Appleton, WI, USA). Extraction reagents include 40
μL/mL protease inhibitor (Sigma, USA), 1 mM phenylmethylsulphonyl fluoride (PMSF)
(Roche, Seoul, Republic of Korea), 1 mM sodium orthovanadate (Saint Louis, MO, USA),
100 μL/mL Phosphostop inhibitor (Roche, Seoul, Republic of Korea) and M-PER in a final
volume of 5 mL. Depending on the pellet size, 500 μL of reagents were used for control and
300 μL for treated cell pellets. Dissolved pellets were centrifuged for 25 min at 4 ◦C and
18,000 g speed. Aliquots were stored at −80 ◦C.

Proteins from total extracts were separated using a sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-Page). Proteins were transferred onto a polyvinylidene fluoride
(PVDF) membrane (GE Healthcare, Pittsburgh, PA, USA) and blocked with 5% non-fat milk
or 5% bovine serum albumin (BSA) in PBS-Tween overnight. Equal loading of samples was
controlled by using β-actin. Blots were incubated with primary antibodies: anti-β-actin
(1/10000, A5441, Sigma-Aldrich, Saint Louis, MO, USA), anti-Caspase-3 (1/1000, 56053,
Santa Cruz, Koram Biotech Corporation, Seoul, Republic of Korea), anti-Bcl-2 (1/2000,
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Merck Calbiochem, OP60, Seoul, Republic of Korea), anti-Bcl-xL (1/1000, BD Biosciences,
610212, Seoul, Republic of Korea), anti-Caspase-7 (1/1000, 9494) anti-Caspase-8 (1/1000,
9746), anti-Caspase-9 (1/1000, 9502), anti-Mcl-1 (1/1000, 4572), anti-BID (1/1000, 2002),
anti-pBcl-2 ser70 (1/2000, 2827) (all Cell Signaling Technologies, Koram Biotech Corpo-
ration, Seoul, Republic of Korea). All antibodies were diluted in a PBS-Tween solution
containing 5% BSA or 5% non-fat milk per the provider’s protocols. After incubation with
primary antibodies, membranes were washed for 3 × 10 min with PBS-Tween, followed by
1h at RT with the corresponding secondary (HRP-conjugated) antibodies. After washing
3 × 10 min with PBS-Tween, specific immunoreactive proteins were visualized by autora-
diography using the ECL Plus Western Blotting Detection System Kit®(GE Healthcare,
Seoul, Republic of Korea).

4.7. Fluorescent Microscopy Analysis

3 × 105 U937 cells/mL were seeded in 24-well plates before palytoxin treatment.
Then, 300 μL of treated cells were transferred into another 24-well plate for double stain-
ing with (1) the DNA-specific dye Hoechst 33342 (Sigma, USA) at 1 μL/mg for 30 min
of incubation and (2) propidium iodide (Sigma, USA) at 1.5 μL/mg, diluted in PBS for
15 min of incubation. Induction of apoptosis was assessed by fluorescent microscopy
(Nikon TI-U, Seoul, Republic of Korea) and expressed as the percentage of cells present-
ing fragmented/condensed nuclei. Different stages of nuclear fragmentation were con-
sidered, and at least 300 cells were counted in three independent fields as previously
described [37–42]. Microscopy images were analyzed using the ImageJ 1.54 software
(http://rsb.info.nih.gov/ij/docs/index.html, accessed on 4 March 2023).

4.8. Systemic Toxicity in Zebrafish

Zebrafish (Danio rerio) were obtained from the “Zebrafish International Resource
Center” (ZIRC) (University of Oregon, Eugene, OR, USA) and maintained according to the
zebrafish guidelines [43]. Adult fish were kept at 28.5 ◦C on a 14-h light/10-h dark cycle
comparable to natural conditions, and all embryos were collected from natural mating as a
unit of hours-post fertilization (HPF). Then, 0.003% phenylthiourea (PTU) was added 14 h
before palytoxin treatment to remove the pigmentation of zebrafish models. Embryos were
then treated with the indicated concentration of palytoxin in 24 HPF. Photographs were
taken under light microscopy (Carl Zeiss Stereo microscope DV4, Seoul, Republic of Korea)
to quantify viable zebrafish.

4.9. Differential Toxicity Effects on Healthy Peripheral Blood Mononuclear Cells

Peripheral blood mononuclear cells (PBMC) were purified from three freshly collected
buffy coats from healthy adult human donors (Red Cross, Luxembourg, Luxembourg)
after ethical approval (see informed consent statement) and informed written consent
from all the donors, using the standard Ficoll-Hypaque (GE Healthcare, Roosendaal, The
Netherlands) density separation method as previously described [40]. After isolation
and three washes in Dulbecco’s Phosphate Buffered Saline (DPBS) (Lonza, Rockland, ME,
USA), cells were counted and re-suspended in RPMI 1640 medium supplemented with
10% heat-inactivated fetal calf serum and 1% antibiotics-antimycotic at a cell density of
2 × 106 cells/mL. The day after, cell concentration was adjusted to 1 × 106 cells/mL, and
PBMCs were treated with palytoxin at indicated concentrations. After 8 hours of incubation,
a Trypan Blue assay was used to analyze PBMC cell viability.

4.10. Colony Formation Assay

For colony formation assays, cells (103 cells/mL) were seeded into a semisolid methyl-
cellulose medium (Methocult H4230, StemCell Technologies Inc., Seoul, Republic of Korea)
and treated with indicated concentrations of palytoxin. Colonies were detected after 10 days of
culture by adding 1 mg/mL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazoliumbromide
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(MTT) reagent (Sigma, Seoul, Republic of Korea) and were scored by ImageJ software (U.S.
National Institute of Health, Bethesda, MD, USA) [44].

4.11. Zebrafish Xenograft Assays

The zebrafish (Danio rerio) xenograft assay followed a setup we previously pub-
lished [45].

4.12. Statistical Analysis

Data are presented as the mean of three independent experiments with standard
deviations. All statistical analyses were done with GraphPad Prism 9.0. p-values below
0.05 were considered significant. See figure legends for details.

5. Conclusions

We have demonstrated that the marine compound palytoxin rapidly induces cell death
through apoptosis in human leukemia cell lines. While downregulating the expression
of Mcl-1, palytoxin activates BID truncation, eventually leading to intrinsic apoptotic
pathways are a caspase-dependent cell death mechanism. While additional analysis is
required to elucidate the role of phosphatases that could be involved, these findings show
for the first time that palytoxin acts as an apoptosis inducer affecting leukemia cells able
to prevent tumor formation in vivo and makes palytoxin a promising candidate for new
potential anticancer drug development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/md21040233/s1, Figure S1: Calculated IC50 values of different human cancer cell lines
incubated with palytoxin at various concentrations between 2 and 8 h. Data are the mean of SD ± of
three independent experiments; Figure S2: Palytoxin down-regulates the expression of anti-apoptotic
Bcl-2 family proteins in solid tumor cell lines. Western blot analysis of anti-apoptotic Bcl-2 family
protein expression levels in A549 (lung cancer), PC3 (prostate cancer), MCF7 (breast cancer), and
SH-SY5Y (neuroblastoma) cells; Figure S3: Palytoxin reduces the colony-forming ability in PC3
prostate cancer cells. Palytoxin showed an inhibitory effect on colony formation in a dose-dependent
manner. All data represent the mean ± SD. of three independent experiments. Statistical significance
was assessed as ** p < 0.01 versus control; Figure S4: Palytoxin inhibited PC3 prostate cancer
spheroid formation in a dose-dependent manner. Statistical significance was assessed as * p < 0.05
and *** p < 0.0001 versus control; Figure S5: Palytoxin inhibits tumor-forming ability in in vivo
zebrafish xenografts. Fluorescently-labeled leukemia cells were treated with palytoxin at 5, 10, and
30 Pm for 6 h and then injected into the zebrafish yolk sac. A total of nine fish were obtained per
condition. Top: bright field, middle: CM-Dil, bottom: merge. PBS injection was used as a control for
injection toxicity.
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Abstract: Immunogenic cell death (ICD) refers to a type of cell death that stimulates immune
responses. It is characterized by the surface exposure of damage-associated molecular patterns
(DAMPs), which can facilitate the uptake of antigens by dendritic cells (DCs) and stimulate DC
activation, resulting in T cell immunity. The activation of immune responses through ICD has been
proposed as a promising approach for cancer immunotherapy. The marine natural product crassolide,
a cembranolide isolated from the Formosan soft coral Lobophytum michaelae, has been shown to have
cytotoxic effects on cancer cells. In this study, we investigated the effects of crassolide on the induction
of ICD, the expression of immune checkpoint molecules and cell adhesion molecules, as well as
tumor growth in a murine 4T1 mammary carcinoma model. Immunofluorescence staining for DAMP
ectolocalization, Western blotting for protein expression and Z′-LYTE kinase assay for kinase activity
were performed. The results showed that crassolide significantly increased ICD and slightly decreased
the expression level of CD24 on the surface of murine mammary carcinoma cells. An orthotopic tumor
engraftment of 4T1 carcinoma cells indicated that crassolide-treated tumor cell lysates stimulate
anti-tumor immunity against tumor growth. Crassolide was also found to be a blocker of mitogen-
activated protein kinase 14 activation. This study highlights the immunotherapeutic effects of
crassolide on the activation of anticancer immune responses and suggests the potential clinical use of
crassolide as a novel treatment for breast cancer.

Keywords: immunogenic cell death; damage-associated molecular patterns; mitogen-activated
protein kinase 14; natural product; crassolide

1. Introduction

The World Health Organization recently estimated that in 2020, 2.3 million women
were diagnosed with breast cancer and there were approximately 685,000 deaths world-
wide. By the end of that year, 7.8 million women who had been diagnosed with breast
cancer within the previous five years were still alive, making it the most common cancer
globally [1,2].

Unlike conventional chemotherapy, which destroys malignant cells, cancer immunother-
apy is a treatment that boosts the body’s immune system to fight cancer. Immunotherapies
that have shown sustained anticancer responses in several cancers hold promise for re-
searchers and patients. Currently, identifying and developing potential targets to enhance
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anticancer responses is a key strategy in cancer immunotherapy. For example, immune
checkpoint molecules like PD-1 and CTLA-4 have been identified as negative regulators of
immune activation [3–5]. The binding of PD-L1 on cancer cells to PD-1 on T cells suppresses
the activation and function of T cells [6,7]. In addition to immune checkpoints, cancer cells
can also express other “don’t eat me” signals, such as CD47 and CD24, on their surface
to protect themselves from immune surveillance [8,9]. Despite the promising results of
immunologic checkpoint blockade with antibodies, the objective response rate of clinical
drugs still needs further improvement.

On the other hand, immunogenic cell death (ICD) refers to a type of cell death that
stimulates immune responses. ICD is characterized by the surface exposure of damage-
associated molecular patterns (DAMPs), a group of endogenous danger molecules that
includes heat shock proteins (HSPs), glucose-related protein (GRP), HMGB1, calreticulin
(CRT), and others [10,11]. These molecules can facilitate the uptake of antigens by den-
dritic cells (DCs) and stimulate DC activation, resulting in T cell immunity. Activation of
immune responses through ICD has been proposed as a promising approach for cancer
immunotherapy. Currently, a number of ICD-induced chemotherapeutic agents are being
used clinically for cancer treatment [11].

Natural products from marine organisms are considered key sources for drug devel-
opment [12]. For example, marine sponge natural products with anti-cancer activity have
been developed into drugs [13]. However, research on the immunotherapeutic activity of
marine natural products for cancer treatment is still limited. The marine natural product
crassolide, a cembranolide isolated from the Formosan soft coral Lobophytum michaelae, has
been shown to have cytotoxic effects on cancer cells [14]. Cytotoxic activities related to
G2/M phase arrest and apoptosis were also reported [15]. In this study, we investigated
the effects of crassolide on the induction of ICD, the expression of immune checkpoint
molecules and cell adhesion molecules, as well as tumor growth in a murine 4T1 mammary
carcinoma model. Additionally, we identified its target molecules. This study highlights the
immunotherapeutic effects of crassolide on the activation of anti-cancer immune responses
and suggests the potential clinical use of crassolide as a novel treatment for breast and
other types of cancer.

2. Results

2.1. Crassolide Stimulated the Cytotoxicity against Human Breast Cancer Cells and Murine
Mammary Carcinoma Cells

The structure of crassolide is shown in Figure 1. To determine the cytotoxic effects of
crassolide on different types of mammary tumor cells, we used a methylthiazole tetrazolium
(MTT) assay to measure the cell viability of test cells treated with crassolide at different
concentrations for 24 h. The results showed that crassolide inhibits the cell viability of the
four mammary carcinoma cells in a dose-dependent manner, as shown in Figure 2. The
IC50 values of cell viability in MCF7, MDA-MB-231, 4T1-luc2, and TS/A cells were 9.35,
6.69, 24.6, and 3.74 μM, respectively (Table 1).

Figure 1. The chemical structure of crassolide.
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Figure 2. The cytotoxicity of crassolide in human breast cancer cells and murine mammary carcinoma
cells. Cell lines 4T1-luc2 (A), TS/A (B), MCF7 (C) and MDA-MB-231 (D) were treated with increasing
concentrations of crassolide for 24 h and cell survival was determined by MTT assay. Data are
represented as the mean ± SD. The IC50 values of cell viability in MCF7, MDA-MB-231, 4T1-luc2,
and TS/A cells were 9.35, 6.69, 24.6, and 3.74 μM, respectively.

Table 1. The IC50 values of cell viability in 4T1-luc2, TS/A, MCF7, and MDA-MB-231 cells.

Cell Line IC50

4T1-luc2 24.60

TS/A 3.74

MCF7 9.35

MDA-MB-231 6.69

2.2. Crassolide Significantly Increases the Expression of DAMPs on the Surface of 4T1-luc2
Murine Mammary Carcinoma Cells

Immunogenic cell death (ICD) of tumor cells, characterized by surface expression of
damage-associated molecular patterns (DAMPs), stimulates antitumor immunity. HSP70,
HSP90, HMGB1, and calreticulin (CRT) have been recognized as key DAMP molecules.
Crassolide exhibited cytotoxicity in murine mammary carcinoma cells 4T1-luc2. We then
investigated if crassolide can stimulate ICD in 4T1-luc2 cells by measuring the expression
levels of HSP 70, HSP 90, HMGB1, and CRT on the surface of 4T1-luc2 cells that were
incubated in different concentrations (50 to 3.125 μM) of crassolide for 24 h. The surface
expression of HSP70, HSP90, HMGB1, and CRT were then measured by flow cytometry
analysis. Figure 3A showed that the 4T1-luc2 cells’ control group expressed 17.51% of
HSP90, 9.16% of HSP70, 5.99% of HMGB1, and 19.56% of CRT. The 4T1-luc2 cells treated
with crassolide had a substantial expression level of HSP90, reaching the highest peak
at 25 μM treatment (50.08%). The highest expression level of HSP70 (29.10%) appeared
with 12.5 μM treatment. Crassolide increased the expression of HMGB1 and CRT in a
dose-dependent manner, with HMGB1 (96.48%) and CRT (78.68%) reaching the highest
expression at 50 μM treatment, respectively. Crassolide-treated tumor cells were visualized
for expression of ectoDAMPs by confocal microscopy through indirect immunofluorescent
staining. The expression of HSP70, HSP90, HMGB1 and CRT was significantly increased in
crassolide-treated tumor cells compared to untreated tumor cells (Figure 3B). These results
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indicate that crassolide significantly increases immunogenic cell death (ICD) in murine
mammary carcinoma cells 4T1-luc2.

 

Figure 3. The effect of crassolide on the expression of DAMPs on the surface of 4T1-luc2 cells. The 4T1-
luc2 cells were treated with increasing concentrations of crassolide for 24 h. (A) The expression level
of DAMPs on the surface of 4T1-luc2 cells were determined by flow cytometry analysis. (B) Imaging
of DAMP ectolocalization in crassolide-treated cells was examined under a confocal microscope. The
HSP90, HSP70, HMGB1, and calreticulin proteins were stained with PE anti-HSP90, Alexa Fluor
488 anti-Hsp70, PE anti-HMGB1, and PE anti-calreticulin antibodies, respectively. The nuclei were
stained with DAPI (shown in blue). The scale bar is 100 μm.

2.3. Crassolide Enhances Expression of Immune Checkpoint Molecule PD-L1 but Inhibits the
Expression of Heat-Stable Antigen/CD24 on the Surface of 4T1-luc2

Our data showed that crassolide significantly induced immunogenic cell death (ICD)
in 4T1-luc2 cells. We further examined the effect of crassolide on the regulation of “don’t eat
me signals” in these cells. The cells were treated with various concentrations of crassolide
for 24 h, and we used flow cytometry analysis to measure the expression of PD-L1 and CD24
on the cell surface. Figure 4A illustrates that the control group of 4T1-luc2 cells expressed
48.94% PD-L1 and 74.56% CD24. Crassolide slightly decreased CD24 expression, but it
significantly increased PD-L1 expression, with the highest peak at 50 μM treatment (86.71%).
Additionally, the immunofluorescence image confirmed that crassolide enhances PD-L1
expression and suppresses CD24 expression on the surface of 4T1-luc2 cells (Figure 4B).
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Figure 4. The effect of crassolide on the expression of DAMPs, PD-L1 and CD24 in 4T1-luc2 cells. The
4T1-luc2 cells were treated with increasing concentrations of crassolide for 24 h. (A) The expression
level of PD-L1 and CD24 on the surface of 4T1-luc2 cells was determined by flow cytometry analysis.
(B) Imaging of PD-L1 and CD24 ectolocalization in crassolide-treated cells was examined under a
confocal microscope. The PD-L1 and CD24 proteins were stained with APC anti-PD-L1 and Alexa
Fluor 488 anti-CD24 antibodies, respectively. The nuclei were stained with DAPI (shown in blue).
The scale bar is 100 μm.

2.4. Crassolide Significantly Induces the Translocation of DAMPs to the Surface of 4T1-luc2 Cells

Crassolide significantly increased the expression levels of DAMPs and PD-L1 on
the surface of 4T1-luc2 cells. To understand the molecular mechanisms underlying the
regulatory effect of crassolide on the expression of DAMPs, CD24, and PD-L1, we evaluated
whether crassolide can stimulate their expression in 4T1-luc2 cells. The 4T1-luc2 cells were
incubated with different concentrations of crassolide for 24 h, and the total protein was
collected for assessing the expression of HSP70, HSP90, CRT, and HMGB1 using Western
blot assay. Figure 5A shows that crassolide suppressed the expression of HSP70, HSP90,
and CRT, but had no effect on the expression of HMGB1 protein. Similarly, Figure 5B shows
that crassolide suppressed the expression of CD24 and PD-L1. Taking into account the
results from Figures 3–5, it can be inferred that crassolide suppressed the protein expression
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of DAMPs and PD-L1 but promoted the translocation of DAMPs and PD-L1 to the surface
of 4T1-luc2 cells.

 

Figure 5. The effect of crassolide on the protein expression of DAMPs, PD-L1 and CD24 in 4T1-luc2
cells. The 4T1-luc2 cells were treated with increasing concentrations of crassolide for 24 h and the
total protein was collected for assessing the expression of DAMPs, PD-L1 and CD24. (A) The protein
expression levels of HSP90, HSP70, calreticulin and HMGB1 in total protein extracts were measured
using Western blot analysis and were normalized to the protein level of β-actin. Mock: DMSO as the
vehicle control. (B) The protein expression levels of PD-L1 and CD24 in total protein extracts were
measured using Western blot analysis and were normalized to the protein level of β-actin. Mock:
DMSO as the vehicle control.

2.5. Crassolide-Treated 4T1-luc2 Cells Effectively Immunized Mice against Primary Tumors

To assess the ability of the ICD inducer to trigger antitumor immune responses, one
method is to inject mice with in vitro killed tumor cells treated with the ICD inducer, fol-
lowed by a challenge with untreated tumor cells [16]. To determine if crassolide-treated
4T1-luc2 cells can elicit antitumor immunity in mice with tumors, the mice were subcuta-
neously given 4T1-luc2 cells that underwent freeze-thaw cycles or treated with crassolide at
25 μM. The 4T1-luc2 tumor cells were implanted into the mammary fat pad orthotopically
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after 7 days of post-vaccination. The treatment of 4T1-luc2 cells with Crassolide seemed to
suppress tumor growth, suggesting that it can induce anti-tumor immunity. (Figure 6A).
Bioluminescence imaging (BLI) and quantitative data of BLI confirmed the effect, showing
decreased activity in tumor cells. The p-value was less than 0.05 (Figure 6B,C). The body
weight loss of treated mice was not impacted by the vaccine (Figure 6D).

 
Figure 6. Crassolide-treated 4T1-luc2 cells effectively immunized mice against primary tumors. Test
mice were vaccinated with 4T1-luc2 cells that underwent freeze-thaw cycles or were treated with
crassolide at 25 μM for 24 h. At 7 d post-vaccination, live 4T1-luc2 tumor cells were implanted.
Tumor progression in test mice was visualized by bioluminescence imaging (BLI). (A) Tumor volume
was monitored until 21 d post tumor implantation. (B) BLI and (C) Quantitative data of BLI was
determined at 16 d post tumor implantation. * p < 0.05 (D) Body weight of all test mice.

2.6. Crassolide Inhibited MAPK14 Kinase Activity

The target protein of crassolide was identified through a Discovery Studio pharma-
cophore reverse docking. The results showed MAPK14 kinase as a potential target protein.
MAPK14, known as p38α kinase, is made up of two distinct parts, the smaller N-terminal
lobe which is primarily composed of β-sheets, and the α-helical C-terminal lobe. The two
lobes are connected by a flexible hinge that forms the ATP-binding site, and structural
elements from both lobes contribute to this site. During the canonical activation pathway,
MAP2Ks phosphorylate the TGY sequence in the activation loop, leading to significant
structural changes and the creation of a distinctive β-sheet motif that is located away from
both the ATP- and substrate-binding sites [17]. Figure 7A,B depicted crassolide docked
with MAPK14 kinase. Crassolide established interactions with Thr106 and Lys53 through
hydrogen bonds and with Leu167, Met109, Ile84, Ala51, and Val38 residues in the active site
through hydrophobic interactions. The inhibitory effect of crassolide on MAPK14 kinase
activity was confirmed in a cell-free system using a biochemical method (Z′-LYTE Kinase
Assay). Results showed crassolide could concentration-dependently suppress MAPK14
kinase activity with an IC50 value of approximately 5.15 μM (Figure 7C).
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Figure 7. The blockade of mitogen-activated protein kinase 14 activation by crassolide. (A) Schematic
representation of the molecular docking in the active site of MAPK14 (PDB 1DI9). The MAPK14
kinase is shown in light green cartoon. The key residues of kinase are shown in a stick representation.
(B) The binding interactions between crassolide compound and MAPK14 are shown in hydrogen
bonds (in green) and hydrophobic interactions (in yellow). (C) Dose–response curves of MAPK14
and its inhibitor crassolide in kinase inhibition assay.

