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Cancer remains one of the major threats to human health and one of the deadliest
diseases worldwide [1]. Therapy failure and consequent cancer relapse are the main factors
contributing to high cancer mortality, making it crucial to find and develop new therapeutic
options. Over the last few decades, natural products became one of the key drivers in the
drug development of innovative cancer treatments [2]. In opposition to drug development
from terrestrial resources, the marine environment only recently emerged as a prolific
source of unparalleled structurally active metabolites [3]. Due to their excellent scaffold
diversity, structural complexity, and ability to act on multiple cell signaling networks
involved in carcinogenesis, marine natural products are ideal candidates to inspire the
development of novel anticancer medicines [4,5].

The Special Issue “Marine Natural Products as Anticancer Agents” (https://www.
mdpi.com/journal/marinedrugs/special_issues/AnticancerAgents (accessed on 15 June
2021)), gathered nine publications, including a review, a communication, and seven re-
search articles, providing an excellent overview of the chemical richness offered by different
marine organisms. Indeed, sponges, myxobacteria, fungi, and soft corals, provide essential
scaffolds at the origin of the synthesis and molecular modeling of new anticancer drugs.
Marine natural compounds or derived products described in this Special Issue belong to
distinct chemical classes, including terpenoids, alkaloids, cyclodepsipeptides, polyketides,
and hydroxyphenylacetic acid derivatives. These compounds modulate cancer cell mecha-
nisms in vitro and in vivo in chronic myeloid leukemia, breast adenocarcinoma, prostate
carcinoma, and hepatocellular carcinoma cell types. These compounds exhibited high
specificity and great affinity to interact with distinct biological targets linked to specific
intracellular signaling pathways, including mitochondrial dysfunction, autophagy, endo-
plasmic reticulum (ER) stress induction, apoptosis, inflammation, migration, and invasion.

Conte and collaborators [6] provide a critical review focused on the ability of marine
natural products and their synthetic derivatives to act as epigenetic modulators, discussing
advantages, limitations, and potential strategies to improve cancer treatment.

Song and co-workers [7] studied the pharmacological potential of four newly synthe-
sized aplysinopsin derivatives to treat chronic myeloid leukemia, identifying the EE-84
analog as a promising novel drug candidate. EE-84 induces a cytostatic effect, leading to
mitochondrial dysfunction, the induction of a senescent-like phenotype, autophagy, and
ER stress. Its co-administration with the BH3 mimetic A-1210477 promoted a significant
synergistic effect on cancer cell death.

Astaxanthin, a xanthophyll carotenoid that can be found in several marine organ-
isms, including microalgae, bacteria, fungi, sea snails, and sea urchins, among others [8],
demonstrated the capacity to decrease the levels of stemness markers (Oct4 and Nanog) in
breast carcinoma cells, negatively modulating the expression of pontin and mutant p53
proteins [9]. Furthermore, this carotenoid also inhibited the proliferation of aggressive
prostate cancer DU145 cells, triggering apoptotic cell death and decreasing invasion and
migration capabilities. From a mechanistic point of view, cell death was triggered by
a down-regulation of STAT3 mRNA and protein levels, accompanied by an up-regulation
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of pro-apoptotic (BAX, caspase3, and caspase9) and a down-regulation of pro-survival
(JAK2, BCL-2, and NF-κB) proteins [10].

Wu and co-workers [11] studied the therapeutic effects of flaccidoxide-13-acetate diter-
penoid, previously isolated from the marine soft coral Sinularia gibberosa, on hepatocellular
carcinoma (HCC). The authors focused on tumor metastasis formation as this compound
decreased the viability, migration, and invasion capability of HCC cells. These effects
were mediated by a decrease in the expression levels of matrix metalloproteinases MMP-2,
MMP-9, and MMP-13, the suppression of PI3K/Akt/mTOR signaling, the down-regulation
of Snail and the up-regulation of E-cadherin protein expression. The modulation of these
signaling pathways eventually suppressed the epithelial–mesenchymal transition, invasion,
and migration of HCC cells.

Teles and collaborators [12] reported the antitumor properties of a Penicillium purpuro-
genum ethyl acetate extracellular extract, rich in meroterpenoids, using an Erlich mouse
model. The extract decreased tumor-associated inflammation and necrosis without causing
weight loss nor renal and hepatic toxicity.

The isolation of new marine natural products with cytotoxic activities was also re-
ported in this Special Issue. Jiang and co-workers [13] described the isolation of three new
molecules from Penicillium chrysogenum LD-201810, a marine alga-associated fungus: a pen-
taketide derivative, penilactonol A, and two new hydroxyphenylacetic acid derivatives,
(2′R)-stachyline B and (2′R)-westerdijkin A. (2′R)-westerdijkin A was significantly cytotoxic
to the hepatocellular carcinoma cell line HepG2.

One of the biggest challenges associated with bioprospecting and the pharmacological
application of marine natural products is the low yield of extraction, which can compromise
the supply chain to accomplish pre-clinical and clinical trials and thus develop a new drug.
Several strategies were developed to overcome these limitations, such as genetic engineer-
ing, aquaculture/cultivation, chemical modification, semi-synthesis, and synthesis [14].
Some of those approaches were addressed in this Special Issue. Huang and collabora-
tors [15] reported the isolation of four new biscembranoidal metabolites, sardigitolides
A–D (1–4), from the cultured soft coral Sarcophyton digitatum. The new biscembranoid,
sardigitolide B, significantly reduced the cell viability of breast adenocarcinoma cell lines,
MCF-7, and MDA-MB-231.

On the other hand, Zhang and co-workers [16] communicated the optimization of
two critical steps in the scale-up synthesis of nannocystin A, a 21-membered cyclodep-
sipeptide with remarkable anticancer properties, achieving a synthesis at a four hundred
milligram scale.

Altogether, the nine publications included in this volume provide an exciting overview
of marine natural products as potential therapeutic agents for cancer treatment.
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Abstract: Sessile organisms such as seaweeds, corals, and sponges continuously adapt to both abi-
otic and biotic components of the ecosystem. This extremely complex and dynamic process often
results in different forms of competition to ensure the maintenance of an ecological niche suitable
for survival. A high percentage of marine species have evolved to synthesize biologically active
molecules, termed secondary metabolites, as a defense mechanism against the external environment.
These natural products and their derivatives may play modulatory roles in the epigenome and in
disease-associated epigenetic machinery. Epigenetic modifications also represent a form of adap-
tation to the environment and confer a competitive advantage to marine species by mediating the
production of complex chemical molecules with potential clinical implications. Bioactive compounds
are able to interfere with epigenetic targets by regulating key transcriptional factors involved in the
hallmarks of cancer through orchestrated molecular mechanisms, which also establish signaling inter-
actions of the tumor microenvironment crucial to cancer phenotypes. In this review, we discuss the
current understanding of secondary metabolites derived from marine organisms and their synthetic
derivatives as epigenetic modulators, highlighting advantages and limitations, as well as potential
strategies to improve cancer treatment.

Keywords: secondary metabolites; epigenome; epigenetic signaling; bioactive compounds; cancer ther-
apy; marine species; environment

1. Introduction

Marine habitats are an extraordinary source of new and structurally complex bioac-
tive metabolites naturally produced by different organisms and characterized by unique
functions with marked biological activities. These features can be attributed to extreme
environmental conditions such as lack of light, high pressure, ionic concentration, pH and
temperature changes, scarcity of nutrients, and restricted living spaces [1]. The high con-
centration of coexisting organisms in a limited area also makes them very competitive and
complex, resulting in the development of adaptations and behaviors aimed at safeguarding
the species, such as the adoption of chemical strategies exploiting the wealth of bioactive
molecules produced by the secondary metabolism [2,3]. Marine-derived metabolites origi-
nate from different signal transduction pathways activated as a consequence of epigenome
changes in the organisms that produce them. Phenotypic/genotypic alterations of marine
organisms are characterized by an intricate network of interactions that influence each
other. Such interplay is further complicated by epigenetic modifications, which can trigger
adaptive biochemical processes in the species [4]. The marine environment (characterized
by biotic and abiotic factors), in turn, plays an essentially selective role in intrinsically
changing organisms, exerting an inductive function on epigenetic, genetic, and phenotypic
changes with transgenerational effects on the species [5,6] (Figure 1). Since the repro-
gramming of epigenetic states can be induced by environmental exposures in the marine
habitat, secondary metabolites produced by a large number of organisms might represent
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good candidates as novel natural molecules with potential pharmacological activity for
cancer treatment [7]. Cutting-edge chromatographic isolation and purification techniques,
pharmacological screening methods, and numerous spectroscopic approaches for structural
investigation such as mass spectroscopy and nuclear magnetic resonance (NMR) were used
to isolate and characterize several new marine-derived compounds [8–10], some of which
have potential anticancer activities. The chemical composition of isolated molecules has
a major impact on both the epigenome of the organism [11] and any potential epigenetic
effects produced, reflecting a complex and interconnected machinery of information ex-
change. In this review, we describe the therapeutic potential of marine-derived secondary
metabolites and their synthetic derivatives in cancer, focusing on their importance as epige-
netic modulators generating posttranscriptional, inductive (produced by the metabolism of
the organism), and induced (produced by alterations in marine environment) modifications.
We also discuss the challenges involved in discovering new natural and synthetic marine
bio-compounds with anticancer activity in light of the enormous variability that character-
izes the organisms themselves and the environment that surrounds them. This review also
highlights sustainable use of marine resources as producers of high yields of value added
bio-molecules for pharmaceutical field towards a more sustainability of economic growth
in terms of development, research and transmissibility of marine technology in terms of
development, research, and transmissibility of marine technology.

Figure 1. Schematic representation of the crosstalk between biotic/abiotic factors and transgenerational genetic/epigenetic effects.
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2. Anticancer Activities of Marine-Derived Secondary Metabolites with Inductive and
Induced Epigenetic Modifications

Epigenetics belongs to a branch of genetics based on the concomitance of complex
biomolecular mechanisms, which coordinate genetic information in the nucleus, culminat-
ing in control of gene expression [12], which in turn propagates in subsequent generations.
All this information is further conditioned by perturbations from the external environment.
Epigenetic alterations in gene activity are mitotically stable in the absence of changes in
DNA sequence [13]. Generally, mechanisms of environmental perception act through
alterations in chemical tags that normally exist in the genome. In cancer, “epigenetic mark-
ers” [14] serve as a sort of barcode of DNA function, indicating whether genes are active
or silent. The alteration and reprogramming of epi-signals can lead to changes in gene
expression and also directly influence transcriptional regulator function, with downstream
effects on the way cells and tissues work. In addition to genetic alterations, a hallmark
of various types of cancer, epigenetic dysregulations affecting DNA methylation, his-
tone modifications, and microRNAs introduce another layer of complexity, contributing
to tumor progression and changes in the phenotypic state. These epi-alterations are
further regulated by so-called chromatin writers, readers, and erasers, which constitute
specialized protein machinery able to modulate and reversibly influence the epigenome.
DNA methyltransferases (DNMTs), histone acetyltransferases (HATs), histone methyl-
transferases (HMTs), and lysine/arginine methyltransferases (KMTs/RMTs) are all writers,
due to their ability to add a modification on DNA and histones; readers, able to “read” and
thus interpret covalent modifications include: bromodomains, specific for acetylation site
recognition; chromodomains, recognized by methyl-readers; methyl-lysine readers such
as ATRX-DNMT3-DNMT3L (ADD), ankyrin, bromo-adjacent homology, chromobarrel,
WD40, and zinc finger CW domains, as well as double chromodomain, and tandem Tudor
domain. In addition, plant homeodomains bind to methylated histone H3, while the
PWWP domain can bind DNA and methylated histones. Erasers include TET proteins,
which remove modifications from DNA and histones, as well as histone demethylases
(HDMs), histone deacetylases (HDACs), protein phosphatases, and deubiquitinating en-
zymes, which remove methyl, acetyl, phosphate, and ubiquitin groups from histones and
other proteins, respectively [15–17]. Since modern medical approaches are based on the
personalization of human healthcare, bioactive molecules with epigenetic activity isolated
from marine sources represent a valid alternative to conventional therapies for use in
extensive preclinical assessments and the advanced phases of clinical studies. Further-
more, given the resistance developed by some pathogens to pharmacological treatments
and the inefficacy of traditional chemotherapies, efforts are being made to identify more
biologically active and effective molecules [18]. In marine ecosystems, sessile organisms
are much more susceptible to changes in the external environment [19] and adopt complex
survival strategies. Moreover, the set of biotic and abiotic components in these organ-
isms are extremely predominant, determining the production of secondary metabolites
with almost unique chemical-physical characteristics. A further level of complexity is
added by the intricate relationship between secondary metabolites and epigenetic func-
tions, which in turn contribute to the development of defense mechanisms by the species
that are transmitted across generations [20]. Secondary metabolites can harbor several
beneficial properties for human health such as antioxidant, antibacterial, antivirus, antico-
agulant, antidiabetic, anti-inflammatory, antihypertensive, and antitumor activities [21].
Furthermore, their natural biological functions are strongly influenced by the surrounding
environment, including conditions of climatic stress or attack by predators. Computa-
tional programs using knowledge-based algorithms or sequence-based prediction [22]
have identified genes responsible for the production of these natural products, but only
for some species. These genes are usually located in specific biosynthetic gene clusters
(BGCs) in the genome [23] that contain the required enzymes responsible for synthesis of
secondary metabolites and regulatory structures. Considering the enormous genetic and
epigenetic variability among marine species, it is not always possible to predict their BGCs
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and therefore their association with the production of secondary metabolites. For exam-
ple, under certain conditions chromatin remodeling factors can switch on or switch off
specific genes continuously over time. Cutting-edge technologies such as those involved
in triggering the activation of silent BGCs, which include changes in growth conditions
(e.g., temperature and pH) or genetic engineering-based approaches [24,25] are emerging
to better study the interaction between the production of metabolites and the genes that
produce them. One of the goals of anticancer research is to extract and select biomolecules
from these organisms in order to exploit their properties and generate synthetic analogues
(Figure 2). To date, the U.S. Food and Drug Administration (FDA) has approved several
marine-derived therapeutic compounds such as cytarabine, vidarabine, ziconotide, omega-
3 acid ethyl esters, eribulin mesylate, brentuximab vedotin, and iota-carrageenan [26–32]
(Figure 3) and further studies aimed at characterizing and developing new drugs are
ongoing. The following section describes the epigenetic role of well-known marine-derived
secondary metabolites, classified according to their biosynthetic pathways and subdivided
into three major families: phenolic compounds, cyclic peptides, and alkaloids. Their mech-
anism of action as potential epigenetic bio-compounds for the treatment of different type
of cancers is also discussed.

 

Figure 2. Inductive and induced epigenetic modifications by secondary metabolites produced by marine organisms. Epige-
netic writers, readers, and erasers regulate production of secondary metabolites, which in turn induce epi-modifications.
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Figure 3. Chemical structures of marine-derived therapeutic compounds approved by the U.S. Food and Drug Administration (FDA).
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3. Sustainability and Health

Potential anticancer drugs derived from various marine species are not always present
in the environment in sufficient quantities and do not maintain the same functional charac-
teristics over time both in terms of chemical-physical structure and biological potential,
thus limiting their characterization. These molecules, before being used as drugs, need to
be submitted to rigorous scientific research and to quality control according to precise
standards and procedures created ad hoc to ensure their best implementation. One of
the aspects that influences their production is represented by the conditions of the ma-
rine environment, which has a fundamental impact on development, research and on
new strategies applied to marine biotechnology. The sea must be considered not only an
environment to be exploited, but also to be safeguarded, since its protection has crucial
benefits for human health. Apart from human activities, climate change, the availability
of nutrients, the attack of predators also strongly affecting the production of bioactive
compounds, for which we are increasingly trying to enhance sustainability, well-being and
health, both in environmental protection and in socio-economic terms.

4. (Poly)phenolic Compounds

(Poly)phenolic compounds are one of the main classes of marine-derived secondary
metabolites. They can be found in different pelagic organisms and their production varies
across genera as well as growing conditions, geographical location, and abiotic/biotic
factors. These compounds can be distinguished by the presence of one (phenolic acids)
or more (polyphenols) aromatic rings annexed to hydroxyl groups in their structures,
which confer very strong antioxidant properties. Their bioactivity is also linked to other
enzymatic inhibitory effects as well as to anticancer, antidiabetic, or anti-inflammatory
actions, with beneficial results for human health [33–35]. In addition, their role as scav-
engers of singlet oxygen and free radicals and/or reducing and chelating agents is a very
promising area for the study and treatment of cancer, as they display interesting epigenetic
molecular mechanisms that modulate gene expression as well as DNA damage and repair.
The following subsections focus on the most studied natural phenolic compounds and
their derivatives in terms of their epigenetic role in cancer and their use in clinical trials
(Table 1 and Supplementary Table S1).