2.7. Crassolide Up-Regulated Phosphorylation of MAPK14 and Its Downstream Targets in
4T1-luc2 Cells

The regulation of MAPK14 kinase activity is controlled by phosphorylation at two sites
(Thr180/Tyr182) [17]. The effect of crassolide on the phosphorylation status of MAPK14
at Thr180 and Tyr182 was assessed in 4T1-luc2 cells. Results showed that crassolide
upregulated the phosphorylation of Thr180 and Tyr182 in a dose-dependent manner
(Figure 8). The effect of crassolide on the phosphorylation of downstream proteins of
MAPK14 such as NF-κB, STAT1, and EIK-1 was also measured. Results showed that
crassolide downregulated the phosphorylation of NF-κB, STAT1, and EIK-1 in 4T1-luc2
cells (Figure 8).

 

Figure 8. The effect of crassolide on the phosphorylation of MAPK14, NF-κB and STAT1, and EIK-1
protein in 4T1-luc2 cells. The 4T1-luc2 cells were treated with increasing concentrations of crassolide
for 24 h and the total protein was collected for assessing the phosphorylation of MAPK14, NF-κB and
STAT1, and EIK-1 protein using Western blot analysis and were normalized to the protein level of
β-actin. Mock: DMSO as the vehicle control.
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3. Discussion

Immunogenic cell death (ICD) and damage-associated molecular patterns (DAMPs)
are emerging as promising strategies in cancer therapy. ICD triggers an immune response
against cancer cells, while DAMPs are molecules released by dying or damaged cells that
activate the immune system. These mechanisms are being utilized to improve the efficacy
of cancer immunotherapy. ICD and DAMPs have shown promising results in preclinical
and clinical studies [11,18] and are being evaluated in combination with other immunother-
apeutic approaches such as checkpoint inhibitors and vaccines [19–21]. ICD is triggered
by different stressors, including endoplasmic reticulum (ER) stress and reactive oxygen
species (ROS) production, and leads to the exposure of damage-associated molecular pat-
terns (DAMPs) on the cell surface [22–24]. During the ICD process, immunogenic dead
cells expose hallmarks on the cell surface and release substances that interact with immune
cells and mediate immunogenicity. These hallmarks include calreticulin (CRT), ATP, and
high mobility group B1 (HMGB1). ICD inducers, such as anthracyclines, PP1/GADD34
inhibitors, cardiac glycosides, oxaliplatin, bleomycin, cyclophosphamide, and shikonin,
have been used to induce ICD and inhibit tumor growth [10,11]. Currently, only a few ICD
inducers are being used in the clinic, but the development of new ICD inducers is expected
to improve cancer treatment outcomes in the future.

The mitogen-activated protein kinases (MAPKs) are a highly conserved family of ser-
ine/threonine kinases that play a central role in a range of fundamental cellular processes
such as cell growth, proliferation, death, and differentiation [25–27]. There are at least three
distinct MAPK signaling modules in mammals that mediate extracellular signals into the
nucleus to turn on responsive genes: ERK, JNK, and p38 kinase [26]. The MAPK pathway is
essential in regulating many cellular processes, including inflammation, cell stress response,
cell differentiation, and gene expression [27]. In the context of immunogenic cell death
(ICD), the p38 MAPK pathway has been shown to be involved in the regulation of ER
stress, which is a major causative agent of ICD [28]. In some cases, activation of p38 MAPK
has been shown to promote ICD by inducing the release of danger signals and activating
the immune system. The precise role of p38 MAPK in ICD is still not fully understood.
There are four identified p38 MAP kinases: p38-α (MAPK14), p38-β (MAPK11), p38-γ
(MAPK12/ERK6), and p38-δ (MAPK13/SAPK4) [27]. In this study, crassolide from marine
soft coral was identified as a novel inhibitor of MAPK14. Crassolide not only significantly
reduced the viability of human breast cancer cells and murine mammary carcinoma cells,
but also increased ICD and decreased CD24 expression in the latter. Orthotopic tumor
engraftment experiments showed that crassolide-treated tumors elicited anti-tumor immu-
nity. These findings deepen our understanding of MAPK14’s role in ICD and highlight
crassolide’s potential as a treatment for breast and other types of cancer by activating
anti-cancer immune responses (Figure 9).

Crassolide was first found to have cytotoxicity in cancer cells [14]. Later, its ability
to induce G2/M cell cycle arrest, apoptosis, and autophagy in cancer cells was investi-
gated [15]. Based on observation of a crassolide-induced increase in phosphorylation of
ERK, it was suggested that this capability was induced through ROS-mediated ER stress
pathways [15]. Additionally, crassolide was also found to suppress dendritic cell matura-
tion and attenuate experimental antiphospholipid syndrome. It was also found that, when
applied at doses of only 10 and 20 mg/kg, crassolide produced hematotoxicity, hepatotox-
icity, and renotoxicity, but these effects were not observed at a dose of 5 mg/kg [29]. In
this study, we showed that crassolide inhibited p38α activity using a biochemical method
(Figure 7C). Interestingly, crassolide upregulated the phosphorylation of p38α, known as
its initial activation marker. In contrast, crassolide downregulated the phosphorylation of
NF-κB, STAT1, and EIK-1, known as downstream effectors of p38α signaling transduction
(Figure 8). Based on the research results and the similarity of their effects, we believe
that crassolide is a novel p38 catalytic inhibitor (e.g., SB203580). Additionally, due to its
structural similarity with ERK, we hypothesize that crassolide may also block ERK activity,
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resulting in an accumulation of ERK phosphorylation. However, further experiments are
needed to confirm this hypothesis.

Figure 9. The schematic representation of crassolide triggers ICD in tumor cells and stimulates
anti-tumor immunity.

The abundance of diverse marine life and their distinct biochemical profiles have led
to the discovery of a multitude of biologically active natural products derived from marine
organisms, making them a valuable source for the development of new drugs. Despite this
potential, the process of discovering and utilizing these products can be challenging due to
difficulties in cultivating marine organisms and the complex structure of their active com-
pounds, leading to limited yields. Our study highlights a novel approach by showcasing
the effectiveness of the marine compound crassolide in stimulating immunogenic cell death
in tumor cells in vitro and eliciting anti-tumor immunity in vivo when used as a vaccine,
demonstrating the potential of marine natural products for clinical applications. However,
just as natural product research in the ocean may face limitations in its applications, the
modification of crassolide to enhance its binding affinity with MPAK14 and the synthesis of
crassolide through total or semi-synthesis may also face limitations due to the complexity
of the compound’s structure, which may restrict future applications and development.

4. Materials and Methods

4.1. Origin of Crassolide

Crassolide was obtained from Dr. Jui-Hsin Su at the National Museum of Marine
Biology and Aquarium in Pingtung, Taiwan, and was isolated from the wild-type soft coral
Lobophytum crissum.

4.2. Cell Lines

MCF7, MDA-MB-231 and TS/A cells were procured from the Food Industry Research
and Development Institute (Hsinchu, Taiwan). The 4T1-luc2 cells, obtained from Dr. Pei-
Wen Hsiao at Academia Sinica in Taipei, Taiwan, were developed from mouse mammary
tumor 4T1 cells (ATCC, CRL-2539) and stably transfected with a luciferase transgene. These
cells were cultured in RPMI-1640 (Invitrogen, 31800) supplemented with 10% fetal bovine
serum (FBS) (GibcoTM, 10082147), 1 mM penicillin-streptomycin (GibcoTM, 15140122),
MEM-Non-Essential Amino Acids Solution (NEAA) (ThermoFisher, 11140050), and 1 mM
sodium pyruvate (GibcoTM, 11360070) at 37 ◦C in 5% CO2 and 95% humidity.
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4.3. Mice

Female 8-week-old BALB/c mice were purchased from the National Laboratory Ani-
mal Breeding and Research Center in Taipei, Taiwan. All mice were treated with standard
environmental and food conditions, including a temperature of 22 ± 1 ◦C, 55 ± 5% humid-
ity, and a 12-h light/dark cycle, and had unlimited access to food and water at the National
Research Institute of Chinese Medicine (MOHW). The mice were randomly assigned to
four groups to reduce experimental bias. The experimental procedures involving animals
were conducted in accordance with the Guide for the Care and Use of Laboratory Animals
(National Research Council, 2011) and were approved by the Animal Research Committee
of the National Research Institute of Chinese Medicine (ref no: NRICM-IACUC-109-355-1).

4.4. Animal Model

For prophylactic vaccination, the mice (n = 15) were randomly assigned to 3 groups:
Group 1 (n = 5) served as the control group and was injected with PBS. Group 2 (n = 5)
was injected with 2 × 106 of 4T1-luc2 cells that had been put through freeze and thaw
(F/T) cycles, where the cells were first frozen in liquid nitrogen for 90 s, then thawed
at 4 ◦C for 4 min, and this process was repeated 4 times. Group 3 (n = 5) was injected
with 2 × 106 of 4T1-luc2 cells that had been treated with crassolide (25 μM) for 24 h.
Seven days post-vaccination, all four groups of mice were orthotopically implanted with
5 × 105 live 4T1-luc2 tumor cells in 100 μL of PBS into the mammary fat pad. The tumor
size was observed and measured three times a week and bioluminescence imaging of
tumors was monitored once a week. Tumor size was measured by caliper measurements,
and tumor volume calculation was used following formula: 0.5 × length (mm) × width2

(mm2). Bioluminescence imaging of tumors was monitored using a noninvasive in vivo
imaging system. The mice were injected intraperitoneally with 15 mg/kg of D-luciferin
potassium (PerkinElmer, 122799) in PBS and were left for 5 min before imaging. The test
mice were then anesthetized with 2.5% isoflurane using the XGI-8 Gas Anesthesia System
(PerkinElmer, Boston, MA, USA), and the XENOGEN IVIS 50 (PerkinElmer, Boston, MA,
USA) was applied.

4.5. Cell Viability Assay

MCF7, MDA-MB-231, and 4T1-luc2 tumor cells (1 × 104) were prepared and dispensed
in vehicle or test compounds in 96-well plates. They were then washed with PBS and
incubated in RPMI 1680, placed in a 5% CO2 incubator for 24 h. After this, the cells
were treated with crassolide (50 to 3.125 μM) for 24 h. All treatments were performed
in triplicate cell cultures. Cell viability was assayed using the 3-(4, 5-dimethylthiazol-2-
yl)-2,5-diphenyltetrazolium bromide (MTT) colorimetric method. The optical density at
absorbance 570 nm (A570) was measured using a multi-wall scanning spectrophotometer.

4.6. Immunofluorescence

4T1-luc2 tumor cells were cultured in 24-well plates with 0.1% poly-L-lysine coated
coverslips. These cells were grown in RPMI 1640 medium. The cells were washed with PBS
and then treated with crassolide (50 to 3.125 μM) for 24 h. For fluorescent immunostaining,
the cells were fixed with cold methanol (−20 ◦C) and blocked with 3% bovine serum
albumin (BSA, Bionovas) in PBS. Primary antibodies for heat shock protein 90 (HSP90,
1:400, Cell signaling), heat shock protein 70 (HSP70, 1:400, Abcam), high mobility group
box 1 (HMGB1, 1:400, Cell signaling), calreticulin (CRT, 1:400, Cell signaling) were added
to the cells, diluted in 3% BSA, 0.1% tween-20 in PBS, and protected from light. Finally, the
cells’ nuclei were stained with 4,6-diamidino-2-phenylindole (DAPI, 5 μg/mL, Thermo
Fisher Scientific, Inc.) for 5 min. To mount the expression of DAMPs on cells, the im-
munofluorescence staining protocol was applied, and then the cells were examined under
a confocal microscope.
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4.7. Detection of DAMPs Ectolocalization

The 4T1-luc2 tumor cells were treated with crassolide (50 to 3.125 μM) for 24 h.
Aliquots of 1 × 106 4T1-luc2 tumor cells were harvested, washed with PBS, and stained
with PE anti-HSP90 antibody (LSBio, LS-63265), Alexa Fluor 488 anti-Hsp70 antibody
(BioLegend, #648004), PE anti-HMGB1 antibody (BioLegend, #651404), PE anti-calreticulin
(Cell signaling, #62304), APC anti-PD-L1 (BioLegend, #124312), Alexa Fluor 488 anti-CD24
(BioLegend, #101816) in 0.5% bovine serum albumin (BSA, Bionovas) in PBS, and then
analyzed using flow cytometry (BD FACSVerse, San Jose, CA, USA).

4.8. Western Blotting

To further investigate the effect of crassolide on tumor growth and the expression
of immune checkpoint molecules, 4T1-luc2 tumor cells were treated with crassolide (at
concentrations of 50 to 3.125 μM) for 1 h or 24 h. Aliquots of 1 × 106 cells were harvested
and washed with PBS, then lysed with RIPA lysis and extraction buffer. Protein content
was determined using the Coomassie (Bradford) Protein Assay Kit. Samples were then
fractionated by 10% SDS-PAGE and proteins were transferred onto a nitrocellulose mem-
brane filter paper sandwich (ThermoFisher, LC2001). The 1 h group was immunoblotted
with antibodies specific for phospho-p44/42 MAPK (Erk1/2) (Cell Signaling Technology,
#9101), phospho-NF-κB p65 (Ser536) (Cell Signaling Technology, #3033), phospho-p38
(Cell Signaling Technology, #4511), phospho-JNK (Cell Signaling Technology, #4668), anti-
ELK1 (Abcam, ab218133), phospho-STAT1 (Cell Signaling Technology, #9167), and β-actin
(Cell Signaling Technology, #8457). The 24-h group was immunoblotted with antibodies
specific for HSP90 (Cell Signaling Technology, #4877), anti-HSP70 (Abcam, ab181606), anti-
calreticulin (Abcam, ab2907), anti-PD-L1 (Abcam, ab213480), anti-CD24 (Abcam, ab290745),
HMGB1 (Cell Signaling Technology, #6893), and β-actin (Cell Signaling Technology, #8457).
Non-specific binding was removed and target proteins were detected using corresponding
secondary antibodies. Protein bands were then detected and developed using enhanced
West Femto Maximum Sensitivity Substrate (ThermoFisher, 34096) and the Touch Imager
(e-BLOT, Pudong, Shanghai, China).

4.9. Molecular Modeling of Crassolide and MAPK14 Interaction

To further investigate the binding interaction between crassolide and MAPK14 kinase,
the crassolide was docked into the active site of MAPK14 using the GOLD docking tool in
BIOVIA Discovery Studio 2021 (BIOVIA Corp., San Diego, CA, USA). The crystal structure
of human MAPK14 (P38 kinase) was obtained from the RCSB Protein Data Bank (PDB
ID: 1DI9) and the protein and crassolide compound atoms were assigned CHARMm force
field.

4.10. Z′-LYTE Kinase Assay

An IC50 value of crassolide for inhibition of MAPK14 kinase activity was evaluated
using a fluorescence resonance energy transfer-based Z′-LYTE kinase assay performed by
Thermo Fisher Scientific’s SelectScreen™ Profiling Service. Briefly, the 2X MAPK14 (p38
alpha) direct/Ser/Thr 15 mixture was prepared in 50 mM HEPES (pH 6.5), 0.01% BRIJ-35,
10 mM MgCl2, 1 mM EGTA, and 0.02% NaN3. The final 10 μL kinase reaction consisted of
7.14–103 ng MAPK14 (p38 alpha) direct and 2 μM Ser/Thr 15 in 50 mM HEPES (pH 7.0),
0.01% BRIJ-35, 10 mM MgCl2, 1 mM EGTA, and 0.01% NaN3. After a 1-h kinase reaction
incubation, the reaction was developed and terminated, and the fluorescence ratio was
calculated according to the manufacturer’s protocol.

5. Conclusions

We have demonstrated that the marine natural product crassolide induces immuno-
genic cell death of tumor cells by blocking MPAK14 activation, thereby stimulating anti-
tumor immunity. Our study not only highlights the immunotherapeutic effects of crassolide
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in activating antic ancer immune responses, but also provides a novel approach to develop-
ing marine natural products for clinical applications.
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Abstract: Sphaerococcenol A is a cytotoxic bromoditerpene biosynthesized by the red alga Sphae-
rococcus coronopifolius. A series of its analogues (1–6) was designed and semi-synthesized using
thiol-Michael additions and enone reduction, and the structures of these analogues were character-
ized by spectroscopic methods. Cytotoxic analyses (1–100 μM; 24 h) were accomplished on A549,
DU-145, and MCF-7 cells. The six novel sphaerococcenol A analogues displayed an IC50 range
between 14.31 and 70.11 μM on A549, DU-145, and MCF-7 malignant cells. Compound 1, resulting
from the chemical addition of 4-methoxybenzenethiol, exhibited the smallest IC50 values on the A549
(18.70 μM) and DU-145 (15.82 μM) cell lines, and compound 3, resulting from the chemical addition
of propanethiol, exhibited the smallest IC50 value (14.31 μM) on MCF-7 cells. The highest IC50 values
were exhibited by compound 4, suggesting that the chemical addition of benzylthiol led to a loss of
cytotoxic activity. The remaining chemical modifications were not able to potentiate the cytotoxicity
of the original compounds. Regarding A549 cell viability, analogue 1 exhibited a marked effect on
mitochondrial function, which was accompanied by an increase in ROS levels, Caspase-3 activation,
and DNA fragmentation and condensation. This study opens new avenues for research by exploring
sphaerococcenol A as a scaffold for the synthesis of novel bioactive molecules.

Keywords: marine natural products; anticancer; apoptosis; reactive oxygen species; algae;
hemi-synthesis

1. Introduction

Cancer is one of the deadliest diseases in the world, having a huge impact on global
health and representing a critical barrier to the life expectancy increase. The GLOBOCAN
predicts the occurrence of 28.4 million new cases by 2040, corresponding to an increase of
47% compared to 2020 [1]. Assuming the current incidence trends, it is expected that this
value will duplicate until 2070, tending to be one of the main causes of precocious death
(>70 years old) [2]. Distinct therapeutic strategies such as classical therapies, e.g., surgery,
radiotherapy, immunotherapy, targeted therapy, and chemotherapy, and more recently
advanced approaches such as stem cell therapy, ablation therapy, and nanoparticles, among
others, have been used [3,4]. Some of them are based on the induction of apoptosis through
different stimuli, including radiation, hypoxia, toxins, hyperthermia, the production of
reactive oxygen species, the activation of death receptors, etc., aiming at the effective
elimination of malignant cells [5]. Despite the advances in the last decades, drug resistance
to classical and/or new anticancer medicines and the side effects that result from non-
specific treatments leading to healthy tissue damage continue to be one of the major
cornerstones in cancer treatment [6]. Hence, in pursuing an increase in the quality and life
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expectancy of oncologic patients, it is imperative to persistently search and develop novel
therapeutic tools with heightened efficacy and impact in cancer treatments, including new
anticancer drugs.

Between 1981 and 2019, a total of 247 drugs with an indication for cancer treatment
were approved, and their origins were traced back to compounds of natural provenance.
Among these, 18 were developed directly from unaltered natural compounds’ structures,
while 29 were the result of a synthesis. Furthermore, 36 drugs were meticulously designed
to mimic natural compounds, and an additional 43 were formulated using derivatives
sourced from natural precursors [7]. These data attest the key role of nature as a source
of chemical structures with anticancer potential, inspiring the development of innovative
therapeutic agents. Opposite to the terrestrial environment, the marine environment
remains poorly explored but exhibits a rich biological and chemical diversity, key factors
in discovering bioactive compounds with pharmacological potential [8]. Due to their
great diversity, marine natural products have shown an immense potential to inspire the
development of innovative drugs with distinct mechanisms of action and great effectiveness
in the treatment of many diseases [9]. However, their translation from basic scientific
findings in the laboratory to clinical trials has been limited by several factors, such as low
stability, bioavailability, water solubility, efficacy, pharmacokinetics, etc. [10]. To overcome
these restrictions, the synthesis or hemi-synthesis of analogous molecules of resemblant
nature with slight structural deviations can enhance the potency and efficacy of the inherent
properties exhibited by a given compound, while concurrently mitigating its limitations.

In recent years, algae have been extensively studied as a source of bioactive compounds
with health-beneficial properties such as antioxidant, antimicrobial, anti-inflammatory,
immunomodulatory, and anticancer activities [11,12]. The red alga Sphaerococcus coronopi-
folius, Stackhouse 1797, has been revealed to be a great source of diterpenes, most of them
brominated, with diverse molecular structures [13]. Sphaerococcenol A is one of the major
compounds found in this algae, which is characterized to possess a sphaerane carbon
skeleton and has revealed distinct biological activities, including anti-malarial [14] and
antitumor [15–18] properties. Regarding cytotoxic activities, sphaerococcenol A has been
displayed to affect the cell viability of different malignant cell lines in 2D, 3D, and co-culture
models and stimulate the production of H2O2 and apoptosis [15–18]. It also exhibited a
cytostatic effect on human apoptosis-resistant U373 cells, inhibiting the cell entry into the
mitosis phase [18].

Despite the interesting activities evidenced by sphaerococcenol A, the hemi-synthesis
of new analogues based on its structure was only approached by Cafieri and collaborators
in 1978 (Scheme 1A) [19]. A base-catalyzed sphaerococcenol A rearrangement allowed
the formation of the new hemi-synthetic compound A, which originated four derivatives
(A1–A4) through its reduction, hydrogenation, and acetylation (Scheme 1A). Herein, we
report for the first time the synthesis of four novel sulfur-containing sphaerococcenol A
analogues (Scheme 1B). Sulfur-containing drugs present an important role in different
medicinal areas (e.g., dexlansoprazole, a proton pump inhibitor; emtricitabine, an inhibitor
of reverse transcriptase; ceritinib, an antineoplastic kinase inhibitor; and sugammadex, a
selective relaxant binding agent) and constitute a large portion of newly approved drugs
by the FDA [20]. In addition, sphaerococcenol A derivatives resulting from its reduction
were also prepared (Scheme 1B). The cytotoxicity of the novel sphaerococcenol A analogues
was further studied in malignant cell lines derived from lung (A549), breast (MCF-7), and
prostate (DU-145) tissues as well as biomarkers related to oxidative stress and apoptosis.
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Scheme 1. Work on sphaerococcenol A reactions performed by Cafieri and collaborators [19] (A).
Chemical modifications were performed in this study using sphaerococcenol A as scaffold (B).

2. Results

2.1. Hemi-Synthesis of New Sphaerococcenol A Analogues

The synthesis of novel sphaerococcenol A derivatives (1–6) was achieved by the
reaction on the enone function via thiol-Michael addition and reduction (Scheme 2).

Thio-Michael addition allowed the preparation of four novel sulfur derivatives of
sphaerococcenol A (1–4) (Scheme 2). The reactions were performed using the corresponding
thiol nucleophile in methanol in the presence of potassium tert-butoxide (t-BuOK). In the
case of using 4-methoxybenzenethiol and benzylthiol as the nucleophile, compounds 1

and 4 were obtained at yields of 56% and 41%, respectively. While using propanethiol,
a mixture of diastereomers was delivered at a yield of 46% with a diastereomeric ratio
of 1:1.55. The sphaerococcenol A reduction with sodium borohydride in methanol also
resulted in a mixture of diastereomers with a 1:1 diastereomeric ratio. The new hydroxyl
analogues (5 and 6) were obtained at a yield of 76% (Scheme 2). The proposed structure
of the new hemi-synthetic analogues was assigned based on NMR and HRMS data, and
the purity was checked by HPLC and/or 1H-NMR and proved to be higher than 85%. The
relevant protons for structural identification were H-14 and H-13 for compounds 1–4 and
H-12 for compounds 5–6 (see Supporting Information, Table S1). For diastereoisomers 5

and 6, a change in the corresponding chemical shifts for H-12 is visible (5: δH12 3.30 ppm;
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6: δH12 3.61 ppm, Figure 1). Compound 5 corresponds to the diastereoisomer with the
hydroxyl group behind the plane and 6 with the hydroxyl group to the front of the plane.

Scheme 2. Hemi-synthetic compounds of sphaerococcenol A obtained by thio-Michael addition
and reduction.

2.2. Cytotoxicity on Malignant Cell Lines

The cytotoxicity of sphaerococcenol A and its derivatives (1–6) was evaluated in A549,
DU-145, and MCF-7 cells. The results are presented in Table 1.

In the malignant cell lines DU-145, MCF-7, and A549, sphaerococcenol A displayed
IC50 values of 3.75, 6.53, and 14.99 μM, respectively (Table 1). Between the synthesized
derivatives (1–6), compounds 1, 3, and 5 exhibited the smallest IC50 values across the three
cell lines. Amongst the compounds tested, compound 4 and compound 2 showed the
highest IC50 values. Specifically, compound 4 displayed the highest IC50 values in the
A549 (35.45 μM) and DU-145 (70.11 μM) cell lines, while compound 2 demonstrated the
highest IC50 value among the MCF-7 cells (70.26 μM). Regarding the selectivity index, the
original compound exhibited the highest value on DU-145 (10.0) and MCF-7 (5.7) malignant
cells followed by compound 3 and compound 5 on MCF-7 (4.0) and DU-145 (4.4.) cells,
respectively. On the other hand, compound 4 displayed the smallest selectivity index
(0.6–1.3). Since analogue 1 demonstrated heightened potency in all three cell lines, with an
IC50 value that closely paralleled the one obtained from the original compound in the A549
cell line and a selectivity index around 2, further studies were conducted in A549 cells to
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investigate the potential mechanisms of action underlying the cytotoxic activity previously
observed with sphaerococcenol A.

Figure 1. Partial stacking 1H NMR spectra of diastereosiomers 5 and 6.

Table 1. Determination of the IC50 value of sphaerococcenol A and its derivatives (1–6) in malignant
(A549, DU-145, and MCF-7) and non-malignant (FL83B) cell lines after treatment for 24 h at different
concentrations (1–100 μM). The effects were estimated by the MTT assay. The values in parentheses
represent the confidence intervals for 95%. The selective index (SI) was also determined.

IC50 (μM)

A549 SI DU-145 SI MCF-7 SI FL83B

Sphaerococcenol A 14.99 *
(12.30–18.19) 2.5 3.75 c,e,*

(3.17–4.44) 10.0 6.53 c,*
(4.43–9.57) 5.7 37.40

(31.49–44.92)

Compound 1
18.70

(12.82–26.76) 1.8 15.82 c,e

(13.33–18.92) 2.2 16.44 c

(11.46–22.40) 2.1 34.56
(17.89–64.68)

Compound 2
33.78

(27.63–41.19) 1.4 25.80 e

(17.97–36.39) 1.9 70.26 *
(49.57–101.7) 0.7 48.02 a

(36.77–64.07)

Compound 3
22.53

(18.36–27.56) 2.5 20.13 e

(16.43–24.52) 2.8 14.31 c,*
(10.01–21.61) 4.0 56.69

(35.40–98.96)

Compound 4
35.45 a

(29.72–42.43) 1.1 70.11 a

(39.63–145.8) 0.6 30.40 c

(23.46–39.22) 1.3 40.32
(32.10–50.92)

Compound 5
22.68 *

(18.17–27.88) 3.7 18.53 e,*
(16.25–21.68) 4.4 31.95 c,*

(23.36–45.45) 2.6 82.12 a,b,c,d,e

(67.32–n.d.)

Compound 6
33.54 *

(29.48–38.55) 1.9 20.46 e,*
(16.73–24.92) 3.1 22.19 c,*

(14.49–31.98) 2.9 63.29 b,*
(53.21–75.49)

Significant differences (p < 0.05) inside of the cell line group when compared with a sphaerococcenol A;
b compound 1; c compound 2; d compound 3; e compound 4. Significant differences (p < 0.05) between dif-
ferent cells lines treated with the same compound when compared with * FL83B; SI = IC50 of FL83B/IC50 on the
malignant cell lines. n.d., not defined.
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2.3. Effects of Analogue 1 on Cell Viability and Mitochondrial Function

The effects of compound 1 on different cellular targets of A549 cells were estimated by
the MTT, LDH, and calcein-AM assays (Figure 2).

Figure 2. Effects of compound 1 (1–100 μM; 24 h) in A549 cell viability estimated by MTT (A),
calcein-AM (B), and LDH (C) assays. Symbols represent significant differences (ANOVA, Dunnett’s
test, p < 0.05) when compared to vehicle. At least three independent experiments were carried out
in triplicate.

The treatment with compound 1 for 24 h induced a significant progressive decline in
the mitochondrial function of A549 cells starting at the concentration of 3 μM, with a more
pronounced reduction at 100 μM (Figure 2A). On the other hand, the effects of compound 1

revealed by calcein-AM and LDH assays on A549 cell viability were only significant when
tested at the maximum concentration (Figure 2B,C).

2.4. Reactive Oxygen Species Levels

Reactive oxygen species levels were estimated on A549 cells following treatment with
compound 1 (10, 30, and 100 μM) for 3 and 6 h (Figure 3).

Figure 3. Reactive oxygen species levels produced by A549 cells following treatment with compound
1 (10, 30, and 100 μM) for 3 and 6 h. Symbols represent significant differences (two-way ANOVA,
Bonferroni’s test, p < 0.05) when compared to vehicle. At least three independent experiments were
carried out in triplicate.

The A549 cells increased the production of reactive oxygen species after treatment
with compound 1 for 3 h when tested at 30 and 100 μM (Figure 3). After a span of 6 h, no
significant differences were observed in the levels of ROS when compared with the vehicle.

2.5. Mitochondrial Dysfunction and Apoptosis

Biomarkers related to mitochondrial dysfunction and apoptosis, including alterations
in the mitochondrial membrane potential, Caspase-3 activity, and changes in nuclear
morphology, were evaluated in A549 cells following the treatment with compound 1 at
distinct times (Figure 4A–C).
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Figure 4. Effects of compound 1 treatment (10, 30, and 100 μM) on A549 cells regarding alterations
in mitochondrial membrane potential after 3 and 6 h (A), Caspase-3 activity after 6 and 12 h (B),
and alterations in DNA morphology after 12 and 24 h (C). Symbols represent significant differences
(two-way ANOVA, Bonferroni’s test, p < 0.05) when compared to vehicle. At least three independent
experiments were carried out in triplicate. Images are representative of one well of each treatment
condition and were obtained using an inverted fluorescence microscope at ×400. Red arrows indicate
alterations in DNA compared to vehicle.
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Analogue 1 induced a depolarization of the mitochondrial membrane potential of
A549 malignant cells after treatment for 3 h at 30 and 100 μM. After 6 h of exposure, only
the concentration of 100 μM maintained the effect (Figure 4A). Concerning the activity of
Caspase-3, it is possible to observe a stimulation of its activity after 6 h of exposure for a
concentration of 100 μM, and likewise after 12 h for a concentration of 30 μM (Figure 4B).
All three concentrations induced DNA fragmentation and condensation after 12 and 24 h
of treatment, which becomes evident in the regions demarcated by red arrows. The effects
were more marked at the concentration of 100 μM (Figure 4C).

3. Discussion

Over the centuries, nature has been revealed to be an exceptional reservoir of new and
uncommon chemical structures, on which the development of innovative drugs with dis-
tinct mechanisms of action was achieved, especially for the treatment of infectious diseases
and cancer [21]. Despite the great pharmacological potential evidenced by natural products
on laboratory assays, their translation to clinical applications is challenging due distinct
factors [22]. However, these chemical structures represent a valuable source of scaffolds on
which the development of new analogues can be inspired, improving their efficacy and
mitigating limiting factors such as stability, bioavailability, solubility, pharmacokinetics,
metabolism, toxicity, etc. [10]. The modification of natural products by semi-synthesis
has been revealed to be a starting point for the generation of new analogue libraries with
distinct properties from the original compounds, creating new lead structures for drug
discovery [23]. Despite the red seaweed Sphaerococcus coronopifolius being revealed to be a
prolific source of terpenes, most of them halogenated and with cytotoxic properties, there
are only two studies that explore its chemical diversity as scaffolds for the synthesis of
novel hemi-synthetic compounds [11,19,24]. As previously referenced, sphaerococcenol
A was subjected to a base-catalyzed rearrangement, originating the new hemi-synthetic
compound A, which by reduction, hydrogenation, and acetylation originated four new
A analogues [19]. In addition to this, in 2022, Prousis et al. [24] reported the synthesis of
hemi-synthetic analogues of bromosphaerol by reactions such as epoxidation and sequen-
tial hydroboration/oxidation. The newly synthesized bromosphaerol derivatives were
evaluated regarding their antifouling activity [24]. Herein, we reported for the first time
the synthesis of four novel sulfur-containing sphaerococcenol A analogues (1–4) and two
derivatives (5 and 6) resulting from its enone reduction, aiming to improve the cytotoxic
activity of the original compound. This library of new hemi-synthetic sphaerococcenol A
derivatives allowed us to study key structure modifications, namely the effects of losing
the enone function, the insertion of an alcohol function group at C-12 and its respective
orientation (derivatives 5 and 6), and the insertion of sulfur-containing moieties at C-
14 (derivatives 1–4). In the latter, the aliphatic and aromatic thiol substituent can also
be compared.

The thio-Michael addition provided four novel sphaerococcenol A derivatives (1–4).
Using 4-methoxybenzenethiol and benzylthiol as nucleophiles, only one epimer was ob-
tained (1 and 4), while using propanethiol, two epimers were provided (2 and 3), resulting
from the attack on both faces of the enone.

Sphaerococcenol A has a complex structure with distinct functional groups, such
as alcohols, enones, olefins, and alkyl halides, which can undergo different chemical
transformations. Thiols, in addition to engaging in the thio-Michael addition to enones,
can also attack alkyl halides in a SN2 fashion. Since sphaerococcenol A has an enone and
an alkyl bromide function, the bromine substitution product could be expected. We proved
the single formation of the thio-Michael product by subjecting the sphaerococcenol A to a
large excess of thiol (20.0 equiv) and just observing the correspondent thio-Michael product.
Additionally, when 1-bromo-2,2-dimethylpropane (a neopentyl bromide) was submitted
to the standard reaction’s conditions (2.0 equiv of thiol), it did not react. Concerning the
enone reduction using sodium borohydride, two alcohol epimers (5 and 6) were originated
in the same ratio derived from the 1,2- and 1,4-reduction.
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The configuration of the newly formed stereocenters, C-14 for compounds 1–4 and
C-12 for compounds 5 and 6, was inferred by chemical shift values, an analysis of the
coupling constants, and by a comparison with similar compounds isolated from the red
alga Sphaerococcus coronopifolius [25] (Table S1). Compounds 1, 2, and 4 present high
coupling constants of H-14 with the vicinal protons H-13α and H-13β. This is compatible
with H-14 being in an axial configuration. On the opposite side, compound 3 presents a
low coupling constant between H-14 and H-13β, indicative of an equatorial–equatorial
configuration. This supported the equatorial configuration of H-14. Compounds 5 and 6

are epimers, and by comparing the coupling constants of H-12 with H-13, it is noticeable
that 5 has a higher coupling constant than 6, and this is consistent with H-12 being on an
axial configuration on 5. These findings are also supported by a comparison to similar
compounds isolated from Sphaerococcus coronopifolius that have the same stereochemistry
(Table S1).

Concerning the cytotoxic activities, the synthesized compounds displayed moderate
effects ranging from 14.31 to 70.11 μM, never exceeding the IC50 values exhibited by the
treatment with sphaerococcenol A. The only exceptions were observed with compounds 2

and 4, which displayed significant differences when compared with the original compound.
The extra methylene group in compound 4 seems to not be essential for sphaerococcenol
A cytotoxicity, since compound 1 maintained similar activity to sphaerococcenol A and
compound 4 lost the activity. Developing drugs with high selectivity for cancer cells
is essential for creating more effective treatments for cancer patients. Achieving this
selectivity not only enhances therapeutic efficacy but also minimizes damage to healthy
tissues, thereby reducing side effects and improving patient outcomes. In this study, the
original compound exhibited the highest selectivity index in DU-145 and MCF-7 cells, with
only compound 5 surpassing it in the A549 cell line. The chemical modifications introduced
did not appear to enhance the selectivity index. However, evaluating these compounds in
additional cellular models could provide a more comprehensive understanding of their
cytotoxic potential.

The effects of compounds on cell viability have been estimated through different
assays, which have distinct cellular targets [26]. The MTT assay is widely used to estimate
cellular metabolism through its reduction by mitochondrial dehydrogenases. On the other
hand, the LDH assay allows us to understand if the cell membrane integrity was lost by
measuring the levels of lactate dehydrogenase that leak from the cytoplasm into the culture
medium [27]. In turn, calcein-AM is a lipid-soluble diester fluorogenic esterase substrate
that can be converted by intracellular esterases in a hydrophilic, strongly fluorescent com-
pound that is retained in the cytoplasm staining the viable cells [28]. Here, analogue 1 was
able to induce a significant reduction in the cell metabolism at concentrations higher than
3 μM, while the significant effects estimated by the calcein-AM and LHD assays were only
significant at the maximum concentration of 100 μM. These data suggest that compound 1

can target the cell metabolism instead to induce a disruption of the cell membrane.
The abnormal levels of ROS are often associated with changes in cellular metabolic

activities and the occurrence of oxidative stress conditions, which affects both the develop-
ment and maintenance of cancer [29]. The stimulation of ROS generation until achieving
unsustainable cellular levels has been explored as a therapeutic strategy in cancer, leading
to the activation of antitumorigenic signaling pathways and inducing cell senescence and
cell death by apoptosis [30]. Usually, malignant cells display higher ROS levels due to their
elevated metabolic rate becoming more vulnerable to further ROS damage than normal
cells, which can regulate these levels through the antioxidant defense system [31–33]. Previ-
ous studies carried out with sphaerococcenol A in MCF-7 cells suggested that the decrease
in cell viability was accompanied by the production of hydrogen peroxide, changes in
mitochondrial membrane potential, the stimulation of Caspase-9 activity, and nuclear
morphology alterations [15]. Although compound 1 did not potentiate the cytotoxic effects
of the original compound in A549 cells, it seems that it induces cell viability reduction by
similar mechanisms of the original compound. It was also able to increase the production of
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ROS, decrease the mitochondrial membrane potential, stimulate the Caspase-3 activity, and
induce DNA fragmentation and condensation. However, to establish a potential relation
between the increase in ROS levels mediated by compound 1 and the activation of apopto-
sis, it will be essential to treat the cells with compound 1 in the presence of an antioxidant
molecule such as N-acetylcysteine (NAC) to understand if the activation of apoptosis is
directly activated by the ROS production or by other mechanisms. Furthermore, although
the new derivatives do not enhance the cytotoxic effects of sphaerococcenol A, other factors
such as solubility, stability, and additional biological activities, such as anti-inflammatory,
immunomodulatory, and anti-angiogenic properties, should be explored in future studies
to assess their potential contributions to cancer treatment.

4. Materials and Methods

4.1. Hemi-Synthesis of Analogues
4.1.1. Reagents

Reagents and solvents were purchased from commercial sources. All solvents were
distilled before use. Methanol was distilled with calcium hydride under nitrogen and
stored with 3 Å molecular sieves under inert gas. NMR spectra were recorded in a Bruker
Fourier 300 (Bruker, Billerica, MA, USA) or a Bruker 400 (Bruker, Billerica, MA, USA) using
CDCl3 as a deuterated solvent. All coupling constants are expressed in Hz and chemical
shifts (δ) in ppm. Multiplicities are given as s (singlet), d (doublet), dd (double doublet), dt
(double triplet), t (triplet), td (triple triplet), tt (triple triplet), q (quartet), quint (quintuplet),
and m (multiplet). High-Resolution Mass spectra were recorded in a Thermo Scientific Q
Exactive hybrid quadrupole-Orbitrap mass spectrometer (Thermo Scientific Q Exactive
Plus, Waltham, MA, USA). Reaction mixtures were analyzed by thin-layer chromatography
using Merck silica gel 60F254 aluminum plates and visualized by UV light or stained
with phosphomolybdic acid stain. Column chromatography was performed with silica
gel Geduran® Si 60 (0.040–0.063 mm) purchased from Merck. Compounds 2 and 3 were
purified using the HPLC equipment Thermo Scientific™ UltiMate™ 3000 UHPLC coupled
with a semi-preparative column (Surf C18 100A 10 μM 250 × 10).

4.1.2. Extraction and Isolation of Sphaerococcenol A

Sphaerococcus coronopifolius specimens were collected from Berlenga Nature Reserve
(39◦24′47.9′′ N 9◦30′28.2′′ W), Peniche, Portugal, with previous authorization of the In-
stituto da Conservação da Natureza e das Florestas (ICNF). Freeze-dried and powered
biomass (60 g) was sequentially extracted with 1.2 L of a solution of 1:1 dichloromethane–
methanol (72 h) and then with 1.2 L of methanol (48 h). The resulting extracts (1.43 g)
were purified by silica gel chromatography (eluent: n-hexane/ethyl acetate (9:1)), yielding
pure sphaerococcenol A (190 mg, 13% wt). The spectral data are in accordance with the
literature [34]. 1H NMR (300 MHz, CDCl3) δ 6.81 (d, J = 9.9 Hz, 1H), 6.05 (dd, J = 10.0,
4.1 Hz, 2H), 5.76–5.69 (m, 1H), 3.88 (d, J = 10.7 Hz, 1H), 3.70 (dd, J = 10.7, 2.0 Hz, 1H), 2.99
(s, 1H), 2.88 (ddt, J = 12.2, 4.8, 2.4 Hz, 1H), 2.22–2.09 (m, 1H), 2.02–1.87 (m, 3H), 1.85–1.42
(m, 6H), 1.32 (s, 3H), 1.07 (s, 3H), 0.93 (dd, J = 14.3, 6.8 Hz, 6H). 13C NMR (75 MHz, CDCl3)
δ 204.1, 162.9, 128.4, 127.0, 124.6, 75.5, 45.7, 42.2, 40.4, 40.0, 37.0, 35.6, 33.2, 31.5, 26.1, 26.0,
24.7, 22.5, 21.5, 19.6.

4.1.3. General Procedure for Thio-Michael Addition to Sphaerococcenol A (GP1)

In a Schlenk equipped with a stir bar, flame-dried and purged under an argon
atmosphere, a solution of sphaerococcenol A (10.0 mg, 0.026 mmol) was prepared in
distilled methanol (0.9 mL) with the respective thiol (2.0 equiv, 0.052 mmol) and potas-
sium tert-butoxide (1.5 equiv, 0.039 mmol). The mixture was stirred at room tempera-
ture (25 ◦C). After consumption of sphaerococcenol A, a saturated solution of sodium
bicarbonate (3 mL) was added to the mixture, and an extraction was performed using
dichloromethane (4 × 3 mL). The organic phase was dried with anhydrous magnesium sul-
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phate, filtered, and concentrated under reduced pressure. The crude product was purified
by a chromatographic technique.