4.1. Psammaplin A

Psammaplins belong to a group of bromotyrosine phenols, whose common ancestor
is Psammaplin A (PsA), a natural phenolic product isolated for the first time from the
Psammaplin aplysilla marine sponge and from an unknown sponge (probably Thorectop-
samma xana) in 1987 [36]. This marine metabolite was the first natural product containing
oxime and disulfide moieties to be isolated from a marine sponge [29,37], and is charac-
terized by a disulfide bridge and a bromotyrosine ring occurring in nature in the form
of monomers or dimers. PsA exhibits anticancer activities by modulating different hu-
man enzymes, which in turn regulate DNA replication, transcription, differentiation,
apoptosis, proliferation, tumor invasion, and migration. PsA also inhibits topoisomerase
II, aminopeptidase N, chitinases, farnesyl protein transferase, leucine aminopeptidase,
and other enzymes [36,38–41]. PsA is reported to act as an antiproliferative agent in var-
ious human cancer cell lines, such as endometrial, breast, and triple negative metastatic
breast cancer, as well as in in vivo models [15,42,43] by exerting potentially inhibitory
effects on HDACs and DNMTs. PsA was also shown to sensitize human lung and glioblas-
toma cancer cells to radiation in vitro; PsA pretreatment in these cells increased the sub-G1
phase of the cell cycle, induced an increased expression of cleaved caspase-3, and led to
a drastic depletion of DNMT1 and DNMT3A, suggesting inhibition of the DNA damage
repair process elicited by the DNA damage marker γH2AX [44]. The mechanism of action
underlying the HDAC inhibitory effect of PsA involves a change in the redox state of the
disulfide bond. Replacement of the sulfur atom leads to the formation of a mercaptan,
which in turn chelates the Zn+ ion present in the characteristic active site of the HDAC
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enzyme, modifying its conformational state and thus preventing its accessibility to the
natural substrate [45]. This new conformational state determines an increase in acetylation
levels of histone H3, a well-known epigenetic marker of chromatin structure and function,
suggesting selectivity for HDACs.

4.2. Indole-Derived Psammaplin a Analogues

Because of the limits relating to the extraction and instability of PsA, several indole-
derived analogues have been designed and many studies undertaken to improve the
inhibitory effect of this promising natural drug. A computational-based study was carried
out to discover and biologically test novel potent and selective HDAC inhibitors (HDACi)
from thioester-derivatives and analogues of PsA [46]. Although chemically reduced PsAs
and thiol-derived analogues both showed a good inhibitory effect at the nanomolar level
in vitro, when they were tested in cancer cell models, their potency was much lower. This
biological effect was probably due to the low permeability/stability of thiol in malignant
cells. In order to overcome this issue, a novel approach was adopted to “protect” free
thiol and enhance its effectiveness in cancer cells. This strategy was developed thanks to
the production of novel thioester-active PsA analogues, whose molecular mechanism is
mediated by thioester hydrolysis, identified by in vitro assay, and followed by cleavage
of the acetyl group by HDAC1 and six enzymes. These newly synthetized thioesters dis-
played significant cytotoxicity against several cancer cell lines as well as robust enzymatic
activity [46]. After confirming the epigenetic role of PsA using in vitro and cell-based
assays, a structure–activity relationship (SAR) study was performed by modifying the
original scaffold of PsA based on the β-indole-α-oximinoamido protection group and by
the replacement of the o-bromophenol unit by an indole ring. These new derivatives were
evaluated by several biological assays, displaying cell cycle arrest and p21 induction in
acute myeloid leukemia (AML), breast, and prostate cancer cells, as well as histone H3
and alpha tubulin acetylation, showing multiple epigenetic activities [47]. Novel PsA
derivatives were synthetized as bisulfide bromotyrosine products, including psammaplins
F, G, and H, while two new bromotyrosine derivatives were characterized as psammaplins
B, C, D, bisaprasin, I and J, along with the known PsA. [48–51]. PsA, psammaplin G,
and bisaprasin displayed both HDAC and DNMT inhibitory activities, while all the others
substantially exhibited HDAC inhibition in vitro.

Given the growing interest in new epigenetic modulators in cancer, research has been
focusing on the role of PsA and its derivatives as potential epigenetic markers and investigating
their biological activity. Many other computational and biological-based assays have been
carried out to optimize the selectivity of psammaplin compounds and determine the best
trade-off between chemical stability and epigenetic-based biological function.

4.2.1. UVI5008

The molecular characterization and anticancer activities of UVI5008, a novel synthetic
derivative of PsA that exerts multiple epigenetic effects in several cancer cell lines via
simultaneous targeting of HDACs, DNMTs, and sirtuins (class III HDACs). UVI5008 is a
powerful HDACi, displaying histone H3 acetylation and HDAC inhibition. UVI5008 also
inhibits DNA methylation in the promoter region of tumor suppressor gene pl6INK4a
and alters the acetylation status of chromatin on tumor necrosis factor-related apoptosis-
inducing ligand (TRAIL). The inhibitory activity of UVI5008 was also tested on sirtuin 1
and 2, and was found to impact p53 acetylation levels. UVI5008 affects death and ROS
pathways in HDAC-resistant and -mutated cancer cells and tumors, providing a potentially
valid alternative to combination cancer therapy (patent WO2008125988A1) [52].

4.2.2. Panobinostat

Cinnamic acids play a crucial role in the formation of other more complex phenolic
compounds. Panobinostat, (LBH-589; Farydak®, Novartis Pharmaceuticals Corporation,
East Hanover, NJ, USA), a synthetic analogue of PsA, is one of the most potent pan HDACi
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and in 2015 received FDA approval for therapeutic application in patients with multiple
myeloma (MM). To date, panobinostat has been investigated in numerous completed
clinical trials for the treatment of solid and hematological cancers, alone or in combination
(NCT01242774, NCT01802879, NCT01336842, NCT01460940, NCT01065467) and about
ten clinical studies are currently recruiting (NCT04326764, NCT04341311, NCT02717455,
NCT04150289, NCT02386800, NCT02506959, NCT02890069, NCT04315064, NCT01543763,
NCT04264143, NCT03143036, NCT03878524). Many reports also confirm the antiangio-
genic role of this natural molecule in hepatocellular carcinoma both in vitro and in vivo
through the epigenetically regulated connective tissue growth factor [53]. In vitro findings
demonstrated that panobinostat inhibits tumor growth in an orthotopic xenograft model of
ovarian cancer and that its effect is characterized by acetylation of histone H2B and upregu-
lation of pH2AX, suggesting that these mechanisms are mediated by HDAC inhibition [54].
Panobinostat treatment also showed effective HDAC inhibition in breast, prostate, colon,
and pancreatic cancer cell lines, while its effects on normal cells were marginal [55,56],
suggesting its cancer-specific selectivity.

4.2.3. NVP-LAQ824

NVP-LAQ824 (dacinostat), another PsA analogue, is a derivative of 4-aminomethylcinnamic
hydroxamic acid, which has entered phase I clinical trials [57,58] for the treatment of solid
tumors and leukemia. NVP-LAQ824 inhibits HDAC activities and exerts anticancer effects
at nanomolar concentrations through a mechanism of action involving the disruption of the
charge-relay network via zinc chelation. Dacinostat may interfere with epidermal growth
factor-mediated signaling in breast cancer via two independent epigenetic mechanisms
involving a decrease in human epidermal growth factor receptor 2 (HER2) mRNA levels
and by proteasomal degradation via an increase in the chaperone protein Hsp90. This effect
is due to a further increase in acetylation levels induced by a dacinostat-mediated inhibitory
mechanism [59]. NVP-LAQ824 was also proposed as a novel HDACi due to its ability to
activate p21 at promoter and protein expression level, inhibit cyclin-dependent kinase 2 ki-
nase activity, reduce retinoblastoma phosphorylation, and cause cell cycle arrest selectively
in different cancer cell lines and in vivo models [60]. NVP-LAQ824 can also epigenetically
modulate macrophage immune response through a mechanism involving recruitment of the
transcriptional repressors HDAC11 and PU.1 to the IL-10 gene promoter. This biological effect
results in IL-10 inhibition and improved responsiveness of CD4+ T cells [61].

4.2.4. Trichostatin A

Trichostatin A (TSA) is an hydroxamic acid originally isolated from the bacterium Strep-
tomyces platensis, present in soil, which exerts antifungal, antibacterial, and antineoplastic
activities as well as a broad spectrum of reversible HDAC inhibitory functions. Clinical tri-
als investigating TSA in cancer are currently recruiting (NCT03838926, NCT03784417).
In a recent study, malignant melanoma cells were treated with TSA and subjected to
whole-transcriptome profiling. Data analysis showed that TSA was able to drastically
change the transcriptome and several up- and downregulated transcripts were identi-
fied within BRAF-mutated melanoma cells. Specifically, TSA was able to downregulate
MAPK/MEK/BRAF axis without affecting HDAC and BRAF pathways [62]. Sirtuin 6
is a class III HDAC enzyme involved in various epigenetic-like activities such as gene
silencing regulation and DNA repair mechanisms, as well as blood glucose level regulation
and stress resistance. Dysregulation of sirtuin 6 has a strong impact in various diseases
including dysmetabolism, neurodegeneration, diabetes, and cancer. Since the tumor sup-
pressor protein p53 upregulates sirtuin 6 via a deacetylation mechanism, histone H3 and
p53 acetylation (via suppression of sirtuin 6) by TSA has a robust action on cancer cells as
the posttranslational modification mediated by acetylation restores the regulation of p53 to
normal physiological conditions [63]. TSA analogues such as trichostatic acid, JBIR-109,
JBIR-110, and JBIR-111 derive from cultures of the marine sponge-derived Streptomyces
sp. strain RM72 [64]. The JBIR-17 analogue was instead isolated from Streptomyces sp.
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26634, in turn isolated from a leaf of the Kerria japonica shrub collected in Iwata, Japan [65].
These derivatives display similar biological effects and may be used as lead compounds
for the generation of more active drugs.

4.2.5. Vorinostat

Vorinostat (SAHA, ZOLINZA®, Merck & Co., Inc., Kenilworth, NJ, USA) was the first
HDACi approved by the FDA for the treatment of cutaneous T-cell lymphoma (CTCL) in
2006. Vorinostat is a synthetic derivative of the first natural hydroxamate HDACi identified,
TSA, described in the previous subsection [66]. Vorinostat is a pan HDAC inhibitor and the
most studied synthetic derivative compound from a natural source. Currently, about 40
clinical trials are in the recruitment phase (the most recent are NCT04308330, NCT04339751,
NCT03803605, NCT03056495, NCT02638090, NCT04357873, NCT03167437, NCT03843528,
NCT03842696) for a wide variety of diseases. Furthermore, a broad spectrum of datasets
present in literature describe and demonstrate the multiple epigenetic roles of vorinostat in
cancer and other disorders, as most recently reported in [67–74].
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Table 1. Natural phenolic compounds and their derivatives, and their epigenetic role in cancer.

Compound Structural Formula Chemical Class Source Species
Epigenetic

Mechanism
Ref

Psammaplin A Phenolic compound Sponge Psammaplin aplysilla,
Thorectopsammaxana

DNMT inhibition
(in vitro) [36,44,47,50]

HDAC inhibition
(in vitro) [37,42,43,46,47,57–59,61,64,66]

Topoisomerase II
inhibition (in vitro) [39]

Inhibition of DNA
regulation (in vitro) [36]

Aminopeptidase N
inhibition (in vitro) [40]

SIRT1 induction
(in vitro) [47]

HDAC inhibition
(in vitro) [46]

Increased H3
acetylation (in vitro)

Psammaplin F Phenolic compound Sponge Pseudoceratina
purpurea

HDAC inhibition
(in vitro) [50]
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Table 1. Cont.

Compound Structural Formula Chemical Class Source Species
Epigenetic

Mechanism
Ref

Psammaplin G Phenolic compound Sponge Pseudoceratina
purpurea

DNMT inhibition
(in vitro) [50]

Bisaprasin Phenolic compound Sponge Pseudoceratina
purpurea

DNMT inhibition
(in vitro) [50]

UVI5008 Phenolic compound Psammaplin derivative
DNMT3a inhibition

(in vitro)

[52]
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Table 1. Cont.

Compound Structural Formula Chemical Class Source Species
Epigenetic

Mechanism
Ref

H3 hyperacetylation
(ex vivo)

HDAC inhibition
(in vitro)

HDAC1–4 inhibition
(in vitro)

SIRT inhibition
(in vitro)

NVP-LAQ824
(dacinostat)

Hydroxamic acid Psammaplin derivative
HDAC inhibition

(in vitro) [57,59,60]

HDAC inhibition
(in vivo) [57,58]

Increased H3
acetylation (in vitro) [59–61]

Increased H4
acetylation (in vitro) [60,61]
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Table 1. Cont.

Compound Structural Formula Chemical Class Source Species
Epigenetic

Mechanism
Ref

Trichostatin A Hydroxamic acid Bacterium Streptomyces platensis
HDAC inhibition

(in vitro) [62,66]

MAPK/MEK/BRAF
downregulation

(in vitro)
[62]

Increased H3
acetylation (in vitro) [63]

JBIR-109 Trichostatin analogue Sponge Streptomyces sp.
strain RM72

HDAC inhibition
(in vitro) [64]
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Table 1. Cont.

Compound Structural Formula Chemical Class Source Species
Epigenetic

Mechanism
Ref

JBIR-110 Trichostatin analogue Sponge Streptomyces sp.
strain RM72

HDAC inhibition
(in vitro) [64]

JBIR-111 Trichostatin analogue Sponge Streptomyces sp.
strain RM72

HDAC inhibition
(in vitro) [64]

JBIR-17 Phenolic compound Bacterium Kerria japonica
HDAC inhibition

(in vitro) [65]
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Table 1. Cont.

Compound Structural Formula Chemical Class Source Species
Epigenetic

Mechanism
Ref

Panobinostat Phenolic compound Sponge Psammaplin aplysilla
Pan-HDAC

inhibition (in vitro) [53,54]

HDAC inhibition
(in vitro) [55]

Vorinostat Hydroxamic acid Trichostatin A
derivative

Pan HDAC
inhibition (in vitro) [67]

HDAC inhibition
(in vitro) [66,69,70,73]

HDAC inhibition
(in vivo) [67,68]

mTOR inhibition
(in vivo) [68]

PLD-1 upregulation
(in vitro) [70]
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5. Cyclic Peptides

Marine-derived secondary metabolites are a huge source of multi-structured peptides
possessing unique features able to regulate epigenetic mechanisms in cancer. The majority
of these compounds are of natural origin and their backbone, characterized by a ring
structure, has been used for the novel synthesis of more active and specific therapeutic
drugs. This section mainly discusses depsipeptides and cyclic tetrapeptides (CTPs) as
epigenetic-like anticancer agents. Depsipeptides are non-ribosomal peptides in which one
or more amine bonds are replaced by the corresponding ester. These derivatives often
contain non-protein amino acids and are found in the marine environment. Their syn-
thesis is very straightforward and may lead to the development of several structural
combinations useful for identifying the most effective anticancer agents. For instance,
modifying amine groups to esters leads to an increase in lipophilicity, thus increasing their
cell permeability [75]. Unlike depsipeptides, CTPs are very difficult to synthetize due to
their highly complex structure characterized by four amino acids linked by eupeptide
bonds. Specifically, CPTs contain L-, D-, and cyclic amino acids, which reduce the cyclic
tension associated with CTPs. Many biochemical approaches coupled with extensive
studies of three-dimensional structures by X-ray crystallography and NMR have been
developed [76] to produce novel and more bioactive molecular structures. The following
subsections describe the epigenetic role exhibited by marine-derived cyclic peptides dis-
playing strong anticancer and anticancer-associated biological activities, which may have
important implications for human health (Table 2 and Supplementary Table S2).

5.1. Romidepsin

Romidepsin ((Istodax®, Celgene Corp, Summit, NJ, USA) is a depsipeptide derived
from the marine bacterium Chromobacterium violaceum and was the first epigenetic-like
peptide approved by the FDA for the treatment of CTCL and other peripheral T-cell lym-
phomas in 2009 and 2011, respectively [77]. Romidepsin is mainly active against class I
HDACs via a mechanism involving the release of a thiol by the disulfide bond of the pep-
tide. The resulting mercaptan interacts with zinc at the HDAC binding site, thus inhibiting
its activity. Romidepsin is currently the subject of about ten recruiting studies on cancer
NCT02512497, NCT01947140, NCT02232516, NCT02616965, NCT03742921, NCT03161223,
NCT02783625, NCT04257448, NCT03703375, NCT03593018, NCT02551718). About fifty tri-
als investigating the role of romidepsin in cancer have been completed (the most recent are
NCT02296398, NCT01913119, NCT01537744, NCT01324310, NCT01822886, NCT01353664).
Other depsipeptide molecules include spiruchostatins [78,79], burkholdacs [80,81], and thai-
landepsin B [82,83], which are the product of the bacterium Burkholderia thailandensis,
while FR901375 [84] and largazole [85] are derived from Pseudomonas chlororaphis and the
cyanobacterium Symploca sp., respectively.

5.2. Plitidepsin

Also known as dehydrodidemnin B, plitidepsin (Aplidin®, PharmaMar, S.A., Colme-
nar Viejo, Spain) belongs to the class of didemnins isolated from the tunicate Aplidium
albicans of the genus Trididemnum and is a natural HDACi with a broad spectrum of
anticancer effects [86,87]. To date, six studies investigating the anticancer effects of pli-
tidepsin have been completed (NCT01102426, NCT00884286, NCT01149681, NCT02100657,
NCT00788099, NCT00229203), five have been terminated (NCT03117361, NCT00780143,
NCT03070964, NCT00780975, NCT01876043), and only one is active for patients with
COVID-19 (NCT04382066). Plitidepsin displays a strong inhibitory effect on cell growth
and apoptosis in MM patients and cell lines, including those resistant to conventional
therapies. This bioproduct also potently inhibits osteoclast differentiation and bone re-
sorptive activity both in vivo and in vitro [88]. Among hundreds of plitidepsin analogues,
PM01215 and PM02781 (patent WO 2002002596) were identified for their antiangiogenic
effect in human primary cells [89].
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5.3. Largazole

Largazole is a macrocyclic depsipeptide deriving from the marine cyanobacterium
Symploca sp. [90]. This molecule is considered a superior hybrid thanks to its structural
characteristics: it contains a thiazole unit linked to a 4-methylthiazoline, a nonmodified
L-valine amino acid, and a thioester responsible for its mechanism of action. Largazole acts
as an HDACi and is particularly active in colon cancer cell lines, as documented by a
screening of 60 cell lines from the National Cancer Institute. In vivo and in vitro studies
showed its apoptotic and antiproliferative activities as well as histone H3 hyperacetylation.
Many similarities in terms of gene regulation were also found with two other potent
HDACi, vorinostat and FK228, by gene transcriptomic profiling [85,91].

5.4. Azumamides

Azumamides are a group of CTPs isolated from the Japanese marine sponge Mycale
izuensis, with five isoforms (A, B, C, D, E). Azumamides A–E were the first cyclic peptides
with HDAC inhibitory activity isolated from marine organisms, and are characterized by
four non-ribosomal amino acid residues, three of which are D-series amino acids while
only one is a beta amino acid [92]. Azumamides A–E were identified for the first time as
potent HDACi in a chronic myeloid leukemia cell line [93] following in vitro evaluation of
HDAC activity. Specifically, increasing concentrations of azumamide A induced histone
H3 acetylation while producing cytotoxic effects in colon cancer and chronic leukemia cells.
Azumamide variants B, C, and E produced an HDAC inhibitory effect in human carcinoma
cell lines with IC50 values in the micromolar range. Derivative E resulted the most active
compound with inhibitory activities due to its different chemical structure represented
by a carboxylic acid, which has a higher affinity for thee HDAC active site containing
zinc ion, unlike the amide group present in the other azumamides A, B, and D [94].
From a mechanistic perspective, azumamide E was the only isoform found able to induce
overexpression of p21, a well-known marker regulating cell cycle progression, in murine
induced pluripotent stem cells [95].

5.5. Trapoxins

Trapoxin (TPX) A is a fungal-derived HDACi with a homodetic cyclic tetrapeptidic
structure isolated from the species Helicoma ambiens. This molecule is an epoxyketone and
exerts irreversible inhibitory effects on class I HDACs due to the analogous structure of its
ketone carbonyl group and the carbonyl of the substrate acetyl-L-lysine of HDACs. A study
reporting the creation of a novel X-ray structure characterized by trapoxin A bound to
HDAC8 demonstrated that trapoxin A is a non-covalent HDAC8 inhibitor thanks to an
α,β-epoxyketone side chain, which by chemical transition state is able to bind the HDAC
active site containing zinc [96]. Cyclic hydroxamic acid-containing peptide (CHAP) 1 is a
hybrid compound deriving from trapoxin A and TSA, in which the epoxyketone group is
substituted by the hydroxamic acid instead of the epoxyketone and can reversibly inhibit
HDACs at low nanomolar concentrations. Although several CHAP derivatives have been
produced, only one showed antitumor activity in BDF1 mice bearing B16/BL6 tumor cells,
suggesting the possibility of an improved synthesis of new hybrids [97].
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Table 2. Cyclic peptides and alkaloids with their epigenetic anticancer role.

Compound Structural Formula Chemical Class Source Species Epigenetic Mechanism Ref

Romidepsin Depsipeptide Bacterium Chromobacterium
violaceum

HDAC inhibition
(in vitro) [80,82–84]

Plitidepsin Cyclic tetrapeptide Tunicate Aplidium albicans
Caspase-3 upregulation

(in vitro) [87]

Dephosphorylation of
ERK1/2 and 5 (in vitro) [88]

PM01215 Aplidin analogues p16INK4A induction
(in vitro) [89]

VEGF downregulation
(in vitro)
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Table 2. Cont.

Compound Structural Formula Chemical Class Source Species Epigenetic Mechanism Ref

PM02781 Aplidin analogues p16INK4A induction
(in vitro) [89]

Largazole
Macrocyclic

depsipeptide Cyanobacterium Symplocasp
HDAC inhibition

(in vitro) [85,91]

HDAC inhibition
(in vivo) [85]

Azumamides Cyclic tetrapeptide Sponge Mycale izuensis
HDAC inhibition

(in vitro) [92,93,95]
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Table 2. Cont.

Compound Structural Formula Chemical Class Source Species Epigenetic Mechanism Ref

Increased H3 acetylation
(in vitro) [94]

Trapoxins Cyclic tetrapeptide Fungus Helicoma ambiens
Class I HDAC inhibition

(in vitro) [96]

HDAC inhibition
(in vitro) [97]

Apicidin Cyclic tetrapeptide Fungus Fusarium pallidoroseum
HDAC8 inhibition

(in vivo) [98]

p21 upregulation
(in vitro) [99]

HDAC inhibition
(in vitro) [99,100]

DNMT inhibition
(in vitro) [42]

HDACs2/3 inhibition
(in vitro) [42]
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Table 2. Cont.

Compound Structural Formula Chemical Class Source Species Epigenetic Mechanism Ref

Microsporins A and B Cyclic peptide Fungus Microsporum cf. gypseum
HDAC inhibition

(in vitro) [101]

HDAC8 inhibition
(in vitro)

Isofistularin-3 Alkaloid Sponge Aplysina aerophoba
DNMT1 inhibition

(in vitro) [33]

Cyclostellettamines Alkaloid Sponge Xestospongia
HDAC inhibition

(in vitro) [102,103]
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5.6. Apicidin

Apicidin is a fungal metabolite derived from the species Fusarium pallidoroseum, in the
Sordariomycetes class. It is an HDAC2 and 3 inhibitor and acts as a trapoxin A analogue,
but lacks the epoxyketone functional group. Several studies described the anticancer
activities of apicidin in vitro and in vivo [42,98,99]. A recent report investigated the charac-
terization of HDAC3 in Notch signaling by comparing data obtained following apicidin
treatment and HDAC3 loss of function in APRE T cell models. Gene expression data from
RNA sequencing revealed a cluster of 65 upregulated genes and another of 368 downregu-
lated genes in both HDAC knockdown and apicidin-treated cells. Many of the identified
downregulated genes affected Notch signaling, and in particular apicidin treatment led
to an increase in epigenetic markers such as acetylation levels of histone H3 lysine 27
(H3K27), histone H3 lysine 18 (H3K18), and histone H3 lysine 9 (H3K9), while a de-
crease in H3K27 acetylation was detected at the recombination signal binding protein for
immunoglobulin kappa J region binding sites associated with Notch target genes. Api-
cidin treatment affected NOTCH1 intracellular domain stability via a mechanism driven
by proteasomal degradation mediated by ubiquitination [100]. Microsporins A and B are
also marine-derived metabolites from the fungus Microsporum cf. gypseum that display
HDACi action. Their cytotoxic-related activities were reported in colon adenocarcinoma
cells and a precursor to the unusual amino acid residue of the anticancer agent microsporin
B was subsequently synthetized as (S)-2-Boc-Amino-8-(R)-(tert-butyldimethylsilanyloxy)
decanoic acid [101].

6. Alkaloids

Alkaloids are natural compounds characterized by a nitrogen-heterocyclic structure.
Specifically, marine alkaloids have an amine nitrogen group and a carbon ring and mainly
derive from marine organisms such as sponges, algae (green, brown, and red), coelenterates,
and tunicates. These metabolites display several properties, acting as antitumor, antiviral,
antimalarial, antifungal, and anti-osteoporosis agents. Marine alkaloids may be used as
chemotherapeutics or as lead compounds for structural modification (Table 2).

6.1. Brominated Alkaloids: Isofistularin-3

Brominated alkaloids (BAs) include the promising natural molecule isofistularin-3
(Iso-3), whose source is the sponge Aplysina aerophoba. Structurally, this compound shows
similarities with PsA, a well-known bromotyrosine derivative. Iso-3 was screened for its
DNMT1 inhibitory activities in vitro together with a library of compounds. The confor-
mational structure of this compound was also analyzed by molecular docking prediction,
revealing an inhibition interaction between DNMT1 and DNA via a conserved CXXC
motif affecting binding activity via positively charged residues. BAs lack a thiol linker
moiety, explaining the absence of HDAC inhibitory activity. Iso-3 was shown to have
anticancer potential in lymphoma cells, leading to cell cycle arrest, morphological changes,
and authophagy as well as caspase-dependent and -independent cell death [33].

6.2. Bispyridinium Alkaloids: Cyclostellettamines

Marine-derived alkaloids include a group of compounds with a macrocyclic ring of
the precursor bispyridinium alkaloid called cyclostellettamines. Cyclostellettamines A and
G together with dehydrocyclostellettamine D and E, shown to act as HDAC inhibitors in
the myelogenous leukemia K562 cell line, were isolated from a marine sponge of the genus
Xestospongia [102]. The inhibitory effect of these compounds was very weak, with cyto-
toxic activities observed in human cervix carcinoma, mouse leukemia, and rat fibroblasts,
suggesting that multifunctional targets of these molecules can modulate their cytotoxic
effects. A synthetic route for cyclostellectamines A–L and dehdrocyclostellettamines D
and E was developed using bispyridinium dienes precursors and subsequent catalytic
hydrogenation. The compounds obtained and their precursors were tested in vitro in an
AML cell line for HDAC activity, cell cycle modulation, acetylation levels of histone H3 and
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tubulin, differentiation, and apoptosis. The precursors were found to have more potent
activities than the natural compounds [103].

7. Conclusions

Anticancer therapy-associated drawbacks include resistance to drug treatments and
the occurrence of relapses, whereby, finding and characterizing new drugs is one of the main
objectives. The development of new drugs with anticancer activity follows a multidisci-
plinary approach that generally begins with the identification and retrieval of new bioactive
molecules from natural sources, which in turn undergo preliminary evaluations assess-
ing biological activity, toxicological tests, and chemical/biotechnological synthesis [23].
The difficulty in finding natural substances of marine origin and collecting sufficient quan-
tities for clinical and preclinical experimentation often hinders the possibility of isolating
natural biomolecules, preventing the development of promising compounds. Although the
epigenetic role of natural compounds has been discussed in previous studies, the aspects
related to the discovery of new marine-derived anticancer bio-compounds highlighting the
variability that characterizes the organisms themselves and their surrounding environment
that, have not been extensively discussed previously. The chemical-physical-biological char-
acteristics of natural marine compounds are unique and cannot be found in the terrestrial
environment, but the properties of already characterized molecules can be exploited for a
new chemical synthesis and molecular modeling of new products to refine their anticancer
activity. Natural marine bio-compounds are produced in co-evolution with biological
systems and can be specific mediators of epigenetic processes in cancer, in turn influencing
the abundance and distribution of species in nature and the functioning of ecosystems.
A very important aspect also involves the concept of environmental sustainability, linked to
the strong need to reduce the impact of the ecosystem on natural resources and the need
to safeguard the marine environment to maintain and preserve biodiversity and prevent
as much as possible the decrease of ecosystem functions. Marine biotechnologies are
increasingly specializing in the development of new methods based on the evaluation of
the sustainability of organisms sampling for their subsequent use associated with new
selection criteria and the creation of marine biobanks.

Marine organisms produce secondary metabolites whose chemical-physical and bi-
ological characteristics are extremely variable due to biotic and abiotic factors, adding a
further level of complexity to research and development efforts in this field. Most com-
pounds of marine origin can be synthesized and more than 10 are currently at an advanced
clinical stage [104]. Furthermore, new and advanced technologies allow the biotechno-
logical production of these molecules either through cloning techniques or gene cluster
manipulation, overcoming a number of obstacles including those linked to environmental
risks associated with the potential loss of genetic resources caused by overharvesting of
producer organisms. Major interest is currently focusing on the identification and biosyn-
thetic characterization of natural marine compounds, particularly those derived from
the secondary metabolism, potentially available as active principles (lead compounds)
or biochemically comparable (biosynthetic analogues) to active compounds, for the de-
velopment of new epigenetic drugs. Many marine compounds with anticancer activity
capable of modulating microRNA and epigenetic mechanisms such as DNA methylation,
acetylation, and histone methylation, have a considerable impact on the regulation of gene
expression [105]. Marine organisms are themselves subject to intrinsic epigenetic changes
induced by the surrounding environment, causing them to produce biomolecules with
unique structural characteristics that can act as an imprint to produce a novel synthesis.
An example of a response to ecological changes is represented by dimethylsulfoniopropi-
onate (DMSP), a metabolite that can be degraded by phytoplankton or bacteria to produce
dimethylsulfide (DMS). Inducing the bloom of the Gulf of Mexico phytoplankton, bacteri-
oplankton cells can demethylate this metabolite via the dmdA gene pointing out several
dmdA subclases identified in response to ecological alteration [106]. Epigenetic mecha-
nisms such as DNA methylation and histone modifications may also affect coral adaptation
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to climate change [107] spreading to subsequent generations, but these mechanisms still
need to be further studied [108]. The chromosomal characterization of different species of
sponges has been carried out on the basis of their phylogenetic relationships, identifying
similar karyotypes, harboring a diploid chromosome number. A high variability in the
extent of the genome has been defined also in species belonging to the same class, reflect-
ing distinct genomic organization [109]. Further studies will allow to understand how
epigenetic mechanisms, which are sometimes stochastic events and often are responsible
for locus-specific gene expression via chromatin modifications, can be correlated with
organism ploidy. As cancer treatments are increasingly based on personalized medicine
due to the complexity of the disease and the multitude of hallmarks involved, including
epigenetic alterations, developing new bioactive molecules derived from marine sources
will provide a vast repertoire of substances with pharmacological activity that can be used
alone or in combination with other epigenetic drugs, chemotherapy, or radiotherapy.
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Abstract: Aplysinopsins are a class of marine indole alkaloids that exhibit a wide range of biological
activities. Although both the indole and N-benzyl moieties of aplysinopsins are known to possess
antiproliferative activity against cancer cells, their mechanism of action remains unclear. Through
in vitro and in vivo proliferation and viability screening of newly synthesized aplysinopsin analogs
on myelogenous leukemia cell lines and zebrafish toxicity tests, as well as analysis of differential
toxicity in noncancerous RPMI 1788 cells and PBMCs, we identified EE-84 as a promising novel drug
candidate against chronic myeloid leukemia. This indole derivative demonstrated drug-likeness in
agreement with Lipinski’s rule of five. Furthermore, EE-84 induced a senescent-like phenotype in
K562 cells in line with its cytostatic effect. EE-84-treated K562 cells underwent morphological changes
in line with mitochondrial dysfunction concomitant with autophagy and ER stress induction. Finally,
we demonstrated the synergistic cytotoxic effect of EE-84 with a BH3 mimetic, the Mcl-1 inhibitor A-
1210477, against imatinib-sensitive and resistant K562 cells, highlighting the inhibition of antiapoptotic
Bcl-2 proteins as a promising novel senolytic approach against chronic myeloid leukemia.

Keywords: aplysinopsin analogs; indole alkaloids; marine source; chronic myeloid leukemia;
BH3 mimetics

1. Introduction

Chronic myeloid leukemia (CML) is characterized by the oncogenic BCR-ABL1 fusion
gene expression, which codes for a leukemogenic tyrosine kinase [1]. The first-line therapy
for CML is imatinib, a tyrosine kinase inhibitor (TKI) that selectively inhibits the activity
of the BCR-ABL fusion protein. Since the discovery of imatinib, the overall survival rate
of patients with CML has drastically increased, with patients showing durable responses
after imatinib treatment [2]. Leukemia cells, however, develop resistance mechanisms
to escape chemotherapy; therefore, despite the high remission rate, a significant number
of patients develop resistance or become intolerant to imatinib treatment. Furthermore,
33% of patients who receive imatinib treatment do not achieve a complete cytogenetic
response (CCyR) [3]. Thus, alternative strategies for the management of CML are needed
to combat chemoresistance, for which compounds of natural origin have shown promise
as potential therapeutic agents by their capacity to induce cellular stress mechanisms
sensitizing leukemia cells against cytotoxic treatments.
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The endoplasmic reticulum (ER) is responsible for protein translocation, proper fold-
ing, and protein post-translational modifications [4]. Altered cell metabolism and inflam-
mation may disrupt this balance and result in ER stress that can trigger the unfolded
protein response (UPR) [5]. The UPR represents a series of adaptive cellular mechanisms
designed to restore protein homeostasis [2], and ER stress activates apoptotic cell death
under severe or chronic stress conditions [6]. Autophagy is also a stress-induced cell
survival program that involves a catabolic process to degrade large protein aggregates and
damaged organelles in autophagosomes [7]. Although autophagy and ER stress function
independently, increasing evidence supports that these processes can be coactivated [8].

Aplysinopsin and its derivatives possess rich structural diversity and have been
reported to exhibit a wide range of medicinal and biological activities. For example,
they act as neuromodulators [9] and possess antineoplastic [9], antiplasmodial [10], and
antimicrobial activities [11]. Interestingly, aplysinopsins display cytotoxicity against a
range of cancer cell lines [12]. However, their anticancer potential in leukemic cell lines
and the corresponding molecular mechanisms remain to be further investigated.

Here we evaluated the anti-leukemic activity of aplysinopsin (EE-115) and analogs
EE-31, EE-80, EE-84, and EE-92 (Scheme 1) against chronic myeloid leukemia cell lines. EE-
84 exhibited drug-like properties in line with Lipinski’s rule of five and showed a stronger
cytostatic and cytotoxic effect on leukemia cells than healthy cell models. Furthermore, its
safety profile was validated in vivo by using developing zebrafish larvae. Mechanistically,
EE-84 induced a senescent-like phenotype in line with its cytostatic activity, triggered
autophagy, ER stress, metabolic alterations, and mitochondrial dysfunction. In addition,
EE-84 sensitized imatinib-sensitive and -resistant K562 cells against the Mcl-1 inhibitor
A-12101477 to induce caspase-dependent apoptosis. Altogether, this study warrants further
investigation of the aplysinopsin analog EE-84 as a preclinical drug candidate against
chronic myeloid leukemia.
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Scheme 1. Synthetic pathway for the preparation of aplysinopsin EE-115 and its analogs EE-31, EE-80, EE-84, and EE-92.
Reagents and conditions: (a) benzyl chlorides, NaH, DMF; (b) oxalyl chloride, dry ethyl ether, heating; (c) the reactant
amines 2-cyanoacetohydrazide and 1-(2-amino-5-methyl-4,5,6,7-tetrahydrobenzo[b]thiophen-3-yl)ethan-1-one, dry THF,
TEA, stirring, 3 h; (d) POCl3 DMF, 0 ◦C, NaOH; (e) piperidine, reflux, 4 h.