(4S,4aS,4bS,8S,8aS,10aS)-8a-(Bromomethyl)-4-hydroxy-8-isopropyl-4,10a-dimethyl-1-
(phenylthio)-1,4,4a,4b,7,8,8a,9,10,10a-decahydrophenanthren-3(2H)-one (1)

The above was prepared according to general procedure GP1 from sphaerococcenol
A (21.0 mg, 0.055 mmol), methanol (1.8 mL), 4-methoxybenzenethiol (13.6 μL, 2.0 equiv,
0.110 mmol), and potassium tert-butoxide (9.2 mg, 1.5 equiv, 0.082 mmol). The reaction was
stirred for 40 min. The crude product was purified by silica gel chromatography (eluent:
n-hexane/ethyl acetate (9:1)) to afford the product as a beige, amorphous solid (15.0 mg,
56%). 1H NMR (400 MHz, CDCl3) δ 7.39 (d, J = 8.7 Hz, 2H), 6.87 (d, J = 8.8 Hz, 1H), 5.99 (d,
J = 10.4 Hz, 1H), 5.78–5.70 (m, 1H), 4.01 (d, J = 10.8 Hz, 1H), 3.81 (s, 3H), 3.78 (dd, J = 11.0,
1.8 Hz, 1H), 3.47 (s, 1H), 3.25 (dd, J = 7.3, 3.2 Hz, 1H), 2.93–2.91 (m, 2H), 2.80–2.72 (m, 1H),
2.50–2.41 (m, 2H), 2.19–2.14 (m, 1H), 2.03 (s, 1H), 2.00–1.92 (m, 1H), 1.77 (d, J = 6.0 Hz, 1H),
1.68 (s, 1H), 1.56 (dt, J = 13.9, 3.7 Hz, 1H), 1.44 (s, 3H), 1.15–1.08 (m, 1H), 0.95 (d, J = 6.0 Hz,
6H), 0.89 (d, J = 6.8 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 216.9, 159.9, 135.4, 128.7, 128.0,
125.3, 115.1, 76.5, 57.8, 55.5, 45.1, 42.0, 41.3, 40.3, 40.2, 40.0, 35.8, 31.9, 31.3, 26.0, 25.9, 25.3,
22.7, 19.9, 19.4. HRMS (ESI+): exact mass calculated for [M + H]+ (C27H37BrO3S) requires
m/z 521.1720, found m/z 521.1718.

(4S,4aS,4bS,8S,8aS,10aS)-8a-(Bromomethyl)-4-hydroxy-8-isopropyl-4,10a-dimethyl-1-
(propylthio)-1,4,4a,4b,7,8,8a,9,10,10a-decahydrophenanthren-3(2H)-one (2 and 3)

The above was prepared according to general procedure GP1 from sphaerococcenol A
(20.7 mg, 0.054 mmol), methanol (1.4 mL), propanethiol (9.8 μL, 2.0 equiv, 0.108 mmol), and
potassium tert-butoxide (9.1 mg, 1.5 equiv, 0.081 mmol). The reaction was stirred for 4 h.
The crude product was purified by silica gel preparative thin-layer chromatography (eluent:
100% toluene). The mixture of the epimers was isolated as a translucid oil (11.3 mg, 46%,
diastereomeric ratio 1.0:1.55) and was submitted to reverse-phase semi-preparative HPLC
(water–acetonitrile 50–95%) obtaining 2.3 mg of compound 2 and 3.7 mg of compound 3.

Compound 2: 1H NMR (400 MHz, CDCl3) δ 5.98 (d, 1H), 5.75–5.70 (m, 1H), 3.83 (d,
J = 10.7 Hz, 1H), 3.74 (dd, J = 10.7, 1.8 Hz, 1H), 3.28 (dd, J = 18.1, 10.4 Hz, 1H), 3.02 (dd,
J = 10.4, 7.3 Hz, 1H), 2.83–2.69 (m, 2H), 2.56 (t, J = 7.3 Hz, 2H), 2.20–2.08 (m, 1H), 2.03 (d,
J = 9.2 Hz, 1H), 1.98–1.91 (m, 2H), 1.86 (d, J = 12.2 Hz, 1H), 1.79–1.73 (m, 1H), 1.72–1.64 (m,
1H), 1.63 (dd, J = 7.3, 2.2 Hz, 1H), 1.58 (s, 10H), 1.53 (t, J = 3.4 Hz, 1H), 1.31 (s, 4H), 1.01 (t,
J = 7.3 Hz, 3H), 0.95 (d, J = 6.8 Hz, 3H), 0.91–0.83 (m, 7H), 0.81 (s, 3H). 13C NMR (101 MHz,
CDCl3) δ 215.7, 128.7, 128.2, 76.0, 53.3, 51.6, 42.3, 42.0, 40.3, 40.1, 40.0, 36.0, 34.8, 33.9, 31.7,
25.9, 25.8, 25.0, 23.2, 22.7, 19.3, 13.7, 13.2. HRMS (ESI+): exact mass calculated for [M + H]+

(C23H37BrO2S) requires m/z 457.1770, found m/z 457.1772.
Compound 3: 1H NMR (400 MHz, CDCl3) δ 5.95 (d, J = 10.5 Hz, 1H), 5.74–5.69 (m, 1H),

3.97 (d, J = 10.7 Hz, 1H), 3.73 (dd, J = 10.7, 1.9 Hz, 1H), 3.16 (dd, J = 19.2, 9.0 Hz, 1H), 2.91
(dd, J = 19.2, 1.8 Hz, 1H), 2.79 (dd, J = 9.0, 1.9 Hz, 1H), 2.76–2.68 (m, 1H), 2.60 (t, J = 7.3 Hz,
2H), 2.41–2.33 (m, 2H), 2.18–2.10 (m, 1H), 2.03 (d, J = 14.6 Hz, 1H), 1.95 (qd, J = 6.9, 2.3 Hz,
1H), 1.76 (d, J = 6.0 Hz, 2H), 1.70–1.52 (m, 3H), 1.38 (s, 3H), 1.08 (d, J = 4.4 Hz, 1H), 1.02
(t, J = 7.3 Hz, 3H), 0.95 (d, J = 6.9 Hz, 3H), 0.93 (s, 3H), 0.89 (d, J = 6.8 Hz, 3H). 13C NMR
(101 MHz, CDCl3) δ 217.1, 128.8, 128.0, 76.5, 53.3, 45.0, 42.8, 42.0, 40.5, 40.2, 39.8, 36.0, 35.8,
31.8, 31.4, 26.0, 25.9, 25.3, 23.2, 22.7, 19.8, 19.4, 13.7. HRMS (ESI+): exact mass calculated for
[M + H]+ (C23H37BrO2S) requires m/z 457.1770, found m/z 457.1772.

(4S,4aS,4bS,8S,8aS,10aS)-1-(Benzylthio)-8a-(bromomethyl)-4-hydroxy-8-isopropyl-4,10a-
dimethyl-1,4,4a,4b,7,8,8a,9,10,10a-decahydrophenanthren-3(2H)-one (4)

The above was prepared according to general procedure GP1 from sphaerococcenol
A (21.0 mg, 0.055 mmol), methanol (1.4 mL), benzylthiol (12.9 μL, 2.0 equiv, 0.110 mmol),
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and potassium tert-butoxide (9.2 mg, 1.5 equiv, 0.082 mmol). The reaction was stirred for
22 h. The crude product was purified by two consecutive silica gel preparative thin-layer
chromatography runs (eluent: n-hexane–ethyl acetate (9.5:0.5)) to afford the product as
a translucid oil (11.0 mg, 41%). 1H NMR (300 MHz, CDCl3) δ 7.37–7.27 (m, 5H), 5.95
(d, J = 10.4 Hz, 1H), 5.71 (ddt, J = 10.4, 5.3, 2.9 Hz, 1H), 3.79 (d, J = 3.2 Hz, 2H), 3.70 (d,
J = 1.5 Hz, 2H), 3.49 (s, 1H), 3.09 (dd, J = 17.7, 10.2 Hz, 1H), 2.87 (dd, J = 10.2, 6.8 Hz, 1H),
2.81–2.63 (m, 1H), 2.20–2.05 (m, 1H), 2.04–1.89 (m, 1H), 1.80–1.72 (m, 2H), 1.67 (dd, J = 13.9,
4.0 Hz, 1H), 1.49 (t, J = 3.6 Hz, 1H), 1.26 (s, 3H), 1.24 (s, 3H), 0.94 (d, J = 6.8 Hz, 3H), 0.88 (d,
J = 6.8 Hz, 3H), 0.81 (s, 3H). 13C NMR (101 MHz, CDCl3) δ 215.5, 137.8, 129.0, 128.8, 128.6,
128.2, 127.6, 76.0, 52.2, 51.5, 42.0, 41.9, 40.3, 40.0, 39.9, 36.9, 35.9, 33.8, 31.6, 29.8, 25.9, 25.8,
25.0, 22.7, 19.3, 13.5. HRMS (ESI+): exact mass calculated for [M − H2O]+ (C27H37BrO2S)
requires m/z 487.1665, found m/z 487.1668.

4.1.4. Reduction of Sphaerococcenol A

In a round-bottom flask equipped with a stir bar, flame-dried and purged under an
argon atmosphere, a solution of sphaerococcenol A (16.0 mg, 0.041 mmol) was prepared in
distilled methanol (1.4 mL). Then, sodium borohydride (2 equiv, 0.082 mmol) was added
and the mixture was left reacting for 40 min. A saturated solution of ammonium chloride
(6 mL) was added to the mixture and extracted with dichloromethane (4 × 4 mL). The
organic phases were combined and dried with anhydrous magnesium sulphate, filtered,
and concentrated under reduced pressure. The crude product was purified by silica gel
column chromatography (eluent: n-hexane–ethyl acetate (7.5:2.5). The two epimers were
isolated as pale oils (6.0 mg of each epimer, 76% overall yield).

Compound 5: 1H NMR (400 MHz, CDCl3) δ 6.04 (d, J = 10.6 Hz, 1H), 5.69–5.63 (m, 1H),
3.99 (d, J = 10.5 Hz, 1H), 3.65 (dd, J = 10.5, 2.3 Hz, 1H), 3.30 (d, J = 11.4 Hz, 1H), 2.94–2.89 (m,
1H), 2.20–2.09 (m, 1H), 2.07 (s, 1H), 2.02–1.88 (m, 2H), 1.88–1.81 (m, 2H), 1.78–1.72 (m, 2H),
1.61 (qt, J = 5.6, 2.7 Hz, 3H), 1.47 (dd, J = 4.4, 2.5 Hz, 1H), 1.43 (s, 4H), 1.40 (t, J = 3.5 Hz, 1H),
1.32 (d, J = 3.5 Hz, 1H), 1.29 (d, J = 5.5 Hz, 1H), 1.23 (q, J = 2.3 Hz, 1H), 1.19 (q, J = 2.2 Hz,
1H), 1.13 (s, 3H), 0.96 (d, J = 6.8 Hz, 3H), 0.91 (d, J = 6.9 Hz, 3H). 13C NMR (101 MHz,
CDCl3) δ 129.6, 126.0, 78.3, 73.8, 49.0, 42.8, 41.2, 41.0, 40.1, 38.0, 37.1, 36.3, 31.0, 26.4, 26.0,
25.0, 22.1, 20.1, 19.3. HRMS (ESI+): exact mass calculated for [M − H2O]+ (C20H33BrO2)
requires m/z 367.1631, found m/z 367.1632.

Compound 6: 1H NMR (300 MHz, CDCl3) δ 6.02 (d, J = 10.4 Hz, 1H), 5.72–5.65 (m,
1H), 3.99 (d, J = 10.6 Hz, 1H), 3.66 (dd, J = 10.6, 2.1 Hz, 1H), 3.61 (dd, J = 5.6, 3.0 Hz, 1H),
2.90–2.83 (m, 1H), 2.21–1.87 (m, 5H), 1.80 (ddd, J = 14.5, 5.1, 2.1 Hz, 1H), 1.74–1.70 (m, 1H),
1.65–1.57 (m, 1H), 1.56–1.46 (m, 1H), 1.43 (s, 3H), 1.37–1.18 (m, 4H), 1.16 (s, 3H), 0.96 (d,
J = 6.8 Hz, 3H), 0.91 (d, J = 6.9 Hz, 3H). 13C NMR (75 MHz, CDCl3) δ 129.3, 127.3, 78.1, 77.4,
75.3, 45.6, 42.8, 41.4, 41.1, 38.9, 36.2, 36.1, 35.8, 30.7, 26.2, 26.1, 25.4, 25.0, 22.2, 21.0, 19.8.
HRMS (ESI+): exact mass calculated for [M − H2O]+ (C20H33BrO2) requires m/z 367.1631,
found m/z 367.1631.

4.1.5. Studies on Thiol Attack: Thiol-Michael Addition versus SN2
Sphaerococcenol A with Nucleophile in Excess (20.0 equiv)

The above was prepared according to general procedure GP1 from sphaerococcenol
A (50.0 mg, 0.131 mmol), methanol (5 mL), 4-methoxybenzenethiol (32.5 μL, 20.0 equiv,
0.262 mol), and potassium tert-butoxide (15.0 equiv, 0.197 mol). The reaction was stirred for
3 h. The crude product was purified by silica gel chromatography (eluent: n-hexane–ethyl
acetate (9:1)) to afford the product as a beige, amorphous solid (37.5 mg, 55%).

1-Bromo-2,2-d’imethylpropane as Surrogate Molecule

The above was prepared according to general procedure GP1 from a solution of 1-
bromo-2,2-dimethylpropane (17 μL, 0.132 mmol), methanol (4 mL), 4-methoxybenzenethiol
(32.7 μL, 2.0 equiv, 0.265 mmol), and potassium tert-butoxide (22.3 mg, 1.5 equiv, 0.198 mmol).
The reaction was stirred for 24 h. No reaction occurred.
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4.2. Cell Culture Conditions

Three malignant cell lines (between passages 10 and 25) obtained from the DMSZ-
German Collection of Microorganisms and Cell Cultures GmbH biobank were used: A549
(lung carcinoma), DU-145 (prostate carcinoma), and MCF-7 (breast adenocarcinoma). MCF-
7 (ACC-115) and DU-145 (ACC-261) cells were maintained in RPMI 1640 medium (Merck,
Darmstadt, Germany) supplemented with 10% FBS (fetal bovine serum, Biowest, Riverside,
MO, USA) and 1% antimycotic and antibiotic solution (Biowest, Nuaillé, France). A549
(ACC-107) cells were maintained in DMEM:F12 medium (Merck, Darmstadt, Germany)
and also supplemented with 10% FBS (Biowest, Riverside, MO, USA) and a 1% solution of
antimycotic and antibiotic (Biowest, Nuaillé, France). FL83B hepatocytes (FL83B; ATCC:
CLR-2390) were used as the non-malignant cell line. The cells were cultured in F-12K
medium supplemented with FBS 10% (Biowest, Riverside, MO, USA) and 1% solution of
antimycotic and antibiotic (Biowest, Nuaillé, France).

Upon reaching a confluency of about 80%, subculturing was initiated. The cells were
lifted from the plate with a 1% trypsin solution (Sigma-Aldrich, St. Louis, MO, USA),
and the neutralization was accomplished by adding culture medium. The cells were then
subjected to centrifugation at 290× g for 5 min at room temperature. The supernatant was
removed and cells were resuspended in fresh medium with a 1:8 split. Subsequently, they
were planted in 25 cm2 T-flasks and placed in the incubator at a temperature of 37 ◦C and
5% CO2.

4.2.1. Cytotoxicity of Compounds

The effects of sphaerococcenol A and its analogues (1–6) on the viability of malig-
nant cell lines were studied through three distinct assays, 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT), lactate dehydrogenase (LDH) activity, and calcein-
AM, targeting different cellular biomarkers. Untreated cells with DMSO (<0.2%) were
used as control, and saponin (0.4 mg/mL) (Sigma, Darmstadt, Germany) was used as the
positive control for cell death.

4.2.2. 3-(4,5-Dimethylthiazol-2-yl)-2,5-diphenyltetrazolium Bromide (MTT)

The cells were incubated with compounds at different concentrations (1–100 μM) for
24 h. After the 24 h was over, cells were washed with PBS buffer (pH = 7.4) and incubated
for 60 min with the MTT solution (1.2 mM) previously prepared in a fresh medium. The
MTT solution was then removed, and 100 μL of dimethyl sulfoxide (DMSO) was added to
dissolve the formazan crystals. The results were expressed as the half-maximal inhibitory
concentration (IC50) after reading the absorbance at 570 nm using a microplate reader
(Synergy H1, BioTek Instruments, USA). The selectivity index (SI) was calculated as the
ratio of the IC50 value for a normal cell line to the IC50 value for the corresponding tumor
cell line (SI = IC50 of non-malignant cell line/IC50 of malignant cell line), where an SI ≥ 2 of
a compound represents a selective toxicity towards malignant cells, while an SI value < 2
is considered generally toxic [35].

4.2.3. Lactate Dehydrogenase (LDH) Activity

The cytotoxicity was measured by the LDH cytotoxicity assay kit (Pierce™ LDH
Cytotoxicity Assay Kit; ThermoScientifc, Rockford, IL, USA) according to the manufac-
turer’s instructions. Cell death was quantified and expressed as the percentage of control
untreated cells.

4.2.4. Calcein-AM Assay

The cell viability was evaluated through the activity of esterases that interact with the
calcein-AM probe by transforming it into calcein, a molecule that emits fluorescence and is
trapped in the cytoplasm of living cells. After exposure to compounds (1–100 μM; 24 h),
the cells were washed with PBS buffer and loaded with 2 μM of a calcein-AM (Invitrogen,
Carlsbad, CA, USA) solution, which was previously dissolved in a PBS buffer and incubated
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for 30 min at room temperature protected from the light. The fluorescence emitted was
measured using a microplate reader (Synergy H1, BioTek Instruments, Winooski, VT,
USA) at wavelengths of 485 nm (excitation) and 530 nm (emission). The cell viability was
expressed in percentage of control untreated cells.

4.3. Levels of Reactive Oxygen Species

This assay is based on the degree of fluorescence that is generated by the reaction
of carboxy-H2DCFDA, which is a non-fluorescent probe that when in contact with reac-
tive oxygen species (ROS) becomes oxidized, emitting fluorescence. Cells were seeded in
96-well plates and further incubated with compounds (10, 30, and 100 μM) for 3 and 6
h. After that, cells were washed with PBS and incubated with 100 μL of 20 μM carboxy-
H2DCFDA solution (Invitrogen, C400) for 60 min. The fluorescence was read at wave-
lengths of 527 nm (emission) and 495 nm (excitation) using a microplate reader (Synergy
H1, BioTek Instruments, Winooski, VT, USA). The results were expressed in the percentage
of control untreated cells.

4.4. Mitochondrial Membrane Potential

To evaluate changes in the mitochondrial membrane potential, assays were carried
out with a JC-1 fluorescent probe (Molecular Probes, Eugene, OR, USA), which evaluates
the membrane potential through a ratio between the number of monomers and existing
aggregates. Cells were incubated with compounds (10, 30, and 100 μM) for 3 and 6 h.
The measurement of JC-1 aggregates (λ excitation: 490 nm; λ emission: 590 nm) and
monomers (λ excitation: 490 nm; λ emission: 530 nm) was performed using a microplate
reader (Synergy H1, BioTek Instruments, Winooski, VT, USA). The results were expressed
in percentage of control untreated cells.

4.5. Biomarkers Related to Apoptosis
4.5.1. Caspase-3 Activity

The activity of Caspase-3 was determined using a commercial kit (Sigma, Casp3f,
St. Louis, MO, USA) according to the manufacturer’s instructions. To carry out this assay,
cells were seeded in 6-well plates and subsequently incubated with compounds (10, 30, and
100 μM) for 6 and 12 h. Cells were then washed with PBS, transferred to a microtube, and
centrifuged at 3200× g for 5 min at 4 ◦C. The resulting pellet was resuspended in 50 μL of
lyse buffer and then kept on ice for 20 min. After that, cells were centrifugated at 15,300× g
for 20 min at 4 ◦C. The supernatant was used to quantify Caspase-3 activity and the pellet
for protein quantification. The fluorescence read was performed in a microplate reader
(Synergy H1, BioTek Instruments, Winooski, VT, USA) during 60 min at wavelengths of
360 nm (excitation) and 460 nm (emission). The results were expressed in percentage of
control untreated cells (Δfluorescence (u.a)/mg of protein/min).

4.5.2. DAPI Staining

The purpose of employing the 4′,6-Diamidino-2-Phenylindole, Dihydrochloride (DAPI)
method is to investigate alterations occurring at the DNA level. DAPI serves as a fluores-
cent stain, exhibiting an affinity for binding to regions abundant in A and T content, which
enables the visualization of genetic material condensation or fragmentation occurrences.
For this assay, 6-well plates were seeded and subsequently exposed to compounds (10,
30, and 100 μM) for 12 and 24 h. After this, cells were stained with DAPI, as previously
described by Silva et al. [36]. A representative image of each treatment condition was taken
with a camera (AxioCam MRC-ZEISS, Jena, Germany) coupled to a fluorescence inverted
microscope (ZEISS Axio, VERT. A1, Jena, Germany).

4.6. Data and Statistical Analysis

The data were obtained from at least three independent experiments (n = 3) carried
out in triplicate and presented as mean ± standard error of the mean (SEM). The data were
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checked for normality and homoscedasticity. Data that did not meet normal distribution
were analyzed by the Kruskal–Wallis non-parametric test. A one-way analysis of variance
(ANOVA) with Dunnett′s multiple comparison of group means was employed to determine
significant differences to the control treatment and/or a two-way ANOVA with Bonferroni’s
test. All other post hoc analyses were conducted using Tukey’s test. The differences were
considered significant at a level of 0.05 (p < 0.05). The inhibitory concentrations (IC50)
were determined by means of the equation y = 100/(1 + 10(x − logIC50)). All data were
analyzed using the software SPSS v28.0.0.0 (SPSS Inc., Chicago, IL, USA) and GraphPad
v8.0.2 (GraphPad Software, Inc., La Jolla, CA, USA).