2. Results

2.1. Aplysinopsin Analogs Display Cytostatic Activities in Myeloid Leukemia Cells

Aplysinopsin (EE-115) and its analogs EE-31, EE-80, EE-84, and EE-92 (Figure 1) were
tested for their anti-leukemic effects on the myeloid leukemia cell line K562, using the
trypan blue exclusion test (Tables 1 and 2 and Figure S1). NMR spectrum data of 1H of the
compounds EE-31, EE-80, EE-84, EE-92, and EE-115 (Figure S2) and 13C NMR spectrum
data of the compounds EE-31, EE-80, EE-84, and EE-92 (Figure S3) were provided.
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Figure 1. Chemical structures. (A) Aplysinopsin (EE-115) and analogs (EE-31, EE-80, EE-84, EE-92). (B) A-1210477.

Table 1. GI50 of EE-84 in CML cell lines. GI50 (µM) values were calculated after indicated times
of treatment.

GI50 (µM)

Compound Cell Line 24 h 48 h 72 h

EE-84 KBM5 >50 33.95 ± 1.89 28.14 ± 1.68
MEG01 >50 48.40 ± 5.02 28.89 ± 1.52

K562IR >100 95.63 ± 16.56 55.09 ± 3.28
KBM5IR >100 32.77 ± 2.25 29.15 ± 2.05

GI50 values were calculated after trypan blue staining and represent the mean ± S.D. of three independent
experiments. GI50 indicates the concentration required to cause 50% overall growth inhibition.

Compounds EE-31, EE-80, EE-92, and EE-115 only weakly affected the overall growth
(Figure S1A) and viability (Figure S1B) of K562 cells at concentrations up to 50 µM.
Interestingly, EE-84 inhibited the growth of K562 with a GI50 of 32.22 ± 3.91 µM and
19.07 ± 0.80 µM after 48 and 72 h, respectively (Figure S1A).

Based on the GI50 results in the K562 cell line, we selected EE-84 for further investi-
gations compared to EE-115, the parental compound. To generalize the antiproliferative
effect of EE-84 in CML, GI50 values of EE-84 were calculated on imatinib-sensitive (KBM5,
MEG01) and -resistant (IR) (K562IR and KBM5IR) CML cells (Table 1). We next validated
the cytostatic profiles of EE-84 by Methocult colony formation assays (CFA) to assess the
compounds’ effects on the clonogenic potential in a 3D culture environment (Figure 2A–E).
EE-84 reduced the total surface area and average size of K562 colonies after a 48-h pretreat-
ment (Figure 2A). Similar results were observed for other CML cell lines (Figure 2A–E).
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Figure 2. Differential anti-leukemic effects observed by CFA after aplysinopsin treatments (A–E). Representative pictures
from three independent experiments of clonogenic assays after 48 h pretreatment of EE-84 (A) K562, (B) KBM5, (C) MEG01,
(D) KBM5IR, (E) K562IR cells are shown on the left. Corresponding quantifications (number of colonies, the total surface
area of colonies, and average size of colonies) are indicated on the right. Statistical analysis was performed by one-way
ANOVA, followed by Sidak’s multiple comparisons test. Differences were considered significant when * p < 0.05, ** p < 0.01,
*** p < 0.001 compared to control. n/s: not significant.

Considering the moderate cytotoxic effect of 50 µM EE-84 and EE-115 at 72 h in K562
cells (Figure S1), we quantified cell death induction using Hoechst/PI staining by fluores-
cent microscopy (Figure 3A). EE-84 reduced K562 cell viability leading to 11.0 ± 4.23% of
propidium iodide (PI)-positive cells without nuclear fragmentation. A similar percentage
of cell death was shown after quantification of Annexin V APC/PI by FACS (Figure 3B).
EE-84 induced approximately 16.5% cell death (Table 2) at the highest concentration of
50 µM. Imatinib (1 µM) was used as a control. Cell cycle analysis showed an accumulation
of cells in the sub-G1 phase of 8.34 ± 1.51% after 48 h and 13.03 ± 1.19% after 72 h with EE-84
(50 µM), concomitant with a reduction of the G1 population from 58.40 ± 2.81% at 48 h to
52.03 ± 2.99% at 72 h (Figure 3C and Table 3). Celecoxib (40 µM) was used as a control.

Table 2. Percentage of cell death after treatment of K562 cells with increasing concentrations of EE-84. (Data from Figure 3B).

EE-84 (µM) Ima (µM)

0 10 20 30 40 50 1

AnnV+/PI− (%) 5.12 ± 1.19 7.05 ± 1.46 5.60 ± 1.98 6.65 ± 2.29 7.71 ± 2.10 8.22 ± 3.12 51.77 ± 2.29

AnnV+/PI+ (%) 2.68 ± 0.77 2.50 ± 0.62 4.40 ± 0.94 7.51 ± 2.70 8.97 ± 1.03 8.25 ± 1.95 31.27 ± 5.24

Combined cell
death (%) 7.80 ± 1.73 9.55 ± 3.22 10.00 ± 0.85 14.16 ± 0.61 16.68 ± 0.89 16.46 ± 0.02 83.03 ± 14.50

Results are the mean ± S.D. of three independent experiments.
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Figure 3. Percentage of cell death after increasing concentrations of EE-84 treatment in K562 cells. (A) Representative mi-
croscopy images of Hoechst 33342/PI double-stained nuclei of K562 cells exposed to different concentrations of aplysinopsin
derivatives at indicated times are shown. The percentage of apoptotic cells was calculated from three independent experi-
ments. (B) Results obtained after Annexin V APC/PI staining and quantification by FACS. Ima: imatinib (1 µM). (C) For
cell cycle analysis, K562 cells were treated with 10, 30, and 50 µM EE-84 for 48 and 72 h. Cell cycle phase distribution was
determined by FACS. All data were expressed as mean ± SD of three independent experiments. Statistical analysis was
performed by two-way ANOVA, followed by Dunnett’s multiple comparisons test (Microscopy, Cell cycle); by Sidak’s
multiple comparisons test (Annexin V/PI); * p < 0.05, ** p < 0.01, *** p < 0.001 compared to controls.
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Table 3. Cell cycle phase distribution after treatment of K562 cells with increasing concentrations of EE-84. (Data from
Figure 3C).

48 h Treatment EE-84 (µM) Celecoxib (µM)

% 0 10 30 50 40

Sub-G1 1.78 ± 0.91 1.48 ± 0.81 4.65 ± 2.42 8.34 ± 1.51 2.79 ±1.90
G1 59.81 ± 2.29 59.59 ± 1.12 61.11 ± 1.58 58.40 ± 2.81 64.77 ± 3.09
S 18.02 ± 2.49 20.30 ± 1.68 20.99 ± 0.83 20.41 ± 1.84 15.00 ± 0.93

G2/M 20.39 ± 2.12 18.64 ± 0.75 13.25 ± 0.32 12.86 ± 1.46 17.44 ± 2.13

72 h Treatment EE-84 (µM) Celecoxib (µM)

% 0 10 30 50 40

Sub-G1 6.07 ± 2.88 4.08 ± 2.80 6.33 ± 0.74 13.03 ± 1.19 3.41 ± 2.04
G1 62.33 ± 2.13 60.83 ± 2.33 55.09 ± 2.26 52.03 ± 2.99 68.43 ± 4.67
S 15.50 ± 2.14 17.52 ± 4.24 21.55 ± 1.64 19.85 ± 1.33 11.20 ± 2.37

G2/M 16.10 ± 2.50 17.57 ± 0.90 17.03 ± 2.69 15.08 ± 2.89 16.96 ± 3.04

Results are the mean ± S.D. of three independent experiments.

2.2. Drug-Likeness of Compounds EE-84 and EE-115

Next, we examined the drug-likeness of the two compounds according to Lipinski’s
rule of five (Table 4) [13]. A molecule is orally active when there are no more than 5 H
bond donors and no more than 10 H bond acceptors, when the molecular mass is less
than 500 Daltons, and when the octanol–water partition coefficient LogP is not greater
than 5. EE-115 did not violate any of the conditions mentioned above. For EE-84, The
LogP corresponds to 5.91; however, this aplysinopsin derivative can still be considered a
drug-like candidate since one exception is acceptable.

Table 4. In silico prediction for the drug-likeness of EE-84 and EE-115. Drug-likeness of the
aplysinopsin derivatives were calculated and interpreted based on Lipinski’s rule of five.

EE-84 EE-115

Mass 500.00 254.00
Hydrogen bond donor 1 2

Hydrogen bond acceptor 5 4
LogP 5.91 1.85

Molar reactivity 142.51 74.54

2.3. Effect of EE-84 and EE-115 on Healthy Cells and Zebrafish Embryos

We then assessed the effect of EE-84 and EE-115 on healthy models. Even though
EE-84 affected the proliferation of RPMI 1788 cells dose-dependently (Figure S4A), this
modulation was evident at later times (as early as 72 h vs. 48 h in cancer cells), with a higher
GI50 (40.10 ± 3.79 in RPMI 1788 vs. 19.07 ± 0.80 µM after 72 h in K562 cells; Tables 1 and 5).
Altogether, EE-84 generated significant differential toxicity of RPMI-1788/K562 cells at
40 and 50 µM (Figure 4A). On the other hand, EE-115 inhibited the growth of normal
RPMI 1788 cells (Table 5) more than K562 cells (Figure S4A). Moreover, EE-84 did not
significantly affect the viability of RPMI 1788 cells, whereas EE-115 reduced the viability of
RPMI 1788 cells at the highest concentrations (Table S1 and Figure S4B). Altogether EE-84
appeared to have a more advantageous safety profile.
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Figure 4. Effect of aplysinopsin derivatives on healthy cell models. (A) Differential toxicity (RPMI 788/K562) of EE-84
was determined by the trypan blue exclusion test. (B) Toxicity test of EE-84 in nonproliferating and proliferating PBMCs.
After 24, 48, and 72 h of EE-84 treatment, viability was determined by the trypan blue exclusion test. Zebrafish toxicity
assays were performed by treatment with aplysinopsins at indicated concentrations. (C) Representative pictures of zebrafish
are shown. Zebrafish viability (D), relative body length (E), and heartbeats/min (F) were measured. Data represents a
total of 15 fish per group. Trypan blue exclusion test data represents the mean ± SD of three independent experiments.
Statistical analysis: two-way ANOVA with Dunnett’s multiple comparison test (trypan blue exclusion test); * p < 0.05,
** p < 0.01, *** p < 0.001 compared to controls. Ordinary one-way ANOVA followed by Dunnett’s post hoc test (Zebrafish
assay) revealed significant differences indicated by *** p < 0.001 compared to control. n/s: not significant.
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Table 5. GI50 of aplysinopsins on RPMI 1788. GI50 (µM) values were evaluated after indicated times
of compound treatment.

GI50 (µM)

Compound 24 h 48 h 72 h

EE-84 >50 >50 40.10 ± 3.79
EE-115 >50 30.36 ± 1.95 27.72 ± 2.30

GI50 values were calculated after trypan blue staining and represent the mean ± S.D. of three independent
experiments. GI50 indicates the concentration required to cause 50% overall growth inhibition.

We generalized our findings and validated the absence of cytotoxic/cytostatic effects
of EE-84 on nonproliferating and proliferating peripheral blood mononuclear cells (PBMCs)
from healthy donors. In addition, EE-84 did not induce toxic effects in any of the two cell
models (Figure 4B).

We then treated zebrafish embryos 24 h post-fertilization (hpf) to validate the in vivo
safety profiles of the aplysinopsin compounds EE-84 and EE-115. The zebrafish were
observed after 24 h of exposure to different concentrations of aplysinopsins. No significant
morphological changes were notable at the different concentrations of the compounds used
(Figure 4C). Concentrations up to 100 µM of EE-84 and EE-115 did not affect the survival
rate (Figure 4D) or growth (Figure 4E) of the treated zebrafish. A moderate decrease in the
heart rate (Figure 4F) was noted for EE-84.

Altogether, based on these results, we further investigated the molecular and cellular
effects of EE-84, considering the observed differential toxicity.

2.4. EE-84 Induced Morphological Changes and Cell Stress Responses in CML Cells

EE-84 (50 µM) increased the cell size (Figure 5A) and the number of intracellular
vacuoles up to 96 h. These morphological changes were quantified by flow cytometry
(Figure 5B). Compared to DMSO-treated controls, EE-84-treated K562 cells showed a
progressive increase in forward scatter values (FSC-H; a.u.) and side scatter (SSC-H; a.u.)
as measurements of cell size and granularity, respectively. The increase in cell size and
granularity and the cytostatic effects were considered part of a cellular stress response
driving cells into senescence. We then examined the senescent-like phenotype using stress-
associated (SA)-β-galactosidase staining. We measured increased cell size and SA-β-gal
positive cells after treatment with EE-84 at 50 µM for 72 h. Doxorubicin (80 nM), known to
induce senescence, was used as a bona fide control (Figure 5C).

In addition, morphological changes were examined by transmission electron mi-
croscopy (TEM). K562 cells treated with EE-84 underwent mitochondrial damage after 24,
48, and 72 h of compound exposure as well as mitophagy (Figure 5D). In addition, we
assessed the mitochondrial metabolism in K562 after treatment with EE-84 at 30 µM for
72 h by using the Agilent Seahorse XFp Cell Mito Stress test. The oxygen consumption rate
(OCR) significantly decreased after treatment with EE-84 compared to control (Figure 5E).
Thus, our results confirmed that EE-84 induced cell stress and reduced mitochondrial activ-
ity in agreement with morphological alterations of the mitochondria observed by TEM.
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μFigure 5. Morphological changes of K562 cells treated with EE-84. (A) K562 cells were treated with 50 µM EE-84 for 24,
48, 72, and 96 h. Light microscopy at magnification 200× was used for morphological observation. (B) K562 cells were
treated with indicated concentrations of EE-84 for up to 96 h. At the indicated time points, cells were harvested and
analyzed by flow cytometry using forward (relative cell sizes; FSC-H) and side scatter (granularity; SSC-H) measurements.
For morphological analysis of EE-84, exposed K562 cell debris were excluded. (C) SA-β-gal staining of the K562 cells
treated with 50 µM of EE-84 for 72 h. The quantitative analysis of the incidence of the cells with positive β-gal staining.
Doxo: doxorubicin (80 nM). (D) Transmission electron microscopy at magnifications of 8000× or 10,000× (whole cells) and
20,000× or 25,000× (cell details). Cells were treated with 30 µM EE-84 and were exposed for up to 72 h. Phagophores,
autophagosomes, injured mitochondria, and incidence of mitophagy were highlighted using red, black, blue, and yellow
arrows, respectively. DMSO-treated K562 cells at 24 h were used as control. (E) Measurement of mitochondrial function in
K562 cells. The experiments were conducted using the Seahorse XFp Cell Mito Stress test, and the OCR measurement is
visualized. Results are the mean ± SD of three independent experiments. Statistical analysis was performed by two-way
ANOVA, followed by Dunnett’s multiple comparisons test (Cell size by FACS); by Tukey’s multiple comparisons test
(Senescence); by Sidak’s multiple comparisons test (Seahorse XFp Cell Mito Stress test); * p < 0.05, ** p < 0.01, *** p < 0.001
compared to controls.

2.5. Autophagy and Endoplasmic Reticulum (ER) Stress Were Triggered by EE-84 as Cellular
Stress Responses in K562 Cells

Autophagy is a catabolic pathway activated in response to different cellular stres-
sors, such as damaged organelles, accumulation of misfolded or unfolded proteins, ER
stress, and DNA damage [14]. Based on the TEM results, we then investigated the ex-
pression levels of the microtubule-associated protein-1 light chain 3 (LC3I) conversion to
the phosphatidylethanolamine-conjugated form of LC3I (LC3II) by Western blot. Results
showed that levels of LC3 II gradually increased over time after treatment with EE-84
at 30 µM in K562 at 24, 48, and 72 h, respectively (Figure 6A). In addition, we observed
the formation of cytoplasmic vacuoles in EE-84 treated K562 cells after 48 h at 30 µM by
Diff-Quik staining, suggestive of autophagy induction. To validate the involvement of
EE-84 in autophagy induction, we post-treated bafilomycin A1 (Baf-A1), an inhibitor of the
vacuolar-type H+-ATPase which blocks the late phase of autophagy by preventing lysosomal
acidification, at 40 nM for 8 h (cells were treated or not with EE-84 for 40 h before addition of
Baf-A1 for 8 h), resulting in significant inhibition of vacuole formation after 48 h at 30 µM
EE-84 (Figure 6B). To see the effect of autophagy inhibition on cell viability, we conducted
a trypan blue assay test of EE-84 treated K562 cells with or without Baf-A1 post-treatment.
89.0% of cell viability was observed in EE-84 treated K562 cells with Baf-A1 post-treatment
compared to 98.7% of cell viability in EE-84 treated K562 cells alone (Figure 6B).