5. Conclusions

In conclusion, the data here reported correspond to the first study regarding the
semi-synthesis of sphaerococcenol A analogues prepared through thiol-Michael additions
and enone reduction, resulting in six new derivatives. The chemical alterations did not
enhance the cytotoxic activity of the original compound, and the extra methylene group in
compound 4 seems to contribute to the loss of activity. The semi-synthetic compound 1,
synthesized using 4-methoxybenzenethiol, exhibited similar cytotoxic activity of sphae-
rococcenol A in A549 malignant cells, which was accompanied by an increase in ROS
generation and by the alterations of different biomarkers related to apoptosis cell death.
This study opens new research opportunities to fully explore the potential use of this
bromoditerpene as a scaffold for the synthesis of new molecules.
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Abstract: A library of naturally occurring and semi-synthetic discorhabdins was assessed for their
effects on Merkel cell carcinoma (MCC) cell viability. The set included five new natural products and
semi-synthetic compounds whose structures were elucidated with NMR, HRMS, and ECD techniques.
Several discorhabdins averaged sub-micromolar potency against the MCC cell lines tested and most
of the active compounds showed selectivity towards virus-positive MCC cell lines. An investigation
of structure–activity relationships resulted in an expanded understanding of the crucial structural
features of the discorhabdin scaffold. Mechanistic cell death assays suggested that discorhabdins,
unlike many other MCC-active small molecules, do not induce apoptosis, as shown by the lack of
caspase activation, annexin V staining, and response to caspase inhibition. Similarly, discorhabdin
treatment failed to increase MCC intracellular calcium and ROS levels. In contrast, the rapid loss
of cellular reducing potential and mitochondrial membrane potential suggested that discorhabdins
induce mitochondrial dysfunction leading to non-apoptotic cell death.

Keywords: Merkel cell carcinoma; discorhabdin; structure–activity relationship; mechanism of action

1. Introduction

Merkel cell carcinoma (MCC) is a rare, aggressive, and rapidly metastatic neuroen-
docrine skin cancer [1–4]. Although rare, the incidence of MCC is increasing [5] due to
the aging population, UV exposure [1–4], and immune suppression [6]. The majority of
MCC cases result from chromosomal integration of Merkel cell polyomavirus (MCPyV)
and expression of large T antigen and small T antigen [1]. These MCC virus-positive cases
(VP-MCC) have disruptions in a variety of cell signaling pathways [1]. The other 20% of
MCC cases have mutagenesis induced by UV light damage [1]. These virus-negative cases
(VN-MCC) have a higher mutational burden with frequent mutations in oncogenes and
tumor suppressor genes [1], and generally have poorer prognosis than VP-MCC patients [7].
The primary treatment of MCC is surgery and radiation for local disease and immune
checkpoint inhibitors for metastasis [1–4,8]. Despite high response rates to immunotherapy,
fewer than half of patients have a durable response, and thus, novel effective treatments

Mar. Drugs 2023, 21, 474. https://doi.org/10.3390/md21090474 https://www.mdpi.com/journal/marinedrugs170



Mar. Drugs 2023, 21, 474

are needed [9]. Genomic and expression analysis of MCC tumors has suggested a variety
of potential therapeutic targets [10,11].

The ongoing opportunity for development of new MCC-active therapeutics has driven
a number of drug discovery efforts over the years, typically based on in vitro MCC cell
viability applied to chemical libraries or to small numbers of known compounds and
leading to the identification of a range of potential drugs and probes [12–21]. In particular,
a recent high-throughput screening campaign resulted in the identification of a substantial
number of synthetic and naturally occurring small molecules as differential modulators of
MCC cell viability compared to immortalized skin cells [22]. Among these were natural
products not previously demonstrated to be MCC-selective agents, including the terpenes
glaucarubin, englerin A, and thapsigargin; the lignan etoposide; naphtoquinone plumba-
gin, macrolide borrelidin; and the alkaloids discorhabdin D, petrosamine A, mitomycin C,
and pluripotin. Discorhabdin D, a natural product isolated from marine sponges [23,24],
was one of the most potent and selective of the active compounds identified in the screen.
The discorhabdins are a group of marine alkaloids containing a core pyrido [2,3-h]pyrrolo
[4,3,2-de]quinoline tetracyclic skeleton bound to various spiro-substituents at the C-6 posi-
tion (Figure 1). The compounds have been associated with potent cytotoxic, antimicrobial,
antiviral, antimalarial, and immunomodulatory activities [23,25]; however, their general
toxicity towards mammalian cell lines and lack of selectivity have hampered their progress
towards drug development. Recently, several trends on the structure/activity of the dis-
corhabdins have been established—analogues containing the redox-active iminoquinone
moiety and the electrophilic spirodienone ring are cytotoxic in the sub micromolar ranges,
but these two reactive structural features were hypothesized to be involved in the gen-
eration of an oxygen radical and nucleophilic substitution, respectively, which is likely
responsible for the broad cytotoxic activity observed for the group [23,26,27]. Compounds
which possess an additional ring between C-2 and N-18 atoms and substitution at the C-1
position have neither of these reactive structural features and tend to be less cytotoxic to
mammalian and cancer cell lines [27].

Figure 1. Structures of the naturally occurring and semi-synthetic molecules used in this study.
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Investigation of cell death mechanisms of action for cytotoxic compounds is an in-
creasingly important activity in drug discovery and development [28], and cell death
mechanisms have been probed for a number of MCC-active compounds. In most cases,
induction of apoptosis in the MCC cells was observed [29–36]. Ferroptosis [37,38] and
autophagy/necroptosis/autophagic cell death [39] have also been reported as potential
mechanisms of action in targeted MCC cell death. On the other hand, relatively little
has been reported in the literature regarding molecular targets and mechanisms of ac-
tion of discorhabdins beyond general toxicity in a variety of cell types. There are a few
reports of effects of various discorhabdins on specific molecular targets, including acetyl-
cholinesterases [40], calcineurin [41], caspase-3 [41], heat shock proteins [42], and HIF1α-
P300 binding interaction [43] in tumor and angiogenesis models [44]. However, cell death
mechanisms have not been extensively investigated for cytotoxic activities of discorhabdins.

In the current study, a large library of discorhabdins was assessed for effects on MCC
cell viability. The discorhabdins were sourced from in-house pure compound libraries as
well as new natural products isolated and described herein. Investigation of structure–
activity relationships (SAR) resulted in the identification of crucial structural features
driving the activity and has allowed for an expanded understanding of discorhabdin SAR.
Analysis of cell death mechanisms induced in MCC cells by discorhabdins suggested
induction of non-apoptotic cell death involving mitochondrial dysfunction in all tested
MCC cells. Active discorhabdins induced cell death at higher potency in VP-MCC cell lines
compared to VN-MCC lines, but without apparent mechanistic differences.

2. Results

The library of twenty-four molecules shown in Figure 1 represents the majority of struc-
tural diversity reported for the monomeric discorhabdins. In addition to eighteen known
natural products (1–5, 7, 10–16, 19, 21, 22,) sourced from pure compound libraries and
three previously reported semi-synthetic derivatives (8, 17, and 24), the set was expanded
to include the structures of three new structures, namely, discorhabdin K methyl ester (6),
5-sulphonyl-7,8-discorhabdin E (9), and 7–8-dehydrodiscorhabdin C (20), as well as two
new alkylated semi-synthetic discorhabdins, namely, 14-methyl discorhabdin C (18) and
13-methyl discorhabdin E (23) (Figure 1). A summary of the physicochemical properties of
compounds 1–24 is presented in Supporting Information (Figure S2) and shows molecu-
lar weights ranging from 400 to 700 (with the exception of the dimer discorhabdin W at
Mw = 1055), clogP ranging from −4 to 3, polar surface area ranging from 60 to 180, hydro-
gen bond acceptors ranging from 3 to 9, and hydrogen bond donor ranging from 1 to 7, all
showing favorable physicochemical properties for drug-like small molecules. The twenty-
four structures can be classified into three distinct groups represented by discorhabdins B,
C, and D as prototypical compounds. The discorhabdin B series is characterized by the core
pentacyclic pyrridopyroloiminoquinone structures 1–10 containing a spiro ring at C-6 and
either a thioether bridge between C-5 and C-8 (1–7) or a thiol substitution at C-5 (8–10). The
discorhabdin D series (11–14) is characterized by an additional ring between N-18 and C-2
positions and various -O, -N, and -S atom substitutions at C-1. The discorhabdin C series
is characterized by pentacyclic pyrridopyroloiminoquinone structures 15–24 containing a
spiro ring at C-6, thioether or sulfur substitution at C-5, and bromine or alkyl substitutions
at C-2, C-4, N-13, and C-14.

2.1. Structure Elucidation

Compound 6 was assigned the molecular formula C26H25N6O4S2 as established by
the quasi-molecular ion at m/z 549.1374 (calculated for C26H25N6O4S2 549.1379) observed
in HRESIMS. 1H and 13C NMR data indicated high similarity with the known compound
discorhabdin K (5) [26]. Additionally, an extra methyl group (δH 3.61, δC 53.0) at the
carboxylic acid on the thiohistidine residue of the molecule was observed, supported by
lower chemical shifts of the carbonyl group at position C-8′ (δC 168.7) and the methine
group at position C-7′ (δC 50.9), as well as a higher chemical shift of proton H-7′ (δH 4.20).
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Key 1H–13C HMBC correlations from H-10′ (δH 3.61) to C-8′ (δC 168.7) (Figure 2) confirmed
the location of the methyl group. In order to annotate the stereochemical assignment of
compound 6, its experimental ECD spectrum was compared to that of a structurally related
discorhabdin with a previously defined configuration, namely (+)-(6S,8S,7′S*)-discorhabdin
K (5). The two structures showed high similarity of the ECD spectra (Figure S3) and
the same sign of optical rotary dispersion values at three different wavelengths, thereby
establishing that the two molecules have the same configuration and identifying compound
6 as (+)-(6S,8S,7′S*)-discorhabin K methyl ester. In an effort to determine if compound
6 was an isolation procedure artefact of the co-occurring metabolite discorhabdin K (5),
we heated 6 in methanol [0.1% TFA] as well as methanol-water (1:1) [0.1% TFA] at 40 ◦C
and monitored the stability of the compound over 72 h. These conditions represented an
extreme version of the steps involved in the isolation procedure where the fractions were
subjected to semi-preparative HPLC using acidified water and methanol and then dried
overnight in a centrifugal evaporator at 40 ◦C. The results showed a small but detectable
appearance of an ion at m/z 549.1374 corresponding to discorhabdin K methyl ester, and
the authors conclude that 6 may be an isolation procedure artefact of the natural product 5.

Figure 2. Crucial 2D NMR correlations used to establish the structures of 6, 9, and 20.

Compound 9 was assigned the molecular formula C18H13BrN3O5S as established
from the quasi-molecular ions at m/z 461.9751 (calculated for C18H13

79BrN3O5S, 461.9754)
and 463.9730 (calculated for C18H13

81BrN3O5S, 463.9734) observed in HRESIMS spectra.
1H and 13C NMR data indicated high similarity with the known semisynthetic compound
N-13-demethyldiscorhabdin U (8) [45], with one major difference at the substitution of C-5.
The existence of the sulfonyl group at C-5 was indicated by two IR characteristic bands at
1210 and 1137 cm−1 [46,47] and a loss of m/z 79.9567 (negative mode) in the high-resolution
product ion spectra (Figure S4). The sulphonyl group while relatively rare in nature, has
been reported in metabolites from both marine and terrestrial organisms, for example
in nakijiquinone R isolated from marine sponges of the family Spongiidae [48], in the
triterpene glycoside koreoside A isolated from the sea cucumber Cucumaria koraiensis [49],
and in diterpenoid alkaloids from Aconitum carmichaelii [50]. In order to complete the
stereochemical assignment of compound 9, the experimental ECD spectrum of the natural
product was compared to the calculated ECD spectrum of the 6S enantiomer of 9 using
TDDFT calculations. A good agreement between the measured and calculated ECD spectra
of 9 (Table S1, Figure 3) was supportive of the S configuration at C-6 to complete the
structure of (+)-(6S)-5-sulphonyl-7,8-dehydro-discorhabdin E. Additionally, here for the
first time, the absolute configuration of discorhabdin E (22) has been established to be 6S
by comparison of the experimental and calculated ECD spectra (Table S2, Figure S1).
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Figure 3. Calculated ECD spectrum (blue line) for compound 9 compared to the experimental
spectrum observed for compound 9 (red line).

Compound 20 was assigned the molecular formula C18H12Br2N3O2 as established from
the quasi-molecular ions at m/z 459.930 (calculated for C18H12

79Br2N3O2, 459.930), 461.9276
(calculated for C18H12

79Br81BrN3O2, 461.9271), and 463.9260 (calculated for C18H12
81Br2N3O2,

463.9250) observed in HRESIMS spectra. 1H and 13C NMR data had high similarity with the
known compound discorhabdin C (15) [51]. However, one difference could be observed, the
presence of an additional olefin at dihydropyridine ring between C-7 and C-8 which was
indicated by higher chemical shifts of position C-7 (δH 4.71, δC 109.8) and position C-8 (δH
6.53, δC 125.6) and were consistent with literature values [52–54]. 1H–1H COSY correlations of
the protons H-7/H-8/H-9 and 1H–13C HMBC correlations from H-7 (δH 4.71) to C-20 at δC
95.4 and H-8 (δH 6.53) to C-6, C-7, and C-10, (δC 47.1, 109.8 and 145.2) (Figure 2) confirmed
the placement of the double bond and completed the structure of compound 20 which was
assigned the trivial name 7,8-dehydro-discorhabdin C.

Additionally, two semisynthetic compounds were made: 14-methyldiscorhabdin C (18)
and (+)-(6S)-N-13-methyldiscorhabdin E (23). 14-Methyldiscorhabdin C (18) was prepared
with the addition of FeCl2 and H2O2 in a DMSO solution of discorhabdin C based on the
protocol described in Zhang et al., [55] which resulted in the addition of a methyl group at
C-14 of discorhabdin C. The position of the extra methyl group was indicated by specific
chemical shifts of the methyl group (δH 2.25, δC 11.1) and 1H–13C HMBC correlations from
H-22 (δH 2.25) to C-15 at δC 118.1 and C-14 at δC 139.3. (+)-(6S)-N-13-Methyldiscorhabdin E
(23) was prepared using a previously established semi-synthetic route [45] which included
the addition of CH3I and K2CO3 to an acetone solution of discorhabdin E and resulted
in the addition of a methyl group at position C-13 of discorhabdin E. The placement of
the extra methyl group was indicated by specific chemical shifts at δH 3.92, δC 36.5 and
1H–13C HMBC correlations from H-22 (δH 3.92) to C-12 at δC 124.8 and C-14 at δC 132.0 for
compound 23.

2.2. Assay Activity

The discorhabdins were assessed for activity against seven cell lines: three virus-
negative (VN-MCC) cell lines (MCC13, MCC26, and UISO), three virus-positive (VP-MCC)
cell lines (MKL-1, MKL-2, and Waga), and one non-cancerous skin cell line used as a control
(HaCaT). Dose–response curves, discorhabdin structures, and IC50 values for each cell
line/discorhabdin pair are shown in Figure S39. Activity of the discorhabdins against the
MCC cell lines ranged from low nano molar values to greater than 10 μM (highest concentra-
tion tested). Eight discorhabdins averaged sub-micromolar potency (IC50) across all MCC
cell lines tested. These were (in decreasing order of potency) discorhabdin A (1), discorhab-
din B (2), N-13-demethyldiscorhabdin U (8), discorhabdin P (17), 14-bromodiscorhabdin
discorhabdin C (19), discorhabdin L (12), discorhabdin E (22), and discorhabdin G*/I (4).
Discorhabdins A (1), B (2), and N-13-demethyl U (8) also had IC50 values at or below 1 μM
for control cells. Five compounds were essentially inactive (>5 μM average IC50) against all
the cell lines: discorhabdin K (5), didebromodiscorhabdin C (21), 7-8-dehydrodiscorhabdin
C (20), discorhabdin H (14), and 5-sulphonyl-7,8 dehydrodiscorhabdin E (9).

In order to compare and visualize differences in the activity of the compounds, all of
the dose–response curves used identical dilution series, and area under the curve (AUC)

174



Mar. Drugs 2023, 21, 474

was determined for each cell line/discorhabdin pair (Table S3). AUC is a parameter that
incorporates potency and efficacy and is useful for comparing activity across multiple
cell lines and drugs [56]. The data showed a very high linear correlation between IC50
and AUC (R2 = 0.98, Figure S40). Subsequent analyses generally utilized AUC, since
comparisons could also then include compounds with minimal effect on specific cell lines
at the concentrations tested. Figure 4 shows the effects of the discorhabdin alkaloids
on Merkel cell viability using AUC and sorted into discorhabdin structural classes. As
expected, the AUC data led to similar general conclusions as noted above from IC50
data. Figure S41 details selectivity among VN-MCC and VP-MCC cells compared to the
control. Interestingly, only 14-bromo discorhabdin C (19) and 14-methyl discorhabdin
C (18) showed substantially increased activity against VN-MCC compared to control
cells (>3-fold difference). In contrast, seven discorhabdins had >10-fold increased activity
against VP-MCC compared to the control—in order of decreasing relative activity: 14-
methyldiscorhabdin C (18), 14-bromodiscorhabdin C (19), discorhabdin B (2), discorhabdin
W (10), discorhabdin E (22), N-13-demethyldiscorhabdin U (8), and discorhabdin P (17).

Figure 4. (a–c) Effects of the discorhabdins on MCC cell viability. Cytotoxicity data are presented
from most active (lowest AUC) to least active (highest AUC) based on activity against control cells.
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VN-MCC and VP-MCC data are averages across each class of cell lines. (AUC, arbitrary units—
see Table S3). For VN-MCC and VP-MCC cells, error bars represent se (n = 3) or range. Data for
discorhabdin B-like structures 1–10 is shown in panel (a); data for discorhabdin D-like structures.
12–14 is shown in panel (b); and data for discorhabdin C-like structures 17–21 is shown in panel (c).
(d) Heat map of the discorhabdin cytotoxicity data organized by inhibitory effect by AUC where
darker regions indicate higher activity of each discorhabdin on VN-MCC (MCC13, MCC26, and
UISO), VP-MCC (MKL-1, WaGa), and HaCaT control cells. The heatmap was generated in R version
1.3.1073 (R Core Team (2013). R: A language and environment for statistical computing, Vienna,
Austria, http://www.R-project.org/ (accessed on 12 January 2023). Dendrograms indicate cell line
and compound similarities based on unsupervised hierarchical clustering. Darker shades indicate
higher activity.

Among the discorhabdin B-like structures 1–10 (Figure 4a), the most potent com-
pounds were discorhabdins A (1), N-13 demethyl U (8), and B (2), which all had the
α-bromo enone moiety, suggesting, as others have found [57], that increased cytotoxicity is
potentiated by electrophilic reactivity. However, the C-5 sulphonyl-substituted α-bromo
enone 9 was practically inactive, while the C-5 thiomethyl-substituted compound 8 was one
of the most active compounds tested, suggesting the size and polarity of the C-5 substituent
on the discorhabdin B-like scaffold is also crucial for the activity. Discorhabdin B (2) was
>10-fold more active than discorhabdin Q (3) against MCC cells. Discorhabdin Q (3) has
additional oxidation between C-16 and C-17 as compared to 2, suggesting that unsatu-
ration on ring B has a deleterious effect on cytotoxicity possibly because of the unstable
nature of this metabolite, which may degrade to complex mixtures [57]. Discorhabdin
G*/I (4) lacking the bromine substitution at C-2 showed a loss of activity compared to
compound 2 (compound 2 was 3-fold more active against MCC cells compared to 3), and
substitution at C-1 further decreased activity of the scaffold, in particular the addition of a
large thiohistidine group. Interestingly, the presence of the methoxy group in 6 drastically
improved the selectivity compared to the free acid group on the thiohistidine in compound
5. As the discorhabdins are known to occur in enantiomeric configurations, both forms
of discorhabdin B were tested. It was found that (+)-2 and (−)-2 had comparable activity
against MCC and control cell lines.

In the discorhabdin D-like series 11–14 (Figure 4b), the presence of an additional ring
between C-2 and N-18 positions generally reduced potency compared to the discorhabdin
B and C analogues. The size of the C-1 substituents had a drastic effect on the potency,
with the hydroxy substituted discorhabdin L (12) being most active while the glycine
and thiohistidine analogues showed a loss of activity. Among the discorhabdin C-like
structures 15–24 (Figure 4c), the crucial features that enhanced the activity of discorhabdin
C were N-13 methylation, as seen in compounds 17 and 23, and the presence of an α-bromo
enone moiety. The mono-brominated discorhabdin E (22) had comparable activity to the
14-bromodiscorhabdin C (15) as well as discorhabdin C (15), suggesting that a bromine
substitution at positions C-4 and C-14 is not essential for the activity. Additionally, changes
in the conjugation of the spirodienone ring E and addition of a C-7 and C-8 olefin had
detrimental effects for all cell lines tested, as shown by the results for discorhabdin C
phenol (24), 3-dihydrodiscorhabdin C (16), and 7,8 dehydrodiscorhabdin C (20).

2.3. Cell Death Mechanisms

Apoptotic cell death was first investigated in MCC cells in response to discorhabdins.
Three methods were utilized: activation of effector caspases 3 and/or 7, annexin V binding,
and effects of caspase inhibitors. The data in Figure 5a demonstrates lack of caspase-3/7
activation by discorhabdins B (2), C (15), and L (12) against UISO (representative VN-
MCC) and MKL-1 (representative of VP-MCC) cells. By comparison, bortezomib treatment
robustly activates caspase in these cells (Figure S42). As reported in the literature [39],
appreciable caspase activation in MCC cells by bortezomib took up to 24 h. Similarly, dis-
corhabdin treatment did not significantly increase binding of labeled annexin V (Figure 5b,
open symbols). Figures S42 and S43 include caspase activation and annexin V-binding/cell
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permeability results for other discorhabdins and additional MCC cell lines. Pretreatment
of cells with the pan-caspase inhibitor Z-VAD-FMK reduced bortezomib-induced, but not
discorhabdin-induced MCC cell death (Figure S44). By contrast, rapid increases in cell
permeability were observed for discorhabdin-treated MCC cells as measured by accessibil-
ity of a cell-impermeant fluorescent DNA-binding compound (closed symbols, Figure 5b).
The magnitude of the increase in the fluorescence (i.e., necrotic) signal roughly correlates
with the potency of individual discorhabdins against each cell line (Figure S43). Together,
these results suggest that discorhabdins induce necrotic rather than apoptotic cell death in
MCC cells.