In addition, studies have shown that autophagy and endoplasmic reticulum (ER) stress
are closely related [8]. ER stress is considered a protective stress response in eukaryotic
cells [15]. We then assessed whether EE-84 induces ER stress and subsequently regulates
autophagy. We measured sensor proteins such as PERK, ATF6, and GRP78 that play a
role in activating the unfolded protein response (UPR) in response to ER stress. PERK and
phosphorylated eIF2α were significantly increased after treatment with EE-84 at 30 and
50 µM in K562 cells after 72 h. The abundance of ATF4, an effector of PERK and eIF2α,
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also increased, which indicated that the PERK-eIF2α-ATF4-CHOP pathway was activated
under EE-84-induced ER stress (Figure 6C). Since GRP78 is involved in glycolysis [16],
we then assessed the glycolytic flux levels in K562 after treatment with EE-84 at 50 µM
for 72 h by using the Agilent seahorse XFp Glycolysis Stress test. The glycolysis and
glycolytic capacity measured by the extracellular acidification rate (ECAR) significantly
decreased after treatment with EE-84 compared to control (Figure 6D). We also confirmed
the glycolytic flux levels in K562IR cells after treatment with EE-84 at 100 µM for 72 h.
The results showed that the glycolytic capacity of ECAR also significantly decreased after
treatment with EE-84 (Figure S5). Altogether, these data demonstrated that the prolonged
treatment with EE-84 induced the PERK-eIF2α-ATF4-CHOP UPR pathway involved in
EE-84-induced autophagy.
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Figure 6. EE-84 induced autophagy and ER stress. (A) K562 cells were treated with 30 µM EE-84 for 24, 48, and 72 h.
Western blot analysis of the LC3B protein. B-actin was used as a loading control. Quantification of LC3B protein bands
through normalization by β-actin protein bands. (B) Diff-Quik staining of K562 cells after 48 h of EE-84 treatment (30 µM)
with or without Baf-A1 post-treatment. Baf-A1: bafilomycin A1 (40 nM). (C) ER stress-related proteins were detected by
Western blot analysis. B-actin was used as a loading control. After quantifying the bands, p-eiF2α levels were normalized to
total eIF2α, and all other proteins were normalized to β-actin. TSG: thapsigargin (300 nM). (D) Measurement of glycolytic
capacity in K562 cells. 2-DG: 2-deoxy-D-glucose. The experiments were conducted using the Seahorse XFp Glycolysis Stress
test, and the flow chart and bar graph show the measurement of ECAR. Results are the mean ± SD of three independent
experiments. Statistical analysis was performed by two-way ANOVA, followed by Tukey’s multiple comparisons test
(autophagy Western blot, Diff-Quik staining); by Dunnett’s multiple comparisons test (ER stress Western blot); by Sidak’s
multiple comparisons test (Seahorse XFp Glycolysis Stress test); * p < 0.05, ** p < 0.01, *** p < 0.001 compared to controls.

2.6. EE-84 Sensitized K562 Cells against Mcl-1 Inhibitor A-1210477 and Showed Synergistic
Cytotoxicity in K562 and K562IR Cells

Conditions of ER stress may promote Mcl-1 protein stabilization via mechanisms
involving UPR and ATF4 upregulation [17,18]. Considering the cytostatic potential but
limited cytotoxicity of EE-84 along with the induction of ER stress, we then investigated
the expression levels of the antiapoptotic protein, Mcl-1, which may be responsible for
the apoptotic blockage. Based on the increase of antiapoptotic Mcl-1 expression in EE-
84-treated K562 cells after 24 h compared to control (Figure 7A), we speculated that the
combined treatment of the specific Mcl-1 inhibitor A-1210477 with EE-84 might sensitize
K562 cells to apoptotic cell death. Using subtoxic concentrations of EE-84 (20 and 30 µM)
and A-1210477 (10 µM), we first assessed the combinatory effects of these compounds using
Hoechst/PI staining after 24 h (Figure 7B). We observed 46.89 ± 21.84% and 56.00 ± 25.46%
induction of apoptotic cell death in combinatory treatments. The combination index (CI) of
each compound-pair was calculated, and the combinatory treatment showed a synergistic
effect (Figure 7C and Table 6). We also compared viability between EE-84 alone and in
combination with A-1210477 after 24 h (Table 7). Our results showed that the Mcl-1-specific
inhibitor A-1210477 sensitized EE-84-treated K562 and K562IR cells. Next, we confirmed
the apoptotic cell death mechanism triggered by the combination treatment. As shown in
Figure 7D, about 14.5% of apoptotic cell death was induced by A-1210477 alone, whereas
over 40% of apoptosis was observed by a combination of EE-84 and A-1210477 after 24 h.
z-VAD pretreatment completely prevented apoptosis induction in K562 cells in single and
combined treatments (Figure 7D). The caspase-dependent nature of cell death modality was
also confirmed by Annexin V APC/PI staining after 24 h in K562 cells (Figure 7E). Results
showed that EE-84 (30 µM) in combination with A-1210477 (10 µM) induced 23.03 ± 4.08%
early apoptosis (AnnV+/PI−) and 23.07 ± 5.32% late apoptosis (AnnV+/PI+) in K562 cells
after 24 h of treatment (Table 8). Again, zVAD completely protected against cell death in
all instances. Imatinib (1 µM) was used as a control. In addition, the cytotoxic effect of
subtoxic concentrations of EE-84 (30 and 50 µM) in combination with A-1210477 (20 µM)
was also tested on K562IR cells after 24 h of treatment, using the trypan blue exclusion
test (Figure 7F). Results showed that viability was reduced by 25.4% when cells were
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cotreated with 20 µM A-1210477 and 30 µM of EE-84. A co-treatment with 50 µM EE-84
and 20 µM A-1210477 induced 40% of cell death. We further confirmed the combinatory
effects of these compounds using Annexin V APC/PI staining after 24 h in K562IR cells
(Figure 7G). Altogether, our results indicated that the specific Mcl-1 inhibitor A-1210477
sensitized K562 and K562IR cells to EE-84, significantly increasing cell death induction.
Since mitochondrial dysfunction can trigger apoptosis, we measured the percentage of
mitochondrial membrane potential (MMP) loss due to the combined effects of EE-84 with
A-1210477 in K562 after 24 h. Results showed that the percentage of MMP loss significantly
increased in K562 after cotreatment with EE-84 and A-1210477 (Figure 7H). In addition, we
confirmed the combination effects of EE-84 with A-1210477 in K562 by colony formation
assays (CFA); EE-84 combined with A-1210477 reduced the number of colonies, the total
surface area, and the average size of colonies in K562 (Figure 7I). The obtained values for
the two compound combinations denoted synergism, and 30 µM of EE-84 with 10 µM of
A-1201477 were selected for further investigations.

Table 6. Combination indexes obtained by Compusyn software after treatment of K562 with EE-84
and A-1201477.

EE-84 (µM) A-1210477 (µM) Fa CI

20 10 0.483 0.66
30 10 0.563 0.57
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Figure 7. EE-84 sensitized CML cells to BH3 mimetics. (A) EE-84 increased expression levels of antiapoptotic protein Mcl-1
compared to DMSO-treated control. K562 cells were treated with varying concentrations of EE-84 for 24 h. The effects
on Mcl-1 and β-actin were determined by Western blot analysis. Western blot data interpreted in terms of fold changes
in protein expression compared to control at the corresponding time point. The values represented the average of three
independent experiments. (B) Cotreatment analysis of 20 and 30 µM EE-84 with 10 µM A-1210477 using Hoechst 33258/PI
staining showed an increase in apoptotic cell death compared to single treatments of compounds after 24 h in K562 cells.
(C) The plot representing the fraction affected-combination index (Fa-CI) of the treatment of K562 cells with EE-84 and
A-1210477 after 24 h was obtained with Compusyn software. (D) The optimal compound combination of 30 µM EE-84 and
10 µM A-1210477 was analyzed by Hoechst/PI staining. z-VAD-fmk was used as a pan-caspase inhibitor. (E) The compound
combination of 30 µM EE-84 and 10 µM A-1210477 treated K562 cells after 24 h. After 24 h of treatment, the type of cell death
triggered by EE-84 with or without A-1210477 was characterized by FACS after Annexin V APC/propidium iodide (PI)
staining. Pictures are representative of three independent experiments (left panel), and the corresponding quantification
(right panel) is shown. Ima: imatinib (1 µM). (F) K562IR cell viability by trypan blue exclusion assay. (G) Annexin V APC/PI
staining of K562IR analyzed by FACS. Results are the mean ± SD of three independent experiments. (H) Mitochondrial
membrane potential (MMP) of the combination of 30 µM EE-84 and 10 µM A-1210477 was analyzed by FACS, and the
percentage of cells exhibiting MMP loss was calculated (right panel). z-VAD-fmk was used as a pan-caspase inhibitor. Eto:
etoposide (100 µM). (I) Differential anti-leukemic effects observed by CFA after EE-84 treatments with A-1210477 on K562.
Corresponding quantifications (the number of colonies, the total surface area of colonies, and the average size of colonies)
are indicated on the right. Results are the mean ± SD of three independent experiments. Statistical analysis was performed
by one-way or two-way ANOVA, followed by Dunnett’s multiple comparisons test (Microscopy), by Tukey’s multiple
comparisons test (colony formation assay, MMP, Annexin V/PI); * p < 0.05, ** p < 0.01, *** p < 0.001 compared to controls,
& p < 0.05, && p < 0.01, &&& p < 0.001 between indicated conditions.
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Table 7. Viability of K562 and K562IR cells (%) after treatment with EE-84 alone or in combination
with A-1210477. Viability (%) was calculated after indicated times of compound treatment.

Viability (24 h)

Treatment Cell Line %

EE-84 (30 µM) K562 98.0 ± 1.0
K562IR 95.3 ± 0.6

EE-84 (50 µM) K562 96.0 ± 0.7
K562IR 97.0 ± 2.7

A-1210477 (10 µM) K562 79.3 ± 1.5

A-1210477 (20 µM) K562IR 73.0 ± 3.6

EE-84 (30 µM) + A-1210477 (10 µM) K562 69.0 ± 3.0
EE-84 (30 µM) + A-1210477 (20 µM) K562IR 74.7 ± 7.1

EE-84 (50 µM) + A-1210477 (20 µM) K562IR 60.0 ± 7.2
Results are the mean ± S.D. of three independent experiments.

Table 8. Cell death induction (%) after treatment with EE-84 alone or in combination with A-1210477. (Data represent
Figure 7E).

0 EE-84 30 µM A-121047710 µM EE-84 30 µM +A-121047710 µM Ima 1 µM

AnnV+/PI− (%) 5.36 ± 1.14 6.00 ± 1.43 9.31 ± 1.78 23.03 ± 4.08 37.77 ± 4.07

AnnV+/PI+ (%) 2.53 ± 0.28 2.98 ± 0.23 4.73 ± 0.17 23.07 ± 5.32 6.97 ± 0.88

Combined cell death (%) 7.90 ± 2.00 8.98 ± 2.14 14.04 ± 3.24 46.10 ± 0.02 44.74 ± 21.78

z-VAD-fmk (50 µM)

0 EE-84 30 µM A-121047710 µM EE-84 30 µM +A-121047710 µM Ima 1 µM

AnnV+/PI− (%) 4.46 ± 0.68 5.33 ± 1.35 6.04 ± 0.99 5.24 ± 1.15 10.86 ± 3.57

AnnV+/PI+ (%) 3.61 ± 0.13 3.13 ± 0.21 2.81 ± 0.21 3.84 ± 0.28 2.93 ± 0.15

Combined cell death (%) 8.07 ± 0.60 8.46 ± 1.55 8.85 ± 2.28 9.08 ± 0.99 13.79 ± 5.60

Results are the mean ± S.D. of three independent experiments.

2.7. Synergistic Induction of Caspase-Dependent Apoptosis by Combination Treatment of EE-84
and A-1210477 in K562 Cells

The cytotoxic effect and caspase-dependent apoptotic activity of the combination
treatment were also validated by quantification of intracellular ATP levels. ATP levels
decreased significantly after combination treatments compared to the compounds alone
(Figure 8A). The 1 h pretreatment of z-VAD-fmk showed an increase in cell viability with
the single treatment of 10 µM A-1210477 and the combined treatment. The addition of the
caspase inhibitor showed no significant difference in the ATP levels for the single treatment
of 30 µM EE-84. To further validate our data, the activity of caspase-3/7 was measured.
There was a significant increase in the caspase-3/7 activity by 5.52-fold after the combined
treatment of EE-84 and the Mcl-1 inhibitor compared to the untreated control (Figure 8B).
To examine the detailed mechanism by which the combined treatment acts, we studied the
intrinsic and extrinsic apoptotic pathways in K562 cells by Western blot (Figure 8C–E). First,
the expression level of caspase-8, a cysteine protease that initiates apoptotic signaling via
the extrinsic pathway, was detected. Cleavage of pro-caspase-8 in the combined treatment
was observed (Figure 8C). Our results showed a reduction of pro-caspase-9, the initiator
caspase critical for the intrinsic pathway, concomitant with the appearance of a cleaved
fragment at 18 kDa after the combined treatment. In line with the previous observation
of increased caspase-3/7 activity for the combination treatment, we observed a strong
cleavage of pro-caspase-3 and cleaved fragments of caspase-7 for the combined treatment
(Figure 8D). Our evaluation of antiapoptotic Mcl-1 and Bcl-xL expression levels showed an
increase of both in EE-84 (30 µM) and A-1210477 (10 µM) single treatments in K562 cells as
well as in the combined treatment (Figure 8E).
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Figure 8. Caspase-dependent induction of apoptosis in K562 cells by EE-84 in synergism with the Mcl-1 inhibitor A-1210477.
(A) K562 cell viability was determined by the measurement of cellular ATP content using the CellTiter-Glo assay. K562 cells
were pretreated at the concentration of 50 µM z-VAD-fmk for 1 h before exposure to the compounds. (B) Effects of single or
combination treatments of EE-84 and A-1210477 with or without z-VAD-fmk on caspase-3/7 activity in K562 cells. Three
separate experiments were performed for both CellTiter-Glo and caspase-3/7 assays, and each condition was measured in
triplicates. Values are the mean ± SD of three independent experiments. The asterisk indicates a value significantly different
from the control. Statistical analysis was performed by one-way or two-way ANOVA, followed by Dunnett’s multiple
comparisons test (ATP assay, caspase-3/7 assay); *** p < 0.001 compared to controls; &&& p < 0.001 between indicated
conditions; ### p < 0.001 compared to corresponding treatment without z-VAD-fmk. (C–E) Western blots showing expression
levels of apoptosis-related proteins after single or combination treatments of EE-84 and A-1210477 in K562 cells. (C) Results
of expression levels of initiator caspases, caspase-8 and -9; (D) expression levels of effector caspases, caspase-3 and -7,
and PARP-1; (E) expression levels of antiapoptotic proteins Mcl-1 and Bcl-xL are displayed. Protein expression levels of
procaspase-8, -9, -3, and -7 are quantified and expressed in fold changes relative to control. Protein expression levels of
cleaved PARP-1, Mcl-1, and Bcl-xL are quantified and expressed in fold changes relative to control. The values represent the
average of three independent experiments.
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3. Discussion

Many products of marine organisms have been identified as modulators of cell death,
exerting cytotoxic effects on cancer cells as activators of apoptosis, autophagy, or onco-
sis [19]. Currently, seven marine-based drugs have been approved, 23 compounds are
undergoing phase I–III clinical trials, and thousands of compounds have been isolated
from marine life and are undergoing preclinical studies [20]. Among these, four are used
for cancer treatment: cytarabine (Cytosar-U®, Vitaris, Canonsburg, PA, USA), trabectedin
(Yondelis®, PharmaMar, Colmenar Viejo, Madrid, Spain), eribulin mesylate (Halaven®,
Eisai Inc., Tokyo, Japan) and the conjugated antibody brentuximab vedotin (Acentris®,
Takeda Oncology, Cambridge, MA, USA) [21]. Cytosine arabinoside (cytarabine), originally
isolated from the sponge Cryptothethya crypa, and now produced synthetically, is one of
the most effective drugs to treat acute myeloid leukemia [21–23]. In addition, trabectedin,
a marine metabolite of Ecteinascidia turbinata, is used for the treatment of soft tissue sar-
coma [24]. However, despite the broad array of marine compounds clinically available or
investigated, there is still an enormous library of natural products that remains untapped.

Aplysinopsins, a class of marine indole alkaloids, comprise two main distinct moieties—
an indole and an imidazolidinone ring—and are isolated from a variety of marine organ-
isms, including sponges [25], corals [26], anemone [27], and mollusks [28,29]. Aplysinopsins
were first isolated by Kazlauskas et al., and initially identified as the major metabo-
lite of eight Indo-Pacific sponge species of the genera Thorecta [12]. Since then, more
aplysinopsin derivatives have been discovered and extracted from Verongia spengeli, Derci-
tus sp., Smenospongia aurea, Verongular rigida, Dictyoceratida sp., Aplysinopsis reticulata,
Aplysina sp., Hyrtios erecta, and Thorectandra [28], among others. In line with the effort
to identify new aplysinopsins with therapeutic potential, we report a set of synthetic
aplysinopsin derivatives that possess anti-leukemic effects. In addition, aplysinopsin
derivatives displayed a range of cytostatic effects, some inducing antiproliferating effects
on myeloid leukemia cells more than others. We identified EE-84 as having the most potent
antiproliferative effect in several chronic myeloid leukemia cell lines (K562, KBM5, MEG01,
K562IR, and KBM5IR) as shown by trypan blue exclusion tests, CFAs, Hoechst/PI, and
Annexin V/PI staining assays.

Identifying lead candidates from a library of compounds and characterizing their
safety profiles by testing their toxicity in healthy models is essential in the drug discovery
process. In addition, it helps predict clinical adverse effects in the future [28]. EE-84 showed
differential toxicity in the noncancerous cell model, RPMI 1788, compared to K562, and
was nontoxic to PBMCs. In the zebrafish model. EE-84 was also well-tolerated. The safe
profile and drug-likeness of EE-84, supported by Lipinski’s rule of five, warranted further
investigation of this compound.

EE-84 induced morphological changes in K562 cells as shown by diff-Quik staining
and TEM imaging. In parallel with the cytostatic effect, EE-84 triggered a significant
increase in the cell size together with the appearance of mitochondrial damage after 48 h
of treatment. Furthermore, evaluation of mitochondrial dysfunction by Agilent Seahorse
XFp Cell Mito Stress test showed significant inhibition of mitochondrial function after
72 h of 30 µM treatment. Interestingly, EE-84-treated K562 cells displayed a senescent-
like phenotype, suggesting an interplay between mitochondrial dysfunction and cellular
senescence in the EE-84-induced antiproliferative effect.

Cellular senescence is one of the many defense mechanisms that cells undergo to
combat extrinsic and/or intrinsic stresses by halting cell cycle progression. Drug-mediated
cellular stress leading to senescence is often accompanied by senescence-associated se-
cretory phenotype (SASP). Many studies revealed that in senescent cells, mitochondrial
function is significantly affected [30]. For example, Galanos et al. showed perturbations
in the mitochondrial morphology in p21-inducible precancerous and cancerous cellular
models (Li-Fraumeni and Saos-2 cell lines), characterized by the enlargement of the mito-
chondria and the damaged morphology of cristae [31,32]. Mitochondria were elongated or
branched, and the cristae were abnormally distributed or lost, suggesting a disturbance
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of mitochondrial dynamics in the senescent cell. Wiley et al. also reported a distinct type
of senescence associated with mitochondrial damage called “Mitochondrial Dysfunction
Associated-Senescence” (MiDAS). They observed that mitochondrial dysfunction induces
senescence and differs from the senescence caused by genotoxic or oncogenic stress by
analyzing the secretome [33].

Senolytic compounds specifically induce apoptosis in senescent cells [34]. Dasatinib
has been approved to treat CML as one of the second-generation tyrosine kinase inhibitors
used in imatinib resistance and/or intolerance [35]. The senolytic drug combination
of dasatinib and quercetin decreased senescent cells in human adipose tissue [36]. In
addition, BH3 mimetic ABT-263 (Navitoclax) also induced apoptosis in mouse senescent
bone marrow hematopoietic stem cells (HSCs) as a potent senolytic drug [37]. Hence,
these studies support the idea that EE-84 triggered a senescent-like phenotype in response
to mitochondrial dysfunction, autophagy, and prolonged ER stress as cellular metabolic
alteration. In the present study, we showed that EE-84 induces a senescent-like phenotype.
Interestingly, the combination of BH3 mimetic A-1210477 with EE-84 further triggers
canonical apoptotic cell death in K562 and K562IR. We speculate that under these conditions,
Mcl-1 inhibitor A-1210477 may act as a senolytic compound able to eradicate imatinib-
sensitive and resistant CML cells. The effect of EE-84 as a single agent points at the ability
of this compound to act as a general stress inducer. New effective combinatorial anticancer
treatments also include stress inducers forcing cancer cells to rely more on a prosurvival
factor. Targeting this specific protein promotes the eradication of cancer cells. Interestingly,
some of the cases reported do involve prosurvival Bcl-2 family proteins. Dexamethasone,
for example, is leading to Bcl-2 dependence and sensitization to venetoclax in multiple
myeloma by altering the balance between pro- and antiapoptotic Bcl-2 protein members
(increased Bim and decreased Mcl-1 vs. Bcl-2 upregulation), making Bcl-2 expression
essential for survival [38]. Kapoor and colleagues report that CLL chronically resistant to
ibrutinib (a Bruton tyrosine kinase (BTK) inhibitor) are sensitized to venetoclax partly also
by a STAT3-mediated Bcl-2 upregulation in resistant CLL, implying a shift in the type of
Bcl-2 family protein dependence [39]. At this level of investigation, we might speculate
that EE-84 contributes to a similar scenario. Mcl-1 protein upregulation (or stabilization?)
might signalize an increased reliance of CML cells on Mcl-1 as part of a stress response
induced by EE-84. Further investigations will be required to elucidate any modulatory
effects of EE-84 on the expression level of proapoptotic Bcl-2 proteins. In this view, EE-84
might be a compound to consider in combinatorial regimens.

Next, we investigated whether autophagy and ER stress occur concurrently with
inhibition of proliferation by EE-84 in K562 cells. Accumulation of LC3-II, a standard
marker for autophagosomes, was detected increasingly over time after 24, 48, and 72 h of
EE-84 treatment, as seen in our Western blotting results. There was a significant increase
in the formation of cytoplasmic vacuoles after 48 h EE-84 treatment at 30 µM, and this
phenomenon was abrogated by a post-treatment with Baf-A1. Furthermore, 98.7% of K562
cells were viable after 48 h EE-84 treatment alone; however, the viability of K562 cells
significantly decreased with Baf-A1 post-treatment, implying that EE-84 drives the K562
cells to undergo autophagy as a cell survival mechanism. ER stress was also activated
by EE-84, given that sensor proteins of UPR, such as PERK and ATF6, and downstream
effectors such as CHOP and ATF4 were upregulated to varying degrees. GRP78 has
been initially characterized as a glucose-regulated protein [16]. Our Western blot results
showed decreased levels of GRP78. These results are in line with data obtained by using
the Seahorse glycolysis stress test. We observed reduced glycolysis levels, supporting
the hypothesis of an impairment of the glycolytic function by EE-84 treatment in K562
and K562IR cells. Altogether, EE-84 induced autophagy, ER stress, and mitochondrial
alterations as cell stress reactions, further leading to apoptosis. Overall, EE-84 plays a
potential role in inhibiting CML cell activities via induction of cellular stress modalities.

The evasion of apoptotic cell death by cancer cells can impair responses to anticancer
therapy. Prosurvival B-cell lymphoma 2 (BCL-2) proteins play a role of perpetrators in
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this scenario because they prevent apoptosis by keeping the cell death effectors like BAX
and BAK under control [40]. BH3 mimetics offer a solution to this as they are designed to
inhibit antiapoptotic BCL2 family proteins, leading to BAX and BAK activation, and thus
promoting apoptosis [41]. Mcl-1 became a popular therapeutic target because it is one of
the most frequently amplified genes across all human cancers. Moreover, an increase in
Mcl-1 expression is commonly associated with chemotherapy resistance [42]. This study
evaluated the synergistic effect of EE-84, a cytostatic marine compound, with the Mcl-1
inhibitor A-1210477 against CML K562 and K562 imatinib-resistant cells. We showed that
the cotreatment of the marine compound and the Mcl-1 inhibitor induced apoptotic cell
death along with the activation of caspase activity. These results are in line with other
studies in which BH3 mimetics like ABT199 showed synergism with cell stress inducers
like cardiac glycosides [43,44] and coumarin derivatives [44].

In the present study, we investigated the preclinical use of aplysinopsins as anti-
leukemic agents. Our results identify EE-84 as a potential drug candidate for CML as
it possesses drug-like properties and is well-tolerated in healthy models in vitro and
in vivo. Mechanistically, EE-84 induces antiproliferative effects associated with the complex
interplay between mitochondrial dysfunction, a senescent-like phenotype, autophagy, and
ER stress, potentially inducing a condition favorable for senolysis by synergizing with
senolytic compounds. To potentiate the anti-leukemic effects of EE-84, we suggest the
cotreatment of this aplysinopsin derivative with the BH3 mimetic A-1210477 in K562
and K562IR, as it significantly increases cell death of malignant cells. In conclusion,
the combination of EE-84 with BH3 mimetics is efficient and highly synergistic. Future
investigations will determine whether this combinatory approach can become a therapeutic
opportunity against resistant forms of CML.

4. Materials and Methods

4.1. Chemistry

4.1.1. General Information

All reagents and solvents were of commercial grade. Melting points were determined
on the digital melting point apparatus (Electro thermal 9100, Electro thermal Engineering
Ltd., serial No. 8694, Rochford, UK) and are uncorrected. Elemental analyses were
performed on a FlashSmart™ Elemental Analyzer (Thermo Scientific, Courtaboeuf, France)
and were found within ±0.4% of the theoretical values.1H and 13C NMR spectra were
measured with a Bruker Avance spectrometer (Bruker, Germany) at 400 and 101 MHz,
respectively, using TMS as the internal standard. Hydrogen coupling patterns are described
as (s) singlet, (d) doublet, (t) triplet, (q) quartet, and (m) multiplet. The chemical shifts were
defined as parts per million (ppm) relative to the solvent peak. The reaction progress was
checked by pre-coated TLC Silica gel 0.2 nm F254 nm [Fluka], visualized under UV lamp
254 and 365 nm. 2-Cyanoacetohydrazide [45]; N-benzyl indoles [46] methyl creatinine [47];
5-methoxy indole-3-aldehyde [48] were prepared as reported. 1-(2-Amino-5-methyl-4,5,6,7-
tetrahydrobenzo[b]thiophen-3-yl)ethan-1-one [49] was provided by Ahmed B. Abdelwahab,
Ph.D., UMR CNRS 7565 SRSMC, Université de Lorraine, 57070 Metz, France.

4.1.2. General Procedure for the Preparation of EE-31, EE-80, EE-84, EE-92

To a solution at 0 ◦C of oxalyl chloride (0.44 mL, 5.1 mmol) in dry ethyl ether (25 mL)
was added dropwise a solution of indole (4.14 mmol) in dry ethyl ether (5 mL). The
resulting solution was refluxed for 2 h. After removing the solvent under vacuo, the
residue was dissolved in dry tetrahydrofuran (20 mL) and cooled to 0 ◦C. To the THF
solution was added slowly the amine (9.73 mmol) in dry tetrahydrofuran (20 mL). After
complete addition, 1 mL of triethylamine was added, and the reaction was left to stir
overnight. The precipitate obtained was filtered off, washed several times with water,
dried, and recrystallized from acetone.

2-(1-Benzyl-1H-Indol-3-yl)-N′-(2-Cyanoacetyl)-2-Oxoacetohydrazide EE-31
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Yield 0.45g, 86%; mp 264–6 ◦C; 1H NMR (400 MHz, DMSO) δ: 10.63 (s, 1H), 8.90 (s,
1H), 8.26 (s, 1H), 7.72–7.50 (m, 5H), 7.41–7.21 (m, 4H), 5.46 (s, 2H), 3.83 (s, 2H); 13C NMR
(101 MHz, DMSO) δ: 162.16, 141.47, 136.79, 136.70, 129.14, 128.97, 128.56, 128.26, 128.01,
127.73, 127.65, 127.29, 126.98, 124.17, 123.56, 122.53, 121.92, 116.04, 112.14, 111.95, 50.28,
24.10; Anal. Calcd for C20H16N4O3 (360.37): C, 66.66; H, 4.48; N, 15.55; found: C, 66.87; H,
4.50; N, 15.42.

2-(1-Benzyl-5-Methoxy-1H-Indol-3-yl)-N′-(2-Cyanoacetyl)-2-Oxoacetohydrazide EE-80

Yield (0.31g, 63%); mp 199–201 ◦C; 1H NMR (400 MHz, DMSO) δ: 10.62 (s, 1H), 8.78
(s, 1H), 7.76 (s, 1H), 7.57–7.43 (d, H), 7.41–7.20 (m, 5H), 7.06–6.77 (m, 2H), 5.44 (s, 2H), 3.87
(m, 3H), 3.33 (s, 2H); 13C NMR (101 MHz, DMSO) δ 161.34, 162.32, 156.47, 136.51, 131.22,
128.74, 127.83, 127.60, 127.33, 115.52, 113.07, 112.52, 103.72, 55.37, 50.06, 23.80; Anal. Calcd
for C21H18N4O4 (390.40): C, 64.61; H, 4.65; N, 14.35; found: C, 64.55; H, 4.70; N, 14.32.

(N-(3-Acetyl-4,5,6,7-Tetrahydro-5-Methylbenzo[b]Thiophen-2-yl)-2-(1-Benzyl-5-Methoxy-1H-
Indol-3-yl)-2-Oxoacetamide EE-84

Yield (0.38g, 61%); mp 165–7 ◦C; 1H NMR (400 MHz, CDCl3) δ: 13.58 (s, 1H), 9.07
(s, 1H), 8.08 (d, J = 2.5 Hz, 1H), 7.35–6.90 (m, 8H), 5.38 (s, 2H), 3.92 (d, J = 6.4 Hz, 3H),
2.82–2.80 (dd, J = 16.1, 5.0 Hz, 1H), 2.58–2.55 (m, 2H), 2.41 (s, 3H), 1.91–1.87 (m, 2H), 1.15
(d, J = 6.4 Hz, 2H), 1.10 (d, J = 6.6 Hz,3H); 13C NMR (101 MHz, CDCl3) δ: 196.38, 194.06,
164.12, 157.30, 140.94, 135.40, 131.26, 130.59, 130.42, 129.06, 128.98, 128.29, 128.24, 126.91,
123.08, 117.26, 115.78, 114.52, 111.48, 104.33, 55.81, 51.54, 36.56, 35.96, 31.01, 30.65, 29.25,
24.52, 21.76; Anal. Calcd for C29H28N2O4S (500.61): C, 69.58; H, 5.64; N, 5.60; S, 6.40; found:
C, 69.60; H, 5.56; N, 5.60; S, 6.48.

N′-(2-Cyanoacetyl)-2-(1-(2,4-Dichlorobenzyl)-5-Methoxy-1H-Indol-3-yl)-2-Oxoacetohydrazide
EE-92

Yield (0.25g, 56%); mp 242–4 ◦C; 1H NMR (400 MHz, DMSO) δ: 10.74 (s, 1H), 10.39
(s, 1H), 8.70 (s, 1H), 7.75 (dd, J = 17.6, 2.3 Hz, 2H), 7.58–7.26 (m, 2H), 7.09–6.83 (m, 2H),
5.65 (s, 2H), 3.82 (s, 3H), 3.34 (s, 2H); 13C NMR (101 MHz, DMSO) δ: 180.68, 161.35, 156.58,
140.97, 133.49, 133.29, 132.90, 131.21, 130.50, 129.22, 127.88, 113.29, 112.27, 111.62, 103.79,
55.39, 47.52, 23.80; Anal. Calcd for C21H16Cl2N4O4 (459.28): C, 54.92; H, 3.51; Cl, 15.44; N,
12.20; found: C, 54.93; H, 3.46; Cl, 15.54; N, 12.33.

4.1.3. General Procedure for the Preparation of EE-115

1,3-Dimethyl creatinine (2.8 g, 22.7 mmol) and indole-3-aldehydes (22.7 mmol) were
heated under reflux in piperidine (30 mL) for 4 h. After cooling, the reaction mixture
was poured into water (200 mL) and then stirred for 30 min. The precipitate was filtered,
washed several times with water, air dried and crystallized from methanol.

(Z)-5-((1H-Indol-3-yl)Methylene)-1,3-Dimethylimidazolidine-2,4-Dione (Aplysinopsin) EE-
115 [50]

Yield 80%, mp 236–8 ◦C (reported mp 236 ◦C); 1H NMR (400 MHz, CDCl3) δ: 8.87 (d,
J = 2.7 Hz, 1H), 8.54 (s, 1H), 7.85–7.66 (m, 1H), 7.45 (dd, J = 6.7, 1.4 Hz, 1H), 7.33–7.18 (m,
3H), 6.42 (s, 1H), 3.34 (s, 3H), 3.23 (s, 3H).

4.2. Cell Lines and Cell Cultures

The human chronic myeloid leukemia K562 (ATCC, CCL-243, Manassas, VA, USA),
MEG01 (ATCC, CRL-2021, Manassas, VA, USA), and the normal B lymphocyte RPMI 1788
cell lines (KCLB, 10156, Seoul, Korea) were cultured in Roswell Park Memorial Institute
(RPMI) 1640 medium (Lonza, Basel, Switzerland), supplemented with 10% heat-inactivated
fetal bovine serum (FBS) (Biowest, Riverside, CA, USA) and 1% penicillin-streptomycin
solution (100×) (GenDEPOT, Katy, TX, USA). KBM-5 cells were kindly donated by Dr.
Bharat B. Aggarwal. Imatinib-resistant KBM5 cells (KBM5R) cells were obtained by sequen-
tially increasing the concentration of imatinib from 0.25 to 1 µM imatinib in IMDM media
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supplemented with 10% (v/v) fetal calf serum and 1% (v/v) antibiotic–antimycotics [51].
Imatinib-resistant K562 (K562IR) cells were a gift of the Catholic University of Seoul and
cultured in RPMI 1640 medium with 25 mM HEPES (Lonza) supplemented with 10% (v/v)
FCS and 1% (v/v) antibiotic–antimycotics. Both resistant cell types were cultured with 1 µM
of imatinib and washed three times before each experiment. Cells were maintained at 37 ◦C
and 5% of CO2 in a humified atmosphere. Mycoplasma detection by MycoalertTM (Lonza)
was performed every 30 days, and cells were used within three months after thawing.

Peripheral blood mononuclear cells (PBMCs) were isolated by density gradient cen-
trifugation using Ficoll-Hypaque (GE Healthcare, Roosendaal, The Netherlands) from
freshly collected buffy coats as previously described [51], obtained from healthy adult
human volunteers (Red Cross, Luxembourg City, Luxembourg) after ethical approval as
well as written informed consent from each volunteer. After isolation, cells were incubated
overnight at 2 × 106 cells/mL in RPMI 1640 (supplemented with 1% antibiotic–antimycotic
and 10% FCS (BioWhittaker, Verviers, Belgium) at 37 ◦C and 5% CO2 in a humidified
atmosphere. The day after, cell concentration was adjusted at 1 × 106 cells/mL using the
same fresh complete medium and then treated as indicated.