Figure 5. Representative data for effects of pentacyclic (C), hexacyclic (B), and heptacyclic (L) dis-
corhabdins on UISO (VN) and MKL-1 (VP) MCC cells, bort: bortezomib. (a) Caspase activation.
Cells were treated for 8 or 24 h with indicated discorhabdins or bortezomib. Caspase-3/7 activity
was determined (Promega CaspaseGLO-3/7) and normalized to untreated (DMSO) control cells.
Error bars represent sd (n = 4). (b). Apoptosis/necrosis. Cells were treated for up to 24 h with the
indicated discorhabdins and assessed for Annexin binding and cell permeability using the Promega
RealTime-Glo™ Annexin V Apoptosis and Necrosis Assay kit. Luminescence indicates Annexin
binding, fluorescence indicates membrane permeability. Values were normalized to 0 time control.
Error bars represent sd (n = 4). p < 0.01 (vs. DMSO control) for all fluor points at ≥ 6 h, insignificant
for luminescence.
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2.4. Mitochondrial Dysfunction

Three aspects of mitochondrial function, mitochondrial membrane potential (MMP),
cell reducing potential, and cellular ATP content were investigated (Figure 6). MMP was
significantly reduced in UISO and MKL-1 cells after treatment with discorhabdins B (2), C
(15), and L (12). Cellular reducing potential also dropped significantly. Similarly, loss of
cellular ATP content was dramatic and rapid. The drop in cellular reducing potential was
faster and more dramatic than the increase in cell permeability (compare Figure S45 and
Figure 5b). The effects of discorhabdins on all three measures of mitochondrial function
generally correlated with discorhabdin potency (Figures S45 and S46). As with caspase,
the effects of discorhabdins on mitochondrial function were dramatically different to the
effects of the apoptotic drug bortezomib (Figures S45 and S46). Induction of mitochondrial
dysfunction is often caused by, accompanied by, or followed by generation of reactive
oxygen species (ROS) and/or increasing intracellular Ca2+. ROS generation and calcium
mobilization in MCC cells in response to discorhabdins were assessed using DCFDA and
Fluo-4, respectively. None of the discorhabdins tested induced ROS generation or Ca2+

mobilization in any of the five MCC cell lines tested although appropriate controls were
active in all five cell lines (see Figures S47 and S48, respectively).

Figure 6. Mitochondrial effects of discorhabdins.

Cells were treated with the indicated discorhabdins (10 μM) and assessed for mito-
chondrial membrane potential (MMP) using JC-10 ratiometric dye. JC-10 was added for the
last hour of incubation. Cellular reducing potential was assessed using a RealTimeGlo MT
Cell Viability kit, and cellular ATP levels using CellTiterGlo. All values were normalized to
DMSO control. Error bars (n = 3–4) represent sd. See Figures S45 and S46 for additional cell
line/discorhabdin combinations, concentrations, and time points for reducing potential
and MMP, respectively.

3. Discussion

The discorhabdin SAR confirmed many of the previously established trends for this
group of natural products [27,57,58]. Compounds containing an α-bromo enone moiety
were the most potent, while analogues with an additional bridge between C-2 and N-14
were less active. Large, bulky substituents such as thiohistidine on position C-1 in both
discorhabdin B-type or D-type structures had a detrimental effect on the activity. Changes
in the spiro-dienone ring E, such as reduction at C-3 or rearrangement to a phenol, had
detrimental effects on the activity. Here, we have expanded the discorhabdin SAR (Figure 7)
to show that, in MCC cells, methylation of the pyrrole ring A enhances the activity, as
does the presence of a thioether ring between C-5 and C-8 positions. Addition of an olefin
between C-7 and C-8 was found to have a detrimental effect on the activity of the group, as
does the addition of large polar substituents on C-5.

Several pairs of the discorhabdins used in this study may also give some insights into
features relevant to effects on cell viability and/or selectivity for MCC-VP cells. Discorhab-
din A (1) differs from the rest of the discorhabdin B series in that it lacks the C-4–C-5 olefin.
It was the most generally toxic compound tested and considerably less selective. Discorhab-
din P (17) was previously reported to be considerably less cytotoxic than discorhabdin C
(15) [45,58], whereas, in the present work, it was more potent than discorhabdin C in all
seven cell lines, albeit with very similar VP-MCC selectivity. With regard to bromination of
the spirodienone ring, discorhabdin G*/I (4) had similar potency, but lost selectivity by
comparison to discorhabdin B (2).
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Figure 7. Discorhabdin SAR summary: (a) discorhabdin B and L series, (b) discorhabdin C series.

There is very little in the literature regarding cell death mechanisms in response
to discorhabdins in susceptible cells. One of the more extensive mechanistic studies
involved analysis of discorhabdin A and semi-synthetic discorhabdin analogs. No effects
on kinases, HDACs, telomerase, or proteasome were found. NCI-60 cell analysis provided
no significant insights [59]. Discorhabdin P has been reported to inhibit caspase-3 [41].
Given this paucity of information related to discorhabdins cell death mechanisms were
investigated for discorhabdins and MCC cells.

A range of regulated cell death mechanisms have been described and extensively
reviewed in the literature [28,60]. Several of these have been implicated in drug-induced
MCC cell death. As noted, many drugs have been reported to induce apoptotic cell death
in MCC. Based on multiple assessments of apoptotic cell death (caspase 3/7 activation,
annexin V binding, caspase inhibitor effects, and cell permeability), it seems clear that
discorhabdin-induced loss of cell viability is not due to the induction of apoptosis. Com-
parisons to effects of bortezomib, known to induce apoptosis in MCC cells [39], further
corroborate this conclusion. Mitochondria are critical regulators of a number of cell death
modalities, including apoptosis [2,61]. It has also long been known that oxidative stress
and increased intracellular calcium can induce apoptotic cell death [3,62]. However, neither
ROS generation nor increased intracellular [Ca2+] were observed in discorhabdin-treated
MCC cells.

The characteristics of discorhabdin-induced MCC cell death are somewhat consistent
with caspase-independent necroptotic cell death [63]. However, pre-treatment of MCC
cells with necrostatin-1 did not block discorhabdin effects suggesting a non-necroptotic
mechanism [64]. Furthermore, necroptosis and ROS generation typically correlate [65], but
ROS was not detected in response to discorhabdins. Examples of necroptosis-inducing
drugs described in the literature include aurora kinase inhibitors [63]. Interestingly, aurora
kinase inhibition has recently been reported to affect MCC, albeit by induction of apoptosis
rather than necroptosis [32].

Ferroptosis is another caspase-independent cell death mechanism observed in drug-
treated MCC [37], but is also generally ROS-dependent [66]. Autophagy/autophagic
cell death has been observed in drug-treated MCC cells [38,39]. Pretreatment of cells
with autophagy inhibitors [67] MRT68921, bafilomycin, or chloroquine did not block
discorhabdin-induced MCC cell death. LC3-II, a common marker of autophagy, was not
detected by Western blot analysis of discorhabdin-treated cells. Similarly, pretreatment
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with the commonly used parthanatos inhibitor DPQ [68] did not block the effects of
discorhabdins on MCC cells.

Discorhabdin-induced cell death appeared to be equivalent for all of the discorhabdins
tested and for both VN-MCC and VP-MCC cell lines. No significant differential other
than potency was observed with regard to discorhabdin type, target cells, or cell death
mechanistic assays. These results suggest that the effects of discorhabdins on MCC cells
are due to the induction of mitochondrial dysfunction. However, the lack of differential
activities or mechanisms between classes of discorhabdins suggests that discorhabdin
electrophilic reactivity with mitochondrial or other cellular targets may not be the driving
factor in their effects on Merkel cell carcinoma cells. The difference in susceptibility between
VN-MCC and VP-MCC cells also appears to be subtle. On the other hand, the marked
increased activity of discorhabdins against VP-MCC cells may be important. Although
VP-MCC disease tends to have a better prognosis, MCPyV, in particular small T antigen,
has been reported to enhance metastatic potential [69].

Discorhabdins B, C, and L are highlighted as representative of the three main structural
classes of discorhabdins. Discorhabdin L has also been highlighted in this work in part
because it is one of the few (if not the only) discorhabdins that has been shown to have
minimal in vivo toxicity in animals, in this case in a prostate cancer xenograft model [44].
Further development of this discorhabdin for application in prostate cancer may allow for
parallel development for targeting MCC.

4. Materials and Methods

4.1. General Experimental Procedures

Optical rotations were measured on a Rudolph research analytical AUTOPOL IV
automatic polarimeter (Rudolph Research Analytical, Hackettstown, NJ, USA) using a
cell of 0.25 dm pathlength and MeOH as the solvent at 20 ◦C, ECD experiments were
recorded on a J-1500 CD spectrophotometer (JASCO Inc., Easton, MD, USA). IR spectra
were recorded with a Bruker ALPHA II FT-IR spectrometer (Bruker, Billerica, MA, USA),
and UV spectra were measured with an HP 8453 UV-VIS spectrophotometer (Agilent
Technologies, Palo Alto, CA, USA) and a Varian Cary 50 Bio spectrophotometer (Agilent,
Santa Clara, CA, USA). HPLC separations were performed on a Gilson HPLC system
(Middleton, WI, USA) equipped with a 322 pump, a 172-diode array detector, and a GX-281
liquid handler. Samples were dried on a Thermo Savant Explorer-220 speed vacuum system
and a SP Genevac vacuum system (SP, Warminster, PA, USA). NMR spectra were obtained
with either a 600 MHz Bruker Avance III NMR spectrometer (Bruker, Billerica, MA, USA)
equipped with a 3 mm cryogenic probe or a 600 MHz Bruker Avance III HD spectrometer
(Bruker, Billerica, MA, USA), equipped with a triple resonance 5 mm CPP TCI cryo-probe,
both operating at a frequency of 600.0 MHz for the 1H nucleus and 150.9 MHz for the
13C nucleus. Spectra were calibrated to residual solvent signals at δH 2.50 and δC 39.5
(DMSO-d6). All 2D NMR experiments were acquired with non-uniform sampling (NUS)
set to 50% or 25%. HMBC experiments were run with nJCH = 8.0 Hz. HRESIMS data were
acquired on a 6230 Accurate-Mass TOF LC/MS system (1260 Infinity II) equipped with a
dual AJS ESI source and a 6545 Accurate-mass Q-TOF LC/MS (1260 Infinity II) (Agilent
Technologies, Santa Clara, CA, USA), whereas low-resolution mass spectra were measured
with an Agilent InfinityLab LC/MSD System comprising an Agilent HPLC 1260 HPLC,
equipped with a binary pump, autosampler, column oven, and photodiode array detector
Agilent 1260 HPLC (Santa Clara, CA, USA).

4.2. Chemicals and Reagents

All chemicals were purchased from Sigma Aldrich (St. Louis, MO, USA) and Merck
KGaA (Darmstadt, Germany). All solvents required for isolation and analytical experiments
were purchased from Sigma Aldrich (St. Louis, MO, USA). The isolated compounds were
dissolved in deuterated DMSO-d6 and methanol-d4 from Cambridge Isotope Laboratories
(Tewksbury, MA, USA). Ultrapure water was produced with a Hydro® (Hydro, NC, USA)
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purification system. HP-20 SS, Sephadex LH-20, and C18 silica (55–105 μm, 125 Å) material
were purchased from Sigma-Aldrich (St. Louis, MO, USA), GE Healthcare (Chicago, IL,
USA), and Waters (Milford, MA, USA), respectively.

4.3. Natural Product Isolation

Compound 1: (+)-(5R,6S,8S) discorhabdin A was isolated from Latrunculia brevis,
collection and isolation details of which have previously been reported [43].

Compound 2: (+)-(6S,8S) and (−)-(6R,8R) discorhabdins B were isolated from Latrun-
culia sp., collection and isolation details of which have previously been reported [70].

Compound 3: (+)-(6S,8S) discorhabdin Q was isolated from Latrunculia purpurea,
collection and isolation details of which have previously been reported [71].

Compound 4: (+)-(6S,8S) discorhabdin G*/I was isolated from Latrunculia brevis,
collection and isolation details of which have previously been reported [43].

Compound 5: (+)-(6S,8S,7′S*) discorhabdin K was isolated from Latrunculia kaakaariki,
collection and isolation details of which are reported in the SI.

Compound 6: (+)-(6S,8S,7′S*) discorhabdin K methyl ester was isolated from Latrunculia
kaakaariki, collection and isolation details of which are reported in the SI.

Compound 7: (+)-(6R,8S) thiomethyldiscorhabdin G*/I was isolated from Latrunculia
purpurea, collection and isolation details of which are reported in the SI.

Compound 8: (+)-(6S) N-13-demethyldiscorhabdin U was semi-synthesized from
(+)-(6S,8S) discorhabdin B details of which are reported below.

Compound 9: (+)-(6S) sulphonyl-7,8-dehydrodiscorhabdin E was isolated from
Latrunculia brevis, collection and isolation details of which are reported in the SI.

Compound 10: (−)-(6S,6′S) discorhabdin W from Latrunculia sp., collection and isola-
tion details of which have previously been reported [70].

Compound 11: (+)-(2S,6R,8S) discorhabdin D was isolated from Latrunculia brevis,
collection and isolation details of which have previously been reported [43].

Compound 12: (−)-(1R,2S,6R,8S) discorhabdin L was isolated from Latrunculia brevis,
collection and isolation details of which have previously been reported [43].

Compound 13: (−)-(1R,2S,6R,8S) discorhabdin N was isolated from Latrunculia brevis,
collection and isolation details of which have previously been reported [43].

Compound 14: (−)-(1R,2R,6R,8S,7′S*) discorhabdin H was isolated from Latrunculia
brevis, collection and isolation details of which have previously been reported [43].

Compound 15: discorhabdin C was isolated from Latrunculia sp., collection and
isolation details of which have previously been reported [45].

Compound 16: 3-dihydrodiscorhabdin C was isolated from Latrunculia brevis, collec-
tion and isolation details of which have previously been reported [43].

Compound 17: discorhabdin P was semi-synthesized from discorhabdin C details of
which have previously been reported [45].

Compound 18: 14-methyldiscorhabdin C was semi-synthesized from discorhabdin C
details of which are reported below.

Compound 19: 14-bromodiscorhabdin C was isolated from Tsitsikamma pedunculata
collection and isolation details of which are reported in the SI.

Compound 20: 7,8-dehydrodiscorhabdin C was isolated from Latrunculia brevis collec-
tion and isolation details of which are reported in the SI.

Compound 21: didebromodiscorhabdin C was isolated from Latrunculia brevis collec-
tion and isolation details of which are reported in the SI.

Compound 22: (+)-(6S)-discorhabdin E was isolated from Latrunculia brevis collection
and isolation details of which are reported in the SI.

Compound 23: (+)-(6S)-N-13-methyldiscorhabdin E was semi-synthesized from dis-
corhabdin E details of which are reported below.

Compound 24: discorhabdin C phenol was semi-synthesized from discorhabdin C
details of which are reported below.
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4.4. Preparation of Semi-Synthetic Derivatives

Compound 8 was prepared using a previously established semi-synthetic route [45].
Discorhabdin B trifluoroacetate salt (2) (3.0 mg, 7.2 μmol) was dissolved in dry acetone
(3 mL) to which CH3I (1 μL, 16.2 μmol) and K2CO3 (8 mg) were added. The reaction
mixture was kept under N2 at reflux at 80 ◦C for 2 h. After the end of the reaction, which
was indicated by LC-MS analysis, the products were loaded onto a pre-column cartridge
filled with dental cotton, dried overnight, and purified by C18 chromatography with a Luna
C18 (10 μm, 150 × 21.2 mm) column (water acidified with 0.1% TFA/methanol from 98:2 to
6:4 over 70 min) yielding N-13-demethyldiscorhabdin U 8 (1.4 mg, 46% yield).

Compound 18: Discorhabdin C trifluoroacetate salt (15) (5.9 mg, 12.8 μmol) was dis-
solved in DMSO (200 μL) to which FeCl2 (0.36 mg, 2.8 μmol) and H2O2 (2 μL, 85.2 μmol)
were added. The reaction mixture was kept under N2 at reflux at 25 ◦C for five hours.
After the end of the reaction which was indicated by LC-MS analysis, the products were
loaded onto a pre-column cartridge filled with dental cotton, dried overnight, and pu-
rified with C8 chromatography with a Phenomenex Kinetex C8 (5 μm, 150 × 21.2 mm)
column (water acidified with 0.1% TFA/methanol from 98:2 to 6:4 over 50 min) yielding
14-methyldiscorhabdin C 18 (1.5 mg, 25% yield).

Compound 23: Discorhabdin E trifluoroacetate salt (22) (2.4 mg, 8.9 μmol) was dis-
solved in dry acetone (2 mL), to which CH3I (8.3 μL, 133.0 μmol) and K2CO3 (10.4 mg) were
added. The reaction mixture was kept under N2 at reflux at 80 ◦C for three hours. After the
end of the reaction which was indicated by LC-MS analysis, the products were loaded onto
a pre-column cartridge filled with dental cotton, dried overnight and purified using C18
chromatography with a Luna C18 (10 μm, 150 × 21.2 mm) column (water acidified with
0.1% TFA/methanol from 98:2 to 75:25 over 50 min) yielding 13-methyl-discorhabdin E 23

(0.3 mg, 12.5% yield).
Compound 24 was prepared using a previously established semi-synthetic route [72].

Discorhabdin C trifluoroacetate salt (15) (4.5 mg, 9.7 μmol) was dissolved in concentrated
H2SO4 (3 mL) and left at room temperature for 5 min. The reaction mixture was neutralized
by the addition of solid NaHCO3. The products were loaded onto a pre-column cartridge
filled with dental cotton and purified by C4 chromatography with a Luna C4 (10 μm,
250 × 10 mm) column (water acidified with 0.1% TFA/methanol from 98:2 to 7:3 over
70 min) yielding discorhabdin C phenol 24 (0.9 mg, 25% yield).

4.5. Compound Characterization

Compound 5: (+)-(6S,8S,7′S*) discorhabdin K TFA salt, brown amorphous powder;
[α]D = +177.8, [α]546 = −50.8, [α]633 = +311.1 (c 0.06, MeOH); NMR spectroscopic and
chiroptical data in agreement with those previously reported [26]; (+)-HRESIMS m/z
[M + H − CF3COO−]+ 535.1219 (calculated for C25H23N6O4S2

+, 535.1217).
Compound 6: (+)-(6S,8S,7′S*) discorhabdin K methyl ester TFA salt, brown amorphous

powder; [α]D = +407.2, [α]546 = −142.0, [α]633 = +688.0 (c 0.1, MeOH); UV (MeOH) λmax
(log ε) 242 (3.76), 279 (3.97), 332 (3.87), 409 (3.65) nm; ECD (MeOH) λ (Δε) 212 (−13.2), 240
(−4.4), 262 (−15.8), 306 (−7.6), 332 (0), 363 (+14.2), 433 (0) nm; IR (film) 3006, 1677, 1634,
1529, 1436, 1418, 1364, 1331, 1308, 1203, 1132, 1030, 1004, 832, 801, 728 cm−1; 1 H NMR
(DMSO-d6, 600 MHz) and 13C NMR (DMSO-d6, 151 MHz) data, see Table 1; (+)-HRESIMS
m/z [M + H − CF3COO−]+ 549.1374 (calculated for C26H25N6O4S2

+, 549.1374).
Compound 7: (+)-(6R,8S) thiomethyldiscorhabdin G*/I TFA salt, green-brown amor-

phous powder; [α]D = +53.6, [α]546 = −31.6, [α]633 = +110.0 (c 0.1, MeOH); NMR spectro-
scopic and chiroptical data in agreement with those previously reported [73]; (+)-HRESIMS
m/z [M + H − CF3COO−]+ 382.0681 (calculated for C19H16N3O2S2

+, 382.0679).
Compound 8: (+)-(6S) N-13-demethyldiscorhabdin U TFA salt, green amorphous

powder; [α]D = +177.8, [α]546 = −50.8, [α]633 = +311.1 (c 0.06, MeOH); NMR spectroscopic
and chiroptical data in agreement with those previously reported [45]; (+)-HRESIMS m/z
[M + H − CF3COO−]+ 428.0066 (calculated for C19H15

79BrN3O2S+, 428.0063).
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Table 1. 1H and 13C NMR (600/151 MHz, DMSO-d6) spectroscopic data of compounds 6, 9, and 20.

No.

Compound 6 Compound 9 Compound 20

δH Mult.
(J Hz)

δC Mult.
δH Mult.

(J Hz)
δC Mult.

δH Mult.
(J Hz)

δC Mult.

1 - 160.1, C 7.77 s 150.1, CH 7.86 s 150.0, CH

2 5.75 s 125.3, CH - 122.0, C - 121.1, C

3 - 179.3, C - 178.6, C - 170.9, C

4 6.14 s 118.5, CH 6.61 s 124.2, CH - 121.1, C

5 - 167.8, C - 163.9, C 7.86 s 150.0, CH

6 - 50.7, C - 46.3, C - 47.1 *, C

7
2.59 dd

(3.6,12.0)
2.93 m

42.1, CH2 4.51 d (7.4) 113.5, CH 4.71 d (7.4) 109.8, CH

8 5.69 d (3.6) 59.2, CH 6.33 dd
(5.0,7.4) 124.6, CH 6.53 dd

(5.0,7.4) 125.6, CH

9 10.85 s - 10.38 d
(5.0) - 10.71 d

(5.0) -

10 - 151.5, C - 143.8, C - 145.7 *, C

11 - 164.9, C - 166.7, C - 167.0, C

12 - 123.7, C - 123.6, C - 123.7, C

13 13.36 br d
(2.0) - 13.22 br d

(2.2) - 13.33 br d
(2.0) -

14 7.42 d (2.0) 127.6, CH 7.37 d (2.8) 126.9, CH 7.41 d (2.8) 127.2, CH

15 - 120.5, C - 119.3, C - 119.6, C

16 2.86 m 17.7, CH2 2.82, m 18.0, CH2 2.87, t (8.0) 17.8, CH2

17 3.87 m
3.95 m 44.9, CH2

3.61 m
3.75 m 44.4, CH2 3.78 t (8.0) 44.5, CH2

19 - 153.6, C - 158.0, C - 157.7, C

20 - 97.6, C - 97.2, C - 95.4 *, C

21 - 122.8, C - 122.7, C - 122.2, C

1′ - 123.1, C - - - -

3′ 8.01 s 141.2, CH - - - -

5′ - 132.6, C - - - -

6′
3.19 dd

(9.6,15.2)
3.26 dd

(6.0,15.2)

24.2, CH2 - - - -

7′ 4.20 m 50.9, CH - - - -

8′ - 168.7, C - - - -

9′ 3.69 s 32.3, CH3 - - - -

10′ 3.61 s 53.0, CH3 - - - -

11′ 8.74 br s - - - - -

[*] Chemical shift determined from the 1H–13C HMBC spectrum.