4.3. Compounds

Mcl-1 inhibitor, A-1210477 (S7790, Selleckchem, Seoul, Korea) was used in single
and combination treatments. Etoposide (E1383, Sigma-Aldrich, Seoul, Korea), Imatinib
(SML 1027, Sigma-Aldrich, St. Louis, MO, USA), and Celecoxib (PZ0008, Sigma-Aldrich,
Seoul, Korea) were used as positive controls. Caspase inhibitor 1 (z-VAD-fmk, 187389-52-2,
Calbiochem, Seoul, Korea) served to inhibit caspase-dependent apoptosis.

4.4. Cell Proliferation and Viability

Cell proliferation and viability were assessed by the trypan blue exclusion method
(Lonza), and viable cells were counted using a hematocytometer (Marienfeld, Lauda-
Königshofen, Germany). Differential toxicity was calculated by comparing the viability
of RPMI 1788 cells to the viability of cancer cells (normal/cancer cells). The difference in
viability was expressed in terms of fold change.

4.5. Colony Formation Assay

For 48 h pretreatment of EE-84 colony formation assays, approximately 3 × 105 cells
were seeded in each well of a 24-well plate, treated with EE-84 at indicated concentra-
tions, and incubated at 37 ◦C and 5% of CO2 in a humidified atmosphere for 48 h. Af-
ter 48 h, 1000 cells were counted and grown in a semisolid methylcellulose medium
(Methocult H4230, StemCell Technologies Inc., Vancouver, BC, Canada) supplemented
with 10% FBS. Colonies were detected after 10 days of culture by adding 1 mg/mL of 3-(4,5-
dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) reagent (Sigma-Aldrich)
and were analyzed by Image J 1.8.0 software (U.S. National Institute of Health, Bethesda,
MD, USA).

4.6. Quantification of Apoptosis and Necrosis

The percentage of apoptotic cells was quantified as the fraction of cells showing
fragmented nuclei, as assessed by fluorescence microscopy (Nikon, Tokyo, Japan) after
staining with Hoechst 33342 (Sigma-Aldrich) and propidium iodide (Sigma-Aldrich). In
addition, apoptosis was confirmed by Annexin V APC (Biolegend, 640919)/propidium
iodide (BD Biosciences, 556547) staining and fluorescence-activated cell sorter (FACS)
analysis according to the manufacturer protocol (BD Biosciences, 556547).

4.7. In Silico Drug Likeliness Properties

Lipinski’s ‘rule of five’ for drug likeliness properties was evaluated using the SCFBio
website (http://www.scfbio-iitd.res.in/).
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4.8. Zebrafish Toxicity

For toxicity assays, embryos were treated with 0.003% phenylthiourea (PTU) 14 h
before the assay to remove pigmentation. Then, 2 h before the assay, the embryo’s shell
was eliminated and then treated for up to 24 h with aplysinopsin compounds at indicated
concentrations in 24-well plates. Viability and abnormal development were assessed
after 24 h of treatment under light microscopy (Carl Zeiss Stereomicroscope DV4, Seoul,
Korea). Pictures were taken by fixing embryos onto a glass slide with 3% methylcellulose
(Sigma-Aldrich).

4.9. Cell Cycle Analysis

Cells were collected and fixed in 70% ethanol. DNA was stained with propidium
iodide (PI) solution (1 µg/mL, Sigma-Aldrich, St. Louis, MO, USA) in 1XPBS (Biosesang,
Seongnam, Korea) for 30 min at 37 ◦C, supplemented with RNase A (100 µg/mL, Roche,
Basel, Switzerland). Samples were analyzed by flow cytometry using the FACSCaliburTM

system, Becton Dickinson (BD) Biosciences (San Jose, CA, USA). Data were recorded
statistically (10,000 events/sample) using the Cell Quest software (BD Biosciences) and
analyzed using Flow-Jo 8.8.5 software (Tree Star, Inc., Ashland, OR, USA).

4.10. Cell Morphology/Wright-Giemsa Staining

Diff Quik staining was used to analyze the morphological features of compound-
treated cells. Approximately 3 × 105 cells were seeded in each well of a 24-well plate
and treated with EE-84 at the indicated concentrations for the indicated time. Cells were
then spun onto a microscope glass slide for 5 min at 500× g using a cytopad with caps
(Elitech Group Inc., Puteaux, France). Cells were fixed, air-dried, and then stained with the
Diff-Quik staining kit (Sysmex, Kobe, Japan). The stained cells were examined, and images
were captured with an inverted microscope (Nikon Eclipse Ti2).

4.11. SA-β-Gal Assay

The senescence-associated (SA)-β-Gal activity was measured as previously reported [52].
K562 cells treated with 80 nM doxorubicin 72 h were used as a positive control for senes-
cence induction.

4.12. Analysis of Cell Size and Complexity (Granularity)

Flow cytometry acquisitions of FSC-H (forward) vs. SSC-H (size) were performed
as a method to monitor the cell size and granularity (cell complexity) in untreated vs.
EE-84-treated K562 (FACSCaliburTM; BD Biosciences). Data (10,000 events) were recorded
using the Cellquest Pro software (BD Biosciences) and further analyzed using FlowJo
software (Treestar, Ashland, OR, USA).

4.13. Analysis of Mitochondrial Membrane Potential (MMP) Levels

To monitor mitochondrial membrane potential (MMP), cells were incubated at 37 ◦C
for 30 min with 50 nM MitoTracker Red CMXRos (all from Molecular Probes, Invitrogen,
Grand Island, NY, USA) and then analyzed by flow cytometry. Data were recorded
statistically (10,000 events/sample) using the CellQuest Pro software. Data were analyzed
using the Flow-Jo 8.8.7 software, and results were expressed as cells with MMP loss (%).

4.14. Transmission Electron Microscopy (TEM)

Cells were pelleted and fixed in 2.5% glutaraldehyde (Electron Microscopy Sciences,
Hatfield, PA, USA) diluted in 0.1 M sodium cacodylate buffer, pH 7.2 (Electron Microscopy
Sciences) overnight. Cells were then rinsed twice with sodium cacodylate buffer, postfixed
for 2 h in 2% osmium tetroxide at room temperature, washed with distilled water, and
stained with 0.5% uranyl acetate at 4 ◦C overnight. Samples were then dehydrated in
successive ethanol washes, followed by infiltration of 1 (100% ethanol):1 (Spurr’s resin).
Samples were kept overnight embedded in 100% Spurr’s resin, mounted in molds, and
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left to polymerize in an oven at 56 ◦C for 48 h. Ultrathin sections (70–90 nm) were cut
with an ultramicrotome, EM UC7 (Leica Microsystems Ltd., Seoul, Korea). Sections were
stained with uranyl acetate and lead citrate and subsequently viewed using a JEM1010
transmission electron microscope (JEOL Korea Ltd., Seoul, Korea).

4.15. Determination of the Oxygen Consumption Rate and Glycolysis Stress

The oxygen consumption rate (OCR) was measured using a Seahorse XFp Cell Mito
Stress Assay (#103010-100, Agilent Technologies, Seoul, Korea) ran on a Seahorse XFp
analyzer (Agilent Technologies, Seoul, Korea) according to the manufacturer’s instructions.
Briefly, cells were seeded at 30,000 cells per well and treated with EE-84 for 48 h in 175 µL
medium. Before measurements, plates were equilibrated in a CO2-free incubator at 37 ◦C
for 1 h. The analysis was performed using 1.5 µM oligomycin, 0.5 µM carbonyl cyanide-4-
(trifluoromethoxy)phenylhydrazone (FCCP), and 1 µM rotenone/antimycin A as indicated.
Data were analyzed using the Seahorse XF Cell Mito Stress Test report generator software
(Agilent). The extracellular acidification rate (ECAR) was measured in response to the
sequential injection of 10 mM glucose, 2 µM oligomycin (H+-ATP-synthase inhibitor), and
50 mM 2-deoxy-d-glucose (2DG) (hexokinase inhibitor) to detect non-glycolytic acidifica-
tion, glycolysis, maximal glycolytic capacity, and glycolytic reserve using a Seahorse XFp
analyzer with a Glycolysis Stress Test kit (Agilent, Santa Clara, CA, USA).

4.16. Measurement of Intracellular ATP Content

To quantify metabolically active cells, intracellular ATP levels were measured by
CellTiter-Glo Luminescent Cell Viability Assay (Promega, Cosmogenetech, Seoul, Korea)
following the manufacturer’s protocol.

4.17. Measurement of Caspase-3/7 Activity

According to the manufacturer’s instructions, the activation of caspase-3/7 was mea-
sured using the Caspase-Glo 3/7 Assay (Promega, Madison, WI, USA). The caspase-3/7
reagent was added to the sample volume at a 1:1 ratio, and the cells were incubated for
1 h at room temperature. The luminescence of triplicate samples was measured using a
microplate reader.

4.18. Whole-Cell Extracts and Western Blotting

For the preparation of whole-cell extracts, cells were harvested, washed in cold 1xPBS,
and lysed in Mammalian Protein Extraction Reagent (M-PERTM, Thermo Fisher, Waltham,
MA, USA) supplemented with a 1× protease inhibitor cocktail (Complete, EDTA-free,
Roche, Basel, Switzerland) according to the manufacturer’s instructions. Protein concentra-
tion was measured using the Bradford assay. Proteins were aliquoted and stored at −80 ◦C.
Afterward, proteins were subjected to sodium dodecyl sulfate (SDS)–polyacrylamide gel
electrophoresis (PAGE) and transferred to PVDF membranes (GE Healthcare, Little Chal-
font, UK). Membranes were incubated with selected primary antibodies: anti-caspase-7
(9494S), anti-caspase-9 (9502S), anti-caspase-8 (9746), anti-Mcl-1 (4572S), anti-LC3B (2775),
ATF4 (11815), ATF6 (65880), Bip/GRP78 (C50B12), CHOP (L63F7), eIF2α (9722) and PERK
(3192) from Cell Signaling (Danvers, MA, USA), anti-caspase-3 (sc-56053) and anti-PARP-1
(sc-53643) from Santa Cruz Biotechnology (Dallas, TX, USA), anti-Bcl-xL (610212) from BD
Pharmingen (San Jose, CA, USA), eIF2a (Phospho-Ser51) (11279) from Signalway Antibody
Co. (College Park, MD, USA) and anti-β-actin (5441) from Sigma Aldrich (St. Louis, MO,
USA). Blots were probed in PBS-T containing the appropriate blocking agent (5% milk or
5% BSA) for 1 h. Membranes were prehybridized overnight with the indicated primary
antibodies. After washing, blots were incubated with species-appropriate HRP-conjugated
secondary antibody (Santa Cruz) in PBS-T containing 5% milk. Proteins of interest were
detected with ECL Plus Western blotting Detection System reagent (GE Healthcare) using
ImageQuant LAS 4000 mini system (GE Healthcare).
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4.19. Statistical Analysis

Data are expressed as the mean ± SD and significance was estimated by using one-
way or two-way ANOVA (analysis of variance) followed by either Dunnett’s multiple
comparison test or Sidak’s multiple comparison test, unless otherwise stated, using Prism
8 software, GraphPad Software (La Jolla, CA, USA). p-values were considered statistically
significant when p < 0.05. Legends are represented as follows: * p < 0.05, ** p < 0.01,
*** p < 0.001.

5. Conclusions

Through the screening of several aplysinopsin analogs, we selected EE-84 as an
interesting anti-leukemic agent. EE-84 exhibited a safety profile as it had minimal impact
on healthy models in vitro and in vivo. We also found that the treatment of K562 with EE-
84 induced an antiproliferative effect concomitant with autophagy and ER stress induction
as well as senescence. In addition, mitochondrial dysfunction was observed in line with
altered K562 cell morphology after EE-84 treatment. Treatment of EE-84 combined with the
BH3 mimetic A-1210477 (specific for Mcl-1) potentialized apoptotic cell death. We suggest
this cotreatment as a promising preclinical approach to therapeutic failure, specifically in
resistant CML.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md19060285/s1, Table S1: IC50 of aplysinopsin analogs in the noncancerous cell line RPMI
1788. Figure S1: Effect on proliferation and viability of aplysinopsin-treated on K562 cells. Figure S2:
1H NMR spectral data of (A) EE-31, (B) EE-80, (C) EE-84, (D) EE-92 and (E) EE-115. Figure S3:
13C NMR spectral data of (A) EE-31, (B) EE-80, (C) EE-84, and (D) EE-92. Figure S4: Effect on the
proliferation and viability of EE-84 and EE-115 on noncancerous cell line RPMI1 788. Figure S5:
Measurement of glycolytic capacity in K562IR cells. Figure S6: EE-84 sensitizes K562IR cells to BH3
mimetics after 24 h.

Author Contributions: S.S. and S.K.: equally performed the experiments; S.S., S.K., B.O.-B., C.C.
(Claudia Cerella), C.C. (Christo Christov), G.K., M.D. (Mario Dicato) and M.D. (Marc Diederich): ana-
lyzed/discussed the data; E.R.E.-S.: designed and prepared aplysinopsin and its analogs; G.K.: pro-
vided the compounds; S.K. and M.D. (Marc Diederich) conceived the experiments and wrote/edited
the manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: S.K., S.S. and M.D. (Marc Diederich) were supported by National Research Foundation
(NRF) [Grant Number 019R1A2C1009231] and by a grant from the MEST of Korea for Tumor
Microenvironment Global Core Research Center (GCRC) [Grant Number 2011-0030001]. Support
from Brain Korea (BK21) FOUR program and Creative-Pioneering Researchers Program at Seoul
National University [Funding number: 370C-20160062] are acknowledged. C.C. (Claudia Cerella)
and B.O.-B. were supported by Télévie Luxembourg. LBMCC is supported by “Recherche Cancer et
Sang” Foundation, “Recherches Scientifiques Luxembourg”, “Een Häerz fir kriibskrank Kanner”,
Action Lions “Vaincre le Cancer”, and Télévie Luxembourg. E.R.E.-S. was supported by French and
Egyptian governments through a cofinanced fellowship granted by the French Embassy in Egypt
(Institut Français d’Egypte) and the Science and Technology Development Fund (STDF).

Institutional Review Board Statement: The study was conducted in agreement with the guidelines
of the Institutional Animal Care and Use Committee (IACUC) of Seoul National University.

Informed Consent Statement: PBMCs were obtained from Red Cross Luxembourg with informed
consent obtained from all subjects (donators of PBMC blood products) involved in the study. Specif-
ically, agreement LBMCC-2019-0001: Assessment of differential toxicity of new drugs or drug
combinations in preclinical development in ex-vivo proliferating peripheral blood mononuclear cells
vs. proliferating cancer cells, agreement LBMCC-2019-0002: Assessment of toxicity of new drugs or
drug combinations in preclinical development in non-proliferating peripheral blood mononuclear
cells (systemic acute toxicity).

Data Availability Statement: Data supporting reported results can be found here: https://data.
mendeley.com/datasets/z2rkrgwbm9/2; https://data.mendeley.com/datasets/bs3r484nfn/1; https:
//data.mendeley.com/datasets/ym9mcsm2fg/1, accessed on 19 May 2021.

58



Mar. Drugs 2021, 19, 285

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

Abbreviations

AML acute myeloid leukemia
Bcr-Abl breakpoint cluster region-Abelson
BH Bcl-2 homology domain
BSA bovine serum albumin
CCyR complete cytogenetic response
CFA colony formation assay
CML chronic myeloid leukemia
DMSO dimethyl sulfoxide
FBS fetal bovine serum
FDA food and drug administration
FLT3 FMS-like tyrosine kinase 3
GI growth inhibition
HPF hours post fertilization
IC inhibitory concentration
ITD internal tandem duplication
LogP octanol–water partition coefficient
MPER mammalian protein extraction reagent
Mcl-1 myeloid cell leukemia 1
MMP mitochondrial membrane potential
MTT 3-(4,5-dimethylthiazol-2-1)-2,5,-diphenyltetrazolium bromide
PARP-1 poly(ADP-ribose)polymerase
PBMC peripheral blood mononuclear cell
PBS phosphate buffered saline
PI propidium iodide
PMSF phenylmethylsulphonyl fluoride
PTU phenylthiourea
RPMI Roswell Park Memorial Institute
SA surface area
SD standard deviation
SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electrophoresis
TEM transmission electron microscopy
TKD tyrosine kinase domain
UPR unfolded protein response
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Abstract: Astaxanthin (AST) is a product made from marine organisms that has been used as an
anti-cancer supplement. It reduces pontin expression and induces apoptosis in SKBR3, a breast
cancer cell line. Using Western blotting and qRT-PCR analyses, this study revealed that in the T47D
and BT20 breast cancer cell lines, AST inhibits expression of pontin and mutp53, as well as the Oct4
and Nanog cancer stem cell (CSC) stemness genes. In addition, we explored the mechanism by
which AST eradicates breast cancer cells using pontin siRNAs. Pontin knockdown by pontin siRNA
reduced proliferation, Oct4 and Nanog expression, colony and spheroid formation, and migration
and invasion abilities in breast cancer cells. In addition, reductions in Oct4, Nanog, and mutp53
expression following rottlerin treatment confirmed the role of pontin in these cells. Therefore, pontin
may play a central role in the regulation of CSC properties and in cell proliferation following AST
treatment. Taken together, these findings demonstrate that AST can repress CSC stemness genes in
breast cancer cells, which implies that AST therapy could be used to improve the efficacy of other
anti-cancer therapies against breast cancer cells.