Compound 9: (+)-(6S) 5-sulphonyl-7,8-dehydro-discorhabdin E TFA salt, green amor-
phous powder; [α]D +29.9, [α]546 = +41.8, [α]633 = +23.9 (c 0.066, MeOH); UV (MeOH) λmax
(log ε) 246 (3.45), 307 (3.25), 433 (3.13) nm; ECD (MeOH) λ (Δε) 208 (+0.6), 227 (−3.7), 243
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(0), 258 (+4.2), 274 (0), 372 (+0.4) nm; IR (film) 1683, 1442, 1202, 1143, 846, 803, 725 cm−1;
1H NMR (DMSO-d6, 600 MHz) and 13C NMR (DMSO- d6, 151 MHz) data, see Table 1;
(+)-HRESIMS m/z [M + H − CF3COO−]+ 461.9751 (calculated for C18H13

79BrN3O5S+,
461.9754), 463.9730 (calculated for C18H13

81BrN3O5S+, 463.9734).
Compound 18: 14-methyl-discorhabdin C TFA salt, brown amorphous powder; IR

(film) 3119, 1674, 1589, 1551, 1518, 1324, 1202, 1137, 1024, 833, 799, 724, 700 cm−1; 1H NMR
(DMSO-d6, 600 MHz) 13.05 (s, H-13), 10.17 (s, H-9), 7.71 (s, H-1/H-5), 3.67 (m, H-17), 3.61
(m, H-8), 2.73, (t, J = 7.4 Hz, H-16), 2.25 (s, H-22), 2.00 (t, J = 5.6 Hz, H-7), 13C NMR (DMSO-
d6, 151 MHz) 171.5 (C, C-3), 163.7 (C, C-11), 153.0 (C, C-19), 152.3 (C, C-10), 151.2 (CH, C-1,
C-5), 139.3 (C, C-14), 124.5 (C, C-21), 122.6 (C, C-2, C-4), 121.1 (C, C-12), 118.1 (C, C-15),
91.4 (C, C-20), 44.7 (C, C-6), 43.7 (CH2, C-17), 38.3 (CH2, C-8), 33.6 (CH2, C-7), 17.3 (CH2,
C-16), 11.1 (CH3, C-22); (+)-HRESIMS m/z [M + H − CF3COO−]+ 475.9600 (calculated for
C19H16

79Br2N3O2
+, 475.9604).

Compound 19: 14-bromodiscorhabdin C TFA salt, dark purple oil; NMR spectro-
scopic data in agreement with those previously reported [54]; HRESIMS m/z [M + H −
CF3COO−]+ 539.85562 (calculated for C18H13Br3N3O2

+, 539.85524).
Compound 20: 7,8-dehydro-discorhabdin C TFA salt, green amorphous powder; UV

(MeOH) λmax 220, 262, 310, 440, 595 nm; IR (film) 3423, 1679, 1211, 1136, 1024, 1006,
843, 802, 727 cm−1; 1H NMR (DMSO-d6, 600 MHz) and 13C NMR (DMSO-d6, 151 MHz)
data, see Table 1; (+)-HRESIMS m/z [M + H − CF3COO−]+ 459.93296 (calculated for
C18H12

79Br2N3O2
+, 459.9291), 461.9276 (calculated for C18H12

79Br81BrN3O2
+, 461.9271),

463.9260 (calculated for C18H12
81Br2N3O2

+, 463.9250).
Compound 21: didebromodiscorhabdin C TFA salt, light pink amorphous powder;

NMR spectroscopic data in agreement with those previously reported [74]; (+)-HRESIMS
m/z [M + H − CF3COO−]+ 306.1236 (calculated for C18H16N3O2

+, 306.1237).
Compound 22: (+)-(6S) discorhabdin E TFA salt, purple amorphous powder; [α]D =

+17.2, [α]546 = +6.8, [α]633 = +28.0 (c 0.1, MeOH); ECD (MeOH) λ (Δε) 207 (−5.9), 218 (−0.6),
230 (−1.4), 240 (0), 248 (+2.1), 261 (0), 274 (−0.7), 337 (0), 368 (+0.6), 445 (0), nm; NMR
spectroscopic and chiroptical data in agreement with those previously reported [72]; (+)-
HRESIMS m/z [M + H − CF3COO−]+ 384.0341 (calculated for C18H15

79BrN3O2
+, 384.0343).

Compound 23: (+)-(6S) N-13-methyldiscorhabdin E TFA salt, pink amorphous powder;
[α]D = +177.8, [α]546 = −50.8, [α]633 = +311.1 (c 0.06, MeOH); IR (film) 3255, 1681, 1447,
1207, 1135, 839, 804, 723; 1 H NMR (DMSO-d6, 600 MHz) 10.08 (br s, H-9), 7.70 (d, J = 2.8,
H-1), 7.39 (s, H-14), 7.12 (dd, J = 2.8, 9.8 Hz, H-5), 6.47 (d, J = 9.8 Hz, H-4), 3.92 (s, H-22), 3.66
(m, H-17), 3.62 (m, H-8), 2.78 (m, H-16), 1.90 (m, H-7), 1.96 (m, H-7); 13C NMR (DMSO-d6,
151 MHz) 178.1 (C, C-3), 154.2 (C, C-19), 152.0 (C, C-10), 151.8 (CH, C-5), 151.6 (CH, C-1),
132.0 (C, C-14), 129.6 (C, C-4), 125.5 (C, C-2), 124.8 (C, C-12), 123.1 (C, C-21), 119.4 (C, C-15),
92.6 (C, C-20), 44.1 (CH2, C-17), 43.0 (C, C-6), 39.8 (CH2, C-8), 36.5 (CH3, C-22), 34.8 (CH2,
C-7), 18.9 (CH2, C-16); (+)-HRESIMS m/z [M + H − CF3COO−]+ 398.0499 (calculated for
C19H17

79BrN3O2
+, 398.0499).

Compound 24: discorhabdin C phenol TFA salt, purple amorphous powder; NMR
spectroscopic data in agreement with those previously reported [72]; (+)-HRESIMS m/z
[M + H − CF3COO−]+ 461.9450 (calculated for C18H14

79Br2N3O2
+, 461.9448).

4.6. Computational Methods

Three-dimensional structures of the molecules were drawn and subjected to con-
formational analysis in ComputeVOA (BioTools Inc., Jupiter, FL, USA) using MMFF94
as a force field and the GMMX methodology on a Windows operating system machine.
Geometrical optimization and energy calculation of conformers occurring in an energy
window (ΔE) of 0–3 Kcal/mol were done by implementation of B3LYP/DGDZVP us-
ing the COSMO solvation algorithm in Gaussian 16 software. The optimized structures
(Tables S1 and S2) were used to calculate the thermochemical parameters estimated at 298 K
and 1 atm. Calculations taking into account the solvent (MeOH) were carried out starting
from DFT-optimized structures. Optimized conformers were then subjected to TDDFT
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calculations in MeOH on Gaussian 16 using B3LYP/DGDZVP to obtain the ECD spectra.
All quantum mechanical calculations were carried out using the Gaussian 16 software on
a Linux operating system in the Biowulf cluster. Obtained ECD spectra with half-band
of 0.25 eV and UV shift of 0 nm were Boltzmann-averaged and scaled using the SpecDis
program spectra and compared with experimental spectra obtained in MeOH.

4.7. Cell lines Used

Three VN-MCC cell lines (MCC13 and MCC26 [75], and UISO [76]), along with three
VP-MCC cell lines (MKL-1 [77], MKL-2 [78], and Waga [79]) and HaCaT immortalized
keratinocytes [80] (ThermoFisher, Waltham, MA, USA) were used. Cell identity was
confirmed, and cells were maintained and utilized as previously described [22].

4.8. Cell Viability and Analysis of Cell Death Mechanisms

Three methods were employed for assessment of MCC and control cell survival/viability
after discorhabdin treatment, two metabolic assays and a cell permeability assay. For all three
methods, cells were plated in 384-well plates at 2500 cells/well and treated with various
concentrations of discorhabdins for various time periods. CellTiterGloTM (Promega, Madison,
WI, USA) measures cellular ATP content and was used to estimate potency of discorhabdins in
cell viability assays as previously described [22]. Continuous monitoring of metabolic activity
was accomplished using a cellular reducing potential luminescence assay [81], the RealTime-
GloTM MT Cell Viability Assay (Promega, Madison, WI, USA) according to manufacturer’s
instructions. Loss of cell plasma membrane integrity was assessed using a cell-impermeant
molecule that becomes fluorescent upon binding DNA [82] in parallel with apoptosis detec-
tion [83] per manufacturer’s instructions (RealTimeGloTM Annexin V Apoptosis and Necrosis
Assay-Promega). Two additional assays of apoptotic cell death were also used. Caspase
activation in response to treatment of MCC cells by discorhabdins or bortezomib (as a positive
control) was measured using the CaspaseGlo® 3/7 Assay (Promega, Madison, WI, USA)
according to the manufacturer’s instructions at multiple time points. Inhibition of apoptotic
cell death was investigated using pre-treatment of cells with for 1 h with the pan-caspase
inhibitor Z-VAD-FMK (Enzo Life Sciences, Farmingdale, NY, USA) followed by treatment
with discorhabdins or bortezomib and estimation of cell viability as outlined above.

Mitochondrial membrane potential (MMP) was assessed using the JC-10 ratiometric
dye (Sigma, St. Louis, MO, USA). UISO or MKL-1 cells were treated in black-walled, clear-
bottom 384-well plates (Corning Life Sciences, Durham, NC, USA) with discorhabdins or
doxorubicin (Sigma, St. Louis, MO, USA) as a positive control for up to 24 h with JC-10 for
the last 1 h of incubation. Red/green fluorescence signals were measured, the red/green
ratio for each well was calculated and normalized to untreated (DMSO) control wells for
the same cell line and incubation time to determine relative MMP.

For the detection of reactive oxygen species (ROS), cells in black-walled clear-bottom
384-well plates were preloaded with DCFDA per manufacturer’s protocol (ThermoFisher,
Waltham, MA, USA), washed, then treated with discorhabdins or TBHP (Sigma, St. Louis,
MO, USA) as a positive control. Fluorescence intensity (485 nm excitation, 535 nm emission)
was measured at multiple time intervals up to 4 h and normalized to untreated (DMSO)
controls for each cell line at the same time point.

Calcium mobilization was assessed with Fluo-4 (Fluo-4 NW Calcium Assay Kit—
ThermoFisher) per manufacturer’s protocols. Cells in black-wall, clear-bottom 384-well
plates were pre-loaded with Fluo-4 followed by treatment with 10 μM discorhabdins
or 20 μM thapsigargin (Sigma, St. Louis, MO, USA) as a positive control to monitor
fluorescence. Fluorescence signals were normalized to DMSO controls at the same
time/cell line.

4.9. Data Analysis

In order to compare responses among all of the discorhabdins and cell lines (98 combi-
nations), dose–response curves were generated using identical discorhabdin dilution series.
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GraphPad Prism 8 (San Diego, CA, USA) software was utilized to graph dose–response
data and to calculate IC50 values and area under the dose–response curves (AUC) along
with 95% confidence interval estimates using four-parameter logistic nonlinear regression
analysis. For further analysis and comparisons, AUC for each cell line/discorhabdin pair
was visualized in a heatmap generated in R version 1.3.1073 (R Core Team (2013). R: A lan-
guage and environment for statistical computing. R Foundation for Statistical Computing,
Vienna, Austria, http://www.R-project.org/ (accessed on 12 January 2023).
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//www.mdpi.com/article/10.3390/md21090474/s1, collection, extraction, and isolation procedures,
HRMS, 1D and 2D NMR, IR spectra of compounds 6, 9, 18, 20, 23, population of Boltzmann averaged
conformers of compounds 9 and 22, calculated and experimental ECD spectra for compound 6 and
22, physicochemical properties of discorhabdins and effects of discorhabdins on MCC cells.
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Abstract: Colorectal cancer (CRC) is one of the most common cancer types worldwide. Chemotherapy
is toxic to normal cells, and combinatory treatment with natural well-tolerated products is being
explored. Some omega-3 polyunsaturated fatty acids (n-3 PUFAs) and marine fish oils have anti-
cancer effects on CRC cells. The salmon oil OmeGo (Hofseth BioCare) contains a spectrum of
fatty acids, including the n-3 PUFAs docosahexaenoic acid (DHA) and eicosahexaenoic acid (EPA).
We explored a potential anti-cancer effect of OmeGo on the four CRC cell lines DLD-1, HCT-8,
LS411N, and LS513, alone and in combination with the chemotherapeutic agent 5-Fluorouracil (5-FU).
Screening indicated a time- and dose-dependent effect of OmeGo on the viability of the DLD-1 and
LS513 CRC cell lines. Treatment with 5-FU and OmeGo (IC20–IC30) alone indicated a significant
reduction in viability. A combinatory treatment with OmeGo and 5-FU resulted in a further reduction
in viability in DLD-1 and LS513 cells. Treatment of CRC cells with DHA + EPA in a concentration
corresponding to the content in OmeGo alone or combined with 5-FU significantly reduced viability
of all four CRC cell lines tested. The lowest concentration of OmeGo reduced viability to a higher
degree both alone and in combination with 5-FU compared to the corresponding concentrations of
DHA + EPA in three of the cell lines. Results suggest that a combination of OmeGo and 5-FU could
have a potential as an alternative anti-cancer therapy for patients with CRC.

Keywords: colorectal cancer; CRC; fish oil; omega-3 fatty acids; salmon oil; OmeGo

1. Introduction

The outcome of colorectal cancer (CRC) has improved over the past decades; however,
it is still the second and third most common cancer type worldwide among women and
men, respectively. In Norway, CRC is the second most common cancer type for men and
women together, with approximately 4500 new cases every year [1]. The incidence rate is
high in Norway compared to other Nordic countries and has increased by 300% in the last
60 years [2]. In 2014, CRC was the costliest cancer in Norway, constituting a significant
economic burden on Norwegian society [3].

For treatment of CRC, surgery is still the cornerstone of curative intent [4]. However,
adjuvant cancer chemotherapy is commonly used after resection of advanced tumors [5].
One of the first-line chemotherapy drugs for CRC treatment is 5-fluorouracil (5-FU), which
is commonly used alone or in combination with other anti-cancer drugs. Although 5-FU is
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considered one of the safest chemotherapy agents, chemotherapy may lead to development
of drug resistance and toxicity towards normal cells [6]. This has led to an increased interest
in exploring the potential anti-cancer effects of different natural dietary ingredients such as
fish and fish oil in combination with chemotherapy to improve CRC treatment and patient
quality of life.

Marine fish oil is a good dietary source of the omega-3 (n-3) polyunsaturated fatty
acids (PUFAs) docosahexaenoic acid (DHA) and eicosapentaenoic acid (EPA), which have
been shown to have anti-cancer properties (reviewed in [7,8]). The human body has limited
capacity to synthesize these PUFAs; hence, they are considered essential and must be
acquired through the diet. The Norwegian authorities recommend a daily intake of at
least 1–2 g n-3 PUFAs or two to three fatty fish meals weekly [9], while the European Food
Safety Authority (EFSA) recommends an intake of ≥2 fish meals weekly or an intake of
250–500 mg DHA and EPA daily [10]. However, both the Norwegian and American intake
of DHA and EPA is below the recommended levels, and intake of fatty fish or fish oils
should be increased to improve health [11,12].

Some epidemiological studies suggest that the intake of n-3 PUFAs reduces the risk
of developing CRC [13] and that intake of fish and n-3 PUFAs may have the potential to
affect the outcome of CRC treatment [14]. Observational data indicate reduced mortality
after CRC diagnosis, and longer disease-free survival, in patients with high intake of n-
3 PUFAs [15,16]. Some interventional studies demonstrate beneficial anti-cancer effects
of n-3 PUFAs in CRC patients [17,18] and EPA supplementation was shown to reduce
crypt cell hyperproliferation and increase mucosal apoptosis in patients with colorectal
adenomas [18,19]. EPA supplementation given pre-surgically to patients with CRC metas-
tases improved overall and disease-free survival compared to placebo [20]. Also, intake
of n-3 PUFA-containing perioperative nutrition may reduce postoperative complications,
pro-inflammatory cytokine levels and hospital stay for CRC patients [21]. Animal studies
indicate that n-3 PUFAs and fish oil may decrease the formation and growth of CRC tumors
in vivo [7,22,23] and improve the efficacy of chemotherapeutic drugs like 5-FU [7,14,22],
and that fish oil may increase cellular uptake of 5-FU in the colon of mice, thereby re-
versing multi-drug resistance and restore 5-FU-mediated chemosensitivity [24]. In vitro
studies confirm the anti-cancer potential of n-3 PUFAs alone and in combination with
chemotherapeutic drugs like 5-FU and suggest a range of different molecular pathways
involved [7,14,22,25]. Commercially, n-3 PUFAs are available in different formulations: as
free fatty acids (FAs), phospholipids, triglycerides, and conjugated to ethyl esters. The
effect of different formulations alone and in combination with chemotherapeutic drugs on
cancer cells may vary [14]. DHA and EPA enhance the anti-cancer effect of chemotherapies
on human cancer cells both in their pure forms [25–30] and when delivered as part of
liposomes [31]. Fish oils may also enhance the effect of cytostatic treatment on cancer
cells [32–35].

In this study, we tested a potential anti-cancer effect of the salmon oil OmeGo on CRC
cells alone and in combination with the chemotherapeutic drug 5-FU. We also compared
the effect to corresponding concentrations of the n-3 PUFAs DHA and EPA. We selected
two DHA-sensitive cell lines, DLD-1 and HCT-8, and two less sensitive cell lines, LS411N
and LS513. The choice of cell lines was based on a previous publication from our group
where we tested the DHA sensitivity and basal level of autophagy on 10 CRC cell lines
that represented different clinically relevant subtypes [36]. OmeGo is a natural fish oil
liberated from Atlantic salmon using a patented enzymatic process (Hofseth BioCare).
OmeGo contains ~99% fat, of which less than 1% is free FAs (21 different identified) and
about 1% lipopeptides, and meets the FDA standards for New Dietary Ingredients (NDI)
status [37]. Taken as Cardio capsules, it contains about 140 mg n-3 PUFAs per gram
of salmon oil [38]. It also contains the natural carotenoid astaxanthin, an antioxidant,
which originates from algal production and gives the red color of the salmon oil [39].
OmeGo has in previous studies demonstrated an anti-eosinophilic effect and may have
beneficial effects on eosinophil-driven diseases such as asthma and Chronic obstructive
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pulmonary disease (COPD) [40,41], as well as cardio-vascular events through reduction
of serum concentrations of Oxidized low-density lipoprotein-2-glycoprotein I complex x
(oxLDL-GP) [42].

2. Results

2.1. 5-FU and OmeGo Treatment Reduce Viability of CRC Cell Lines

Four CRC cell lines were selected for testing the potential anti-cancer effect of OmeGo
alone and in combination with 5-FU using the Resazurin viability assay. 5-FU was tested
in the range of 0.5–64 μM based on previously reported blood [5-FU] in cancer patients
undergoing 5-FU treatment (2.54–17.4 μM) [43,44] and previously reported [5-FU] tested
on CRC cells in vitro [27,34,45,46]. 5-FU treatment reduced the viability of all four cell lines
in a time- and dose-dependent manner (p < 2.4 ×10−56, Wald tests) (1–3 days, Figure 1,
Supplementary Table S1). The reduction in cell viability did not exceed 70% for the highest
[5-FU] tested (3 days) for all cell lines. LS513 cells were highly sensitive to 5-FU treatment;
hence, the [5-FU] used for screening was reduced as indicated in Table S1 and Figure 1 to
find the linear area of the dose–response curve for this cell line.
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Figure 1. Effect of 5-Fluoruracil (5-FU) treatment on the DLD-1, LS411N, HCT-8, and LS513 cell lines.
Points show average percent reduction of cell viability after treatment with indicated concentrations
of 5-FU for 1–3 days. Error bars show standard deviation (SD). Lines show fitted dose–response
curves (see Materials and Methods section). Number of biological replicates (n) for all 4 cell lines
(0.5–64 μM 5-FU) = 4. For LS513 (0.015625–2 μM) n = 3.

Screening of the anti-cancer effect of OmeGo was performed in the range of
62.5–1500 μg/mL based on estimated DHA and EPA content in OmeGo and previous
reported doses of DHA, EPA, and fish oil tested on cancer cells [36,47–49]. OmeGo treat-
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ment reduced cell viability in a time- and dose-dependent manner with up to 90% and 70%
for the DLD-1 and LS513 cell lines, respectively (Figure 2, Table S2; p < 4.9 × 10−128, Wald
tests). For DLD-1 cells, the linear area of the sensitivity curve was between 125–750 μg/mL
but flattened out above 1000 μg/mL OmeGo. For LS513 cells, the sensitivity was still
increasing up to 1500 μg/mL. The HCT-8 and LS411N cell lines responded much less to
OmeGo treatment, with a maximum reduced viability of ~24% and ~26% after 2 days,
respectively (Figure 2, Table S2; p < 8.4 × 10−51, Wald tests).
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Figure 2. Effect of OmeGo treatment of the DLD-1, LS411N, HCT-8, and LS513 cell lines. Points show
average percent reduction of cell viability after treatment with indicated concentrations of OmeGo
for 1–3 days (DLD-1 and LS513 n = 4, LS411N and HCT-8 n = 5). Error bars show standard deviation
(SD). Lines show fitted dose–response curves (see Materials and Methods section).