Keywords: astaxanthin; T47D; BT20; pontin; mutp53; cancer stem cells; Oct4; Nanog; siRNA

1. Introduction

Breast cancer, most frequently found in women with menopause, develops from breast tissue
and is characterized by uncontrolled cell growth, with the ability to metastasize to other tissues [1].
Risk factors for breast cancer include environmental mechanisms, genetic elements, and lifestyle
components [2]. Current synthetic chemical anti-cancer agents are restricted to use for the removal of
breast cancer due to their cytotoxic effects on normal host cells [3]. Thus, natural therapeutic products
that inhibit cancer cell growth without excessive toxicity are under investigation to identify candidate
therapeutics [4].

Many marine organisms and algae have the red pigment astaxanthin (AST), a xanthophyll
carotenoid (3,3′-dihydroxy-beta, beta-carotene-4,4′-dione) [5]. AST has some effects against various
types of cancer (e.g., oral, bladder, colon, blood, liver, lung, and breast). These effects are mediated
by anti-proliferative, pro-apoptotic, antioxidant, anti-inflammatory, anti-invasion and migration,
and anti-gap junctional intracellular communication mechanisms [6]. Potential molecular targets for
AST in cancers include NF-kB, STAT3, P13K/AKT, MAPKs, PPAR, Nrf2, and pontin [6,7].
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Pontin is a conserved ATPase of the AAA+ superfamily, with Walker A and B motifs, arginine
fingers, and insertion domains that are conserved from yeast to humans [8]. The pontin gene is located
on chromosome 3q21 and encodes a 456-amino-acid protein [9]. In association with its partner, reptin,
pontin forms a multi-protein complex that is presumably involved in activities such as DNA damage
sensing and repair, cell viability and death, gene transcription regulation, telomerase activity, and
chromatin remodeling, protein assembly, and ribonucleoprotein complexes [10]. Pontin has limited
homology to the bacterial helicase RuvB, which is involved in the resolution of Holliday junctions
during recombination [11]. Pontin and reptin are both overexpressed in many cancer types, but only
pontin is overexpressed in breast cancer cells [10]. There is some evidence that pontin reduces ATPase
activity, thereby contributing to apoptotic activity in cancer cells [12]. Pontin was recently found to
interact with mutant p53 (mutp53) to promote a gain of function mutation [13]. Pontin also serves as a
cofactor for octamer-binding transcription factor 4 (Oct4) during the maintenance of mouse embryonic
stem cells (ESCs) [14].

The tumor suppressor protein p53 plays an important role in the suppression of human cancers [15].
However, its function is sometimes impaired because of frequent mutations [16]. Furthermore, mutp53
is restricted to poorly differentiated tumors, whereas the overexpression of wild-type p53 is restricted
to less-differentiated areas of tumors [17]. These findings have demonstrated that mutp53 is associated
with cancer stem cell (CSC) formation and poor prognosis [18]. Recently, a correlation between
mutp53 and CSC phenotype has been reported [19]. CSCs, also known as tumor-initiating cells, are
a subpopulation of tumor cells that can generate heterogeneous progenies [20]. The proportion of
CSCs in an overall cancer cell population is approximately 0.05–3%, but these cells are considered
to be the fundamental barrier to operative cancer therapy due to their distinct cellular properties
(e.g., self-renewal, differentiation, and tumor formation) [21]. CSCs are commonly identified in breast
cancer using specific biomarkers including CD44, CD133, CD166, CD24, CD29, EpCAM, and aldehyde
dehydrogenase 1 [22]. In addition, there is increasing evidence that mutp53 is involved in the expression
of Oct4 and Nanog, which are crucial components for maintaining the pluripotency and self-renewal
properties of normal stem cells and ESCs [14,23]. These genes promote each other’s expression, control
cancer progression, and are biomarkers of CSCs [24]. Oct4 belongs to the Pit-Oct-Unc (POU) family
of transcriptional factors and plays a crucial role in stem cell differentiation and pluripotency by
determining the fate of ESCs [25]. It also contributes to tumorigenesis and self-renewal through
activation of its downstream target genes (e.g., Nanog, Sox2, and Klf4) [25]. Nanog is a homeobox
domain transcription factor expressed in human cancers [26]. It plays a key role in malignant disease
through effects on cell proliferation and traits such as clonogenic growth, tumorigenicity, invasiveness,
and therapeutic resistance [26].

Previously, we reported that AST modulates pontin expression to cause apoptosis in breast cancer
cells [7]. In this study, we explored how AST-targeted pontin functions in the obliteration of breast
cancer cells and concluded that AST might impede breast cancer growth by reducing the populations
of CSCs. These data demonstrate that the marine compound AST is a powerful anticancer agent.

2. Results

2.1. AST Reduces the Expression Levels of Pontin, mutp53, Oct4, and Nanog in T47D and BT20 Breast Cancer
Cells, Inhibiting Their Proliferation

AST reduces pontin expression and mutp53 in the SKBR3 breast cancer cell line [7]. Moreover, the
interaction between pontin and mutp53 promotes cancer migration and cancer stemness progression [13].
Thus, we investigated whether AST could affect cancer stemness properties in breast cancer cells.
Because spheroid formation ability is a characteristic of CSCs [27], we investigated spheroid formation
ability in SKBR3, T47D, and BT20 breast cancer cell lines. T47D and BT20 cells showed spheroid
formation, whereas SKBR3 cells did not (Figure 1A). Because SKBR3 cells failed to form spheroids, we
performed subsequent experiments with T47D and BT20 cells.
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Figure 1. AST reduced the expression levels of pontin, mutp53, Oct4, and Nanog in T47D and BT20
breast cancer cell lines, thereby inhibiting cell proliferation. (A) Spheroid formation abilities of SKBR3,
T47D, and BT20 breast cancer cell lines. (B) Expression levels of mutp53, pontin, Oct4, and Nanog were
determined via Western blotting of T47D and BT20 cells after AST treatment. Actin was used as a
loading control. (C) Cells were incubated for 48 h at 37 ◦C at the indicated concentrations of AST in a
96-well plate. Then, CCK-8 was added and the cells were incubated for 3 h at 37 ◦C. Absorbance was
measured with a spectrophotometer at 450 nm. Data are expressed as the mean ± standard deviation
(SD) of three independent experiments. * p < 0.05.

First, to determine whether AST could regulate the expression levels of pontin, mutp53, Oct4, and
Nanog in T47D and BT20 cells, their levels were measured via Western blotting. As the concentration of
AST increased, the expression levels of pontin, mutp53, Oct4, and Nanog decreased relative to control
(Figure 1B). These findings indicate that AST can regulate CSC genes in both T47D and BT20 cells.

Next, cell viability was measured using a CCK-8 viability assay to determine whether AST would
affect the growth of T47D and BT20 cells. Cell growth was clearly inhibited by AST treatment in a
dose-dependent manner (Figure 1C). Therefore, AST can inhibit the proliferation of both T47D and
BT20 breast cancer cell lines.

2.2. Pontin Knockdown Attenuates the Proliferation of T47D and BT20 Breast Cancer Cells

To determine whether pontin is necessary for the proliferation of breast cancer cells, we performed
cell cycle arrest, Ki67 staining, and CCK8 viability assays following the induction of pontin silencing.
As shown in Figure 2A, the cell cycle profiles of T47D cells treated with pontin siRNAs included
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significantly greater proportions of cells in the G0/G1 phase (siPontin1: 39.06% ± 0.57%, siPontin2:
41.07% ± 1.72%), compared to the control siRNA group (29.1% ± 0.7%). This trend was also evident
in BT20 cells treated with pontin siRNAs (siPontin1; 37.06% ± 0.57%, siPontin2; 36.07% ± 1.72%),
compared to the control siRNA group (28.0% ± 0.7%). Conversely, the proportions of cells in the G2/M
phase after pontin siRNA transfection were significantly reduced in both cell lines. Therefore, pontin is
a key molecule for the proliferation of breast cancer cells.

Figure 2. Pontin knockdown attenuated the proliferation of T47D and BT20 cells. (A) Cell cycle analyses
of T47D and BT20 cells after targeted pontin knockdown. Cells were harvested 3 days after transfection
of pontin siRNAs or control siRNA. Similar results were obtained from three independent experiments.
(B) Ki67 incorporation was used to determine the proportions of cells in each cell cycle phase. Cells were
harvested 3 days after transfection of control siRNA or pontin siRNAs. Proportions of Ki67-positive
cells are shown. Results are expressed as the mean ± SD of three independent experiments. * p < 0.05.
(C) Growth curves of T47D and BT20 cells after targeted pontin knockdown. Data are represented the
mean ± SD of three independent experiments (* p < 0.05).

A Ki67 incorporation experiment showed reductions in the number of Ki67-positive cells following
pontin siRNA treatment, compared to control siRNA (Figure 2B), indicating that pontin is an important
molecule for cell proliferation. To examine whether downregulation of pontin would affect cancer cell
growth, CCK8 viability assays were conducted (Figure 2C). The numbers of cells were significantly
lower in pontin siRNA groups than in control siRNA groups after transfection.

Taken together, these data indicate that pontin depletion leads to defects in breast cancer cells,
which implies that it plays a crucial role in the proliferation of breast cancer cells.
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2.3. Pontin Knockdown Reduces the Levels of mutp53, Oct4, and Nanog in T47D and BT20 Breast Cancer Cells

Because AST reduced the expression levels of pontin, mutp53, Nanog, and Oct4, their levels
were analyzed by Western blotting and quantitative reverse transcriptase polymerase chain reaction
(qRT-PCR) analyses following pontin knockdown in T47D and BT20 cells. As shown in Figure 3A,
after transfection of pontin siRNAs, the protein expression levels of mutp53, Nanog, and Oct4 were
downregulated compared to control.

Figure 3. Effects of pontin-targeting siRNAs on expression levels of Oct4, Nanog, and mutp53 in T47D
and BT20 breast cancer cell lines. Cells were transfected with pontin-targeting or control siRNA. (A) Cell
lysates were prepared from T47D and BT20 cells, and the expression levels of Oct4, Nanog, and mutp53
were detected by Western blotting. (B) Total RNA was extracted, and the expression levels of Oct4,
Nanog, and mutp53 were evaluated via qRT-PCR. All experiments were normalized by comparison
with glyceraldehyde 3-phosphate dehydrogenase (GAPDH). Data represent the mean ± SD of three
independent experiments (* p < 0.05).

To confirm the Western blotting results, the mRNA expression levels of pontin, mutp53, Nanog,
and OCT4 in both T47D and BT20 cells were investigated via qRT-PCR. As shown in Figure 3B, pontin
siRNA groups had reduced mRNA expression levels of pontin, mutp53, Nanog, and OCT4 in both
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T47D and BT20 cells. These results suggest that pontin knockdown in T47D and BT20 cells can reduce
the expression levels of mutp53, Nanog, and Oct4. Thus, pontin could be a crucial component of cancer
stemness properties in T47D and BT20 breast cancer cell lines.

2.4. Pontin Knockdown Reduces Colony and Spheroid Formation Ability in T47D and BT20 Breast Cancer Cells

Pontin is a necessary cofactor for Oct4 during the maintenance of mouse ESCs [14]. Thus, pontin
might regulate colony and spheroid formation in breast cancer cells because these abilities are essential
CSC characteristics [27].

To test this hypothesis, colony formation assays were performed using T47D and BT20 cells
transfected with pontin siRNAs. After 14 days in culture, the numbers of colonies formed by cells
transfected with pontin siRNA were substantially reduced, compared to the numbers of T47D cells
(Figure 4A) and BT20 cells (Figure 4B) transfected with control siRNA.

Figure 4. Pontin knockdown reduced colony and spheroid formation abilities in T47D and BT20 cells.
Pontin knockdown with siRNA attenuated colony formation by (A) T47D and (B) BT20 cells. Left panel,
representative images from a portion of field; right panel, quantification of average number of migrated
cells/field. Pontin knockdown with siRNA attenuated spheroid formation by (C) T47D and (D) BT20 cells.
Left panel, representative images from a portion of field; right panel, quantification of average number of
migrated cells/field. Data represent the mean ± SD of three independent experiments (* p < 0.05).

Next, because CSCs have been shown to form floating spheres in culture [27], their abilities to
form spheroids in vitro were measured after pontin knockdown. Control siRNA or pontin siRNAs
were transfected into the cells, which then were grown in suspension with serum-free spheroid media

68



Mar. Drugs 2020, 18, 577

for spheroid maintenance. After 7 days in culture, the numbers of spheroids formed in cells transfected
with pontin siRNAs were considerably reduced, compared to the numbers of T47D cells (Figure 4C)
and BT20 cells (Figure 4D) transfected with control siRNA.

Taken together, these results indicate that pontin knockdown in breast cancer cells might attenuate
the properties of CSCs.

2.5. Pontin Knockdown Reduces Migration and Invasion Abilities in T47D and BT20 Breast Cancer Cells

Because specific depletion of pontin was able to change colony and spheroid formation abilities,
other CSC abilities (e.g., migration and invasion) were presumably changed. To test this hypothesis,
transwell migration and invasion assays were performed using cells transfected with pontin siRNAs
or control siRNA. As shown in Figure 5, migration and invasion of breast cancer cells were inhibited
by pontin knockdown, compared to controls. The migration inhibition rates of T47D and BT20 cells
were 82% and 85%, respectively. The invasion inhibition rates of T47D and BT20 cells were 78% and
64%, respectively. These results suggest that pontin knockdown in breast cancer cells attenuates the
properties of CSCs.

Figure 5. Pontin knockdown reduced migration and invasion in breast cancer cells. Pontin knockdown by
siRNA attenuated migration of (A) T47D and (B) BT20 cells, as determined by transwell migration assays.
Left panel, representative images from a portion of field; right panel, quantification of average number of
migrated cells/field (×200 magnification). Pontin knockdown by siRNA attenuated invasion of (C) T47D
and (D) BT20 cells, determined using Matrigel-coated transwell invasion assays. Left panel, representative
images from a portion of field; right panel, quantification of average number of migrated cells/field
(×200 magnification). Data represent the mean ± SD of three independent experiments (* p < 0.05).
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2.6. Rottlerin Reduces Expression Levels of Oct4, Nanog, and mutp53 in T47D and BT20 Breast Cancer Cells

To further demonstrate the role of pontin in this study, rottlerin (a pontin-specific ATPase inhibitor)
was used. The expression levels of mutp53, Nanog, and Oct4 under rottlerin treatment were measured
via Western blotting and qRT-PCR analyses. As shown in Figure 6A, rottlerin diminished the expression
levels of mutp53, Oct4, and Nanog in T47D and BT20 cells.

Figure 6. Rottlerin reduced expression levels of Oct4, Nanog, and mutp53 in T47D and BT20 breast
cancer cell lines. Cell lysates were prepared from T47D and BT20 cells that had been subjected to
rottlerin treatment. Expression levels of Oct4, Nanog, and mutp53 were detected via Western blotting
analyses and qRT-PCR. (A) Cell lysates were prepared from T47D and BT20 cells, and the expression
levels of Oct4, Nanog, and mutp53 were detected by Western blotting. (B) Total RNA was extracted,
and the expression levels of Oct4, Nanog, and mutp53 were evaluated by qRT-PCR. All expression
levels were normalized to GAPDH. Data represent the mean ± SD of three independent experiments
(* p < 0.05).

To confirm these findings, the mRNA expression levels of mutp53, Nanog, and Oct4 in rottlerin-treated
T47D and BT20 cells were investigated via qRT-PCR. With increasing rottlerin concentration, the mRNA
expression levels of mutp53, Nanog, and Oct4 decreased in both T47D and BT20 cells (Figure 6B).
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These results confirm that pontin regulates the expression levels of mutp53, Nanog, and Oct4 in breast
cancer cells.

3. Discussion

AST obtained from marine organisms has powerful antioxidant, anti-inflammatory, and anti-cancer
properties. In the present study, the anti-cancer effects of AST on breast cancer cells were investigated.
Because AST regulates pontin expression and causes apoptosis in SKBR3 cells [7], its effects were
further explored to identify the molecules that it regulates, as well as how pontin impedes breast cancer
cell growth, using a pontin knockdown approach.

Pontin is an AAA+ ATPase that possesses both ATPase and DNA helicase activities [8,11].
Its overexpression has been observed in many cancers [28]. Its ATPase activity is important for cell
proliferation in many tumors, including breast cancer and hepatocellular carcinoma [10]. In this
study, pontin was found to participate in the proliferation of the T47D and BT20 breast cancer cell
lines. Pontin is closely associated with various cell cycle-related genes, including E2F1 and RB [29].
The downregulation of pontin leads to cell cycle arrest, resulting in the accumulation of cells in the G1
phase and the reduction of cells in the S and G2/M phases [30]. In this study, pontin knockdown in T47
and BT20 cells led to a significant reduction in cell growth (Figure 2A). In addition, cell cycle analyses
revealed that pontin siRNA induced G1 cell cycle arrest, indicating that pontin is a crucial component
in breast cancer cell proliferation.

Pontin negatively regulates mutant p53 during cancer development [13]. It can also cause a
gain of function in mutp53, supporting tumorigenesis [13]. Its interaction with mutp53 promotes
cancer stemness properties such as proliferation, metastasis, and invasion [18]. A critical role for
mutp53 in CSC production is supported by the association between tumors with mutp53 and the
undifferentiated phenotypes in these tumors [17]. Moreover, mutp53 has been shown to encourage
a stem-like phenotype in breast cancers [31], while undifferentiated breast tumors express specific
stemness genes [32,33]. Therefore, pontin was presumed to regulate specific stemness genes and
markers by mediating mutp53 activity. Pontin and mutp53 are considered important regulatory
components within the CSC circuitry. Additional studies are needed to determine whether pontin can
regulate the expression of Oct4 and Nanog through a mutp53-related mechanism and to determine
how it selectively regulates the expression of mutp53 and stemness genes in cancer cells.

CSCs have unique stemness properties concerning self-renewal, differentiation