The concentrations of 5-FU and OmeGo that gave 20%, 30% and 50% of the maximal
measured effect on cell viability (IC20, IC30, and IC50) after 3 days were estimated for
all cell lines (Table 1). The IC50 values for 5-FU treatment of DLD-1, HCT-8, and LS411N
cells ranged from 4.6 μM to 5.9 μM (Table 1). The initially estimated 5-FU IC20–IC50
values for LS513 cells were below the concentrations tested due to high sensitivity, and the
data did not fit the model well. However, the estimated IC values (IC20 = 0.005 ± 0.00,
IC30 = 0.013 ± 0.00) guided the choice of concentrations for an additional screening of
LS513 cells using lower concentrations of 5-FU (0.0156–2.0 μM, 3 days, Table 1, Figure 2),
resulting in an IC50-value of 0.4 μM for this cell line.

Table 1. Estimated values for IC20, IC30, and IC50 ± standard error (SE) for CRC cell lines treated
with 5-FU and OmeGo for 3 days.

Cell Line Days
5-FU (μM) OmeGo (μg/mL)

IC20 ±SE IC30 ±SE IC50 ±SE IC20 ±SE IC30 ±SE IC50 ±SE

DLD-1 3 1.68 0.01 2.56 0.01 4.99 0.01 353.10 1.40 410.22 1.34 519.28 1.03
HCT-8 3 2.02 0.001 3.06 0.01 5.90 0.01 464.66 1.66 537.80 1.59 676.73 3.11

LS411N * 3 1.38 0.01 2.20 0.01 4.56 0.02 278.06 2.39 370.96 2.76 583.60 5.19
LS513 3 0.15 0.00 0.216 0.00 0.40 0.00 534.85 3.75 680.84 5.97 994.97 12.34

* For estimation of inhibitory concentration (IC20–IC50) values, the “robust” model was used for the LS411N
cell line, while the “robust simple” model was used for the DLD-1, HCT-8, and LS513 cell lines, based on which
model best fitted the data.
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2.2. OmeGo Treatment Potentiates the Anti-Cancer Effect of 5-FU in CRC Cell Lines

For combination experiments, 5-FU and OmeGo were used in concentrations covering
the IC20–IC30 ranges for all cell lines (Figure 3 and Table 1). Statistical analyses indicated
a significant dose-dependent effect of 5-FU treatment for all cell lines (Figure 3, Table 2).
Each unit 5-FU (μM) was estimated to reduce cell viability, with 7.7–9.8% for DLD-1, HCT-8
and LS411N cells, while viability in the highly 5-FU sensitive LS513 cells was reduced
by 88.5% per μM (Figure 3, Tables 2 and S3). OmeGo treatment had a significant dose-
dependent additive effect in DLD-1 and LS513 cells (Figure 3, Table 2), where each unit of
OmeGo (100 μg/mL) was estimated to reduce viability by about 6%. Cotreatment with
5-FU and OmeGo had a small significant antagonistic interaction in DLD-1 and LS513 cells;
however, it further reduced the cell viability for DLD-1 (p-value = 0.039) and LS513 cells
(p = 1.0 × 10−3), respectively (Table 2, Figure S1). Based on data presented in Figure 3,
combinatory treatment with the lowest [5-FU] combined with different [OmeGo] gave an
increased effect of 15–46%, while the highest [5-FU] combined with different [OmeGo]
increased the effect by 13–31%, compared to the respective [5-FU] alone for DLD-1 cells
(Table S3). For LS513 cells, the lowest [5-FU] combined with different [OmeGo] gave an
increased effect of 14–41%, while the highest [5-FU] combined with different [OmeGo]
increased the effect by 10–24% (Table S3). Hence, the largest chemo-sensitizing effect of
OmeGo was seen at low [5-FU].

Figure 3. Effect of 5-FU (blue), OmeGo (SO = salmon oil, orange), and combinatory treatment
with 5-FU + OmeGo (SO) (green) on viability of the DLD-1, LS411N, HCT-8, and LS513 cell lines.
Results represent average percent reduction of cell viability (±SD) after treatment with indicated
concentrations of 5-FU (μM) and OmeGo (SO, μg/mL) for 3 days (DLD-1, LS411N and HCT-8 n = 5,
LS513 n = 4).
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Table 2. Estimated percent (%) reduced viability (±SD) per unit treatment with 5-FU (μM), OmeGo
(100 μg/mL) and combination of 5-FU + OmeGo of CRC cell lines (3 days). p-value < 0.05 was
considered statistically significant.

Cell Line Days
ε

Intercept

5-FU OmeGo 5-FU × OmeGo

Effect % ±SD p-Value Effect % ±SD p-Value Effect % ±SD p-Value

DLD-1 3 8.55 8.94 0.77 1.17 × 10−26 6.17 0.52 9.94 × 10−28 −0.36 0.17 3.85 × 10−2

HCT-8 3 2.82 9.82 0.79 3.80 × 10−29 −0.02 0.53 9.67 × 10−1 0.07 0.18 6.88 × 10−1

LS411N 3 15.30 7.70 0.77 6.14 × 10−21 1.23 0.52 1.90 × 10−2 0.30 0.17 8.09 × 10−2

LS513 3 −2.17 88.46 8.14 9.55 × 10−24 6.29 0.57 3.64 × 10−24 −6.10 1.84 1.00 × 10−3

2.3. The n-3 PUFAs DHA + EPA Potentiate the Anti-Cancer Effect of 5-FU in CRC Cells

The content of DHA and EPA in 1 mg OmeGo was estimated to be 124 μM and
95.2 μM, respectively (based on information in the OmeGo certificate of analysis). Based on
this, concentrations of DHA and EPA corresponding with doses of 300, 500, and 700 μg/mL
OmeGo were used for combinatory treatment with 5-FU (Figure 4, Table S5). The lowest
[DHA + EPA] somewhat enhanced cell viability (Figure 4, Table S6), except for LS411N
cells, and hence had a less negative effect on viability compared to the corresponding
concentration of OmeGo (Figures 2 and 3; p = 9.0 × 10−7, Student’s t-test). The combination
of the lowest [5-FU] and [DHA + EPA] reduced cell viability to a lesser extent compared
to 5-FU alone for the DLD-1, HCT-8 and LS513 cells (p < 2.1 × 10−6, Student’s t-test)
and did not reach the level of the combinatory effect of 5-FU+OmeGo at corresponding
concentrations (Figures 3 and 4; p = 5.0 × 10−10, Student’s t-test). The highest [DHA + EPA]
(~153 μM n-3 PUFAs, Table S5) seemed to be toxic to some cell lines (Figure 4, Table S6).

Figure 4. Effect of 5-FU (blue), docosahexaenoil acid (DHA) + eicosapentaenoic acid (EPA) (DE,
orange), and combinatory treatment with 5-FU+DE (green) on viability of the DLD-1, LS411N, HCT-8,
and LS513 cell lines. Results represent average percent reduction of cell viability (±SD) after treatment
with indicated concentrations of 5-FU (μM) and DE (dose correlating with μM/mL OmeGo) for
3 days (DLD-1 and LS411N n = 6, HCT-8 and LS513 n = 5).
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Statistical analyses indicated that DHA + EPA treatment reduced viability for all cell
lines within concentrations present in the OmeGo IC20–IC30 range. Viability was reduced
by 9–14% per 100 μg/mL OmeGo-correlated concentration of DHA + EPA. The 5-FU also
reduced viability by 11–14% for DLD-1, HCT-8, and LS411N cells, and 150% for the highly
sensitive LS513 cells, per μM 5-FU treatment (Table 3). The combinatory treatment with
DHA + EPA and 5-FU had a small significant antagonistic interaction in all cell lines (Table 3,
Figure S2). The effect of DHA + EPA and the combinatory treatment estimated by the linear
model diverged more from the observed effects (Figure 4, Tables S6 and S7) compared to
the OmeGo results, probably reflecting the less optimized dosage of n-3 PUFAs compared
to OmeGo.

Table 3. Estimated % reduced viability (±SD) per unit treatment with 5-FU (μM), DHA + EPA
(100 μg/mL OmeGo) and combination of 5-FU+ and DHA + EPA on CRC cell lines (3 days).
p-value < 0.05 was considered statistically significant.

Cell Line Days
ε

Intercept

5-FU DHA + EPA 5-FU × DHA + EPA

Effect % ±SD p-Value Effect % ±SD p-Value Effect % ±SD p-Value

DLD-1 3 −10.86 12.45 2.07 4.32 × 10−9 13.79 1.36 2.15 × 10−21 −1.68 0.46 3.00 × 10−4

HCT-8 3 −20.26 13.76 2.19 1.00 × 10−9 9.03 1.46 1.65 × 10−9 −1.53 0.49 1.80 × 10−3

LS411N 3 −0.99 10.74 2.07 3.49 × 10−7 10.60 1.36 7.47 × 10−14 −1.40 0.46 2.20 × 10−3

LS513 3 −33.60 150.76 21.93 2.62 × 10−11 14.05 1.50 7.72 × 10−19 −17.31 4.81 4.00 × 10−4

3. Discussion

There is an increased interest in testing natural dietary compounds for potential anti-
cancer effects both alone and in combination with already established cancer therapies. In
this study, we found the viability of four tested CRC cell lines to be reduced by treatment
with the chemotherapeutic agent 5-FU in a time- and concentration-dependent manner,
which is in accordance with previous findings [50,51]. The LS513 cells were highly sensitive
to 5-FU treatment compared to the other cell lines tested. This is consistent with the results
by Bracht et al., who showed that LS513 cells were more sensitive to 5-FU compared to
the DLD-1 and LS411N cells [52]. Testing a potential anti-cancer effect of the salmon oil
OmeGo (HBC) showed that OmeGo reduced viability of two of the four tested CRC cell
lines in a time- and dose-dependent manner. A combinatory treatment with 5-FU and
OmeGo resulted in a further reduction in cell viability compared to 5-FU alone and hence
chemosensitization of these CRC cell lines to 5-FU treatment. This indicates that OmeGo
may be effective as an adjuvant or chemosensitizer together with chemotherapeutic agents
to enhance the effectiveness of conventional CRC therapies.

The potential of fish oils to enhance the effect of chemotherapeutic agents like 5-FU
has also been found by others. Granci et al. showed that a fish oil emulsion enhanced
the cytotoxic and apoptosis-inducing effect of 5-FU in one of two CRC cell lines [33],
while Jordan et al. found a fish oil-based lipid emulsion to enhance 5-FU-induced growth
inhibition of CRC cells [34]. Rani and colleagues found that fish oil chemosensitized CRC
cells to 5-FU treatment in animal models [24,35,53]. Studies also show the potential of the
marine n-3 PUFAs DHA and EPA to enhance the anti-tumor effect and reduce cytotoxic
effects of chemotherapeutics like 5-FU both in vitro in CRC cell lines and in animal models
as reviewed by Hull et al. [14].

To compare the effect of OmeGo to the effect of the free omega-3 PUFAs DHA and
EPA, the cells were treated with DHA and EPA concentrations corresponding with the
estimated DHA and EPA levels in OmeGo. In contrast to OmeGo, the lowest DHA + EPA
concentration tended to slightly stimulate cell viability in some cell lines. This was also
seen for the effect of the combinatory treatment with the lowest concentration of 5-FU
and DHA + EPA for DLD-1, HCT-8, and LS513 cells. The combinatory treatment reduced
cell viability compared to treatment with DHA + EPA alone, but to a lesser extent than
5-FU treatment alone. When a linear model was fitted to the data, the free n-3 PUFAs were
estimated to have a higher effect per unit compared to OmeGo (100 μg/mL). However, this
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probably reflects the extensive reduction in viability of the highest concentration of the free
n-3 PUFAs, which seemed toxic to the cells. The estimated effects of DHA + EPA alone
and in combination with 5-FU diverted from the observed effect, especially for the lower
concentrations, indicating an additive but not linear effect for the n-3 PUFAs. Somehow,
it seemed to be a threshold value for treatment with the n-3 PUFAs, with an enhanced
reduction of cell viability when crossing the threshold. This is also reflected by the high
standard deviations for some of the cell lines after DHA + EPA treatment. The highest dose
of DHA + EPA (~150 μM) is high compared to the basal plasma total concentrations of
DHA (~80 μM) and EPA (~20 μM), although such plasma concentration may be achieved
by DHA/EPA and/or fish oil supplements [54]. However, as stated by Serini et al. based
on in vivo results and the fact that cancer cells have different sensitivity to the cytotoxic
effects of n-3 PUFAs, they never use n-3 PUFA concentrations over 30–50 μM in their
experiments [55]. In contrast to OmeGo, the lower doses of n-3 PUFAs, which would
correspond to typical physiological doses, did not enhance the effect of 5-FU in terms
of reduced cell viability. The highest concentration of OmeGo showed a more balanced
effect on cell viability and hence may be used as an adjuvant to cancer cell therapies in
concentrations that are not physiologically relevant for DHA/EPA alone.

Why some cancer cells are sensitive towards n-3 PUFAs, while others are not, is
still unknown. We are currently addressing this in an ongoing study where we investi-
gate genetic differences that may affect n-3 PUFA sensitivity in cancer cells. In a previ-
ous publication from our group, we found that DHA sensitivity correlated with a spe-
cific gene expression profile, the basal levels of autophagy, and MAP1LC3B-II protein in
10 different CRC cell lines [36].The tested CRC cell lines responded very differently towards
DHA treatment; the DLD-1 and HCT-8 cells were about 50% and 30% growth-inhibited
by DHA (70 μM) treatment for 48 h, respectively, compared to no (or a slightly positive)
effect on growth of LS411N and LS513 cells under the same conditions (assessed by cell
counting) [36]. The results presented here indicate less effect of the combination of corre-
sponding [DHA + EPA] on DLD-1 and HCT-8 cells compared to previous results with DHA
treatment alone. However, the combination of DHA + EPA might have a different effect on
the cells compared to DHA alone, and we previously showed that EPA has a somewhat
lower effect on CRC cell lines compared to DHA [56]. The type of growth media used
was the same as previously. However, we changed the type of fetal bovine serum (FBS)
used, which might influence the results on n-3 PUFA sensitivity due to unknown factors
such as level and type of growth factors and selenium. Selenium levels are known to vary
between serum types and batches and may result in different responses of cancer cells to
stress-causing agents [57]. Also, the Resazurin assay may not be directly compared with
cell-counting results, as the capacity to reduce resazurin to resorufin is affected by the cells’
mitochondrial enzymes and metabolic capacity [58].

Treatment with different chemotherapeutic agents like 5-FU [59] and n-3 PUFAs is
known to induce oxidative stress in human CRC cells [36,60]. The highest concentration
of DHA + EPA prompted a very high reduction in cell viability for all the tested CRC cell
lines, which might indicate induction of a high level of oxidative stress or cytotoxicity. The
corresponding dose of OmeGo (700 μg/mL) had a lesser effect on cell viability. However,
OmeGo contains the natural antioxidant and liposoluble carotenoid astaxanthin, which
might reduce the oxidation of the n-3 PUFAs in OmeGo and/or the possibility of inducing
oxidative stress in the treated cells. Astaxanthin has both antioxidant and anti-inflammatory
activity (reviewed in [61]) and may also suppress CRC metastasis [62].

We are planning a follow-up study on molecular pathways affected by OmeGo treat-
ment in CRC cells. Pre-clinical testing of potential new treatment regimens for CRC is
highly needed, and we plan to continue the exploration of the anti-cancer potential of
OmeGo in pre-clinical xenograft studies in mice. Only a few clinical trials have explored
the anti-cancer effect of n-3 PUFAs and marine oils on CRC. However, some studies have
reported an association between increased intake of marine n-3 PUFAs after CRC diagnosis
and lower CRC-specific mortality [15] and longer disease-free survival for CRC patients
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with a high intake of dark-meat fish after diagnosis [16]. This will be interesting to study
in a randomized intervention trial for patients with CRC given OmeGo in addition to
conventional CRC treatment.

4. Materials and Methods

4.1. Cell Lines, Culture Conditions, and Chemicals

The CRC cell lines DLD-1, LS411N, HCT-8 and LS513 from American Type Tissue
Collection (ATTC, Rockville, MD, USA) were grown in RPMI media (Gibco A1049101, Life
Technologies, Carlsbad, CA, USA) in a humidified atmosphere at 5% CO2 and 37 ◦C. To the
RPMI media was added fetal bovine serum (10%, Sigma #F7524, batch 0001660391, Sigma-
Aldrich, Saint-Louis, MO, USA) and gentamicin (Gibco #1570049, Life Technologies). Cell
lines were used up to passage ~20. Stock solution of OmeGo (Hofseth BioCare, Ålesund,
Norway) was prepared in ethanol (1:8, 0.116 g/mL) and 5-FU (#548357, 50 mg/mL, Accord
Healthcare AB, Harrow, UK) in phosphate-buffered saline (PBS, 0,0192 M); hence, both
EtOH and PBS were used as vehicles. The OmeGo stock was stored at −20 ◦C, while the
5-FU stock was freshly prepared for each experiment. Stocks of DHA (Sigma-Aldrich,
#D2534) and EPA (Sigma-Aldrich, #E2011) diluted in ethanol were stored at −20 ◦C. The
dilution ratio of OmeGo in ethanol was optimized to assure a low effect of the vehicle, and
the ethanol concentration did not exceed 0.75% volume/volume during treatments. For
OmeGo, the same batch was used in all experiments.

4.2. Cell Treatment and Resazurin Viability Assay

Cells were seeded in 96-well trays (1500 cells/well) and incubated for 24 h before
treatment with OmeGo, 5-FU, DHA, and EPA diluted in growth media in the concentrations
given in the Results section. Cell viability was assessed using the Resazurin (7-Hydroxy-
3H-phenoxazin-3-one 10-oxide) assay after 0, 24, 48 and 72 h (0–3 days) treatment. Media
was removed and wells were washed once with PBS before adding resazurin (0.03 g/L)
diluted in growth media. The resazurin stock was prepared in sterile 1 × PBS (0.15 g/L)
and stored at −20 ◦C. Resazurin is a blue dye that is highly fluorescent when reduced to
pink resorufin, which is proportional to aerobic respiration and the number of viable cells.
The plates were incubated at 37 ◦C for 4 h before measuring fluorescence with a 544 nm
excitation wavelength and a 590 nm emission wavelength using the FLUOstar Omega plate
reader (BMG Labtech, Ortenberg, Germany).

4.3. Data Analysis

The average blank fluorescence signal was subtracted from the average fluorescence
signal for each treatment before calculation of percent reduction of cell viability as percent-
age of signal compared to control. Dose–response curves were fitted to the cell viability
data, and IC20, IC30, and IC50 values were estimated based on the resulting curves by
using the functions drm and ED, respectively, from the R-package drc (version 4.1.3) [63].
We used the following log-logistic model to fit dose–response curves for each cell line and
each treatment:

c +
d − c

1 + eb(ln x−ln e)
, (1)

where parameters b, c, d, and e are the slope, lower limit, upper limit, and IC50, respectively.
Two models were fitted to the data: a full model with a common upper limit and slope,
lower limit, and IC50 dependent on treatment time; and a simple model with common
slope, upper limit, and IC50 and lower limit dependent on treatment time. The final choice
between the full and simple models was based on which model best fitted the data. All
models used Tukey’s biweight function for robust fitting. The simple model was used to
test for time- and dose-dependent effects. Specifically, the function linear Hypothesis from
the R-package car was used to do a F statistics-based Wald test of the null hypotheses that
the upper limit is equal to the lower limit for the 24 h treatment, that the lower limit for the
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24 h treatment is equal to the lower limit for the 48 h treatment, and that the lower limit for
the 48 h treatment is equal to the lower limit for the 72 h treatment.

For estimation of the treatment effect of 5-FU, OmeGo, DHA + EPA and combination
treatments, the lmList function from the R-package nlme was used to fit the data from each
cell line and treatment to the linear model:

% reduced cell viability = β5-FU × 5-FU (μM) + βSO × SO (100 μg/mL) + β5-FU × SO × 5-FUxSO + ε (2)

where 5-FU and SO are the concentrations of 5-FU and OmeGo or DHA + EPA used in the
experiment, respectively. The fitted models were used to create isobolograms and estimate
combination effects for selected effective doses. Combination effects were computed by
using the Chou–Talalay combination index [64]. For comparing treatment effects of specific
levels of OmeGo, DHA + EPA, and 5-FU, the lme function from the R-package nlme was
used to fit a hierarchical linear model with treatment as fixed effect and cell-line as random
effect. All statistical analyses were conducted in R (version 4.1.3).

5. Conclusions

OmeGo significantly reduced viability and potentiated the anti-cancer effect of 5-FU
for the DLD-1 and LS513 CRC cell lines. Low doses of OmeGo had a higher negative
effect on viability of CRC cells both alone and in combination with 5-FU compared to the
corresponding lowest doses tested for DHA and EPA. Results suggest that treatment with
a combination of OmeGo and 5-FU could be an alternative treatment strategy for patients
with CRC. This will be further tested in pre-clinical and clinical studies.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/md21120636/s1, Table S1: Effect of 5-FU on CRC cell lines (average
% reduction in cell viability (±SD)); Table S2: Effect of OmeGo on CRC cell lines (average % reduction
in cell viability (±SD)); Table S3: Effect of combinatory treatment with OmeGo and 5-FU (3 days) on
CRC cell lines (average % reduction in cell viability (±SD)); Table S4: Estimated effect of combinatory
treatments of 5-FU and OmeGo in indicated concentrations; Table S5: Concentration of DHA and EPA
(μM) corresponding to OmeGo doses (μg/mL) used for combinatory treatment with 5-FU; Table S6:
Effect of combinatory treatment with DHA + EPA and 5-FU (3 days) on CRC cell lines (average %
reduction in cell viability (±SD)); Table S7: Estimated effect of combinatory treatments of 5-FU and
DHA + EPA in indicated concentrations (for DHA + EPA, the OmeGo correlated concentrations
were used); Figure S1: Combination results from 5-FU and OmeGo treatment of DLD-1 and LS513
cells. For each cell line, the corresponding drug combination linear model was used to create
OmeGo and 5-FU combination values for selected effective doses. Values are computed Chou–Talalay
combination indices for selected drug combination values; Figure S2: Combination results from 5-FU
and DHA + EPA treatment of DLD-1, LS411N, HCT-8, and LS513 cells. See Figure S1 for details.
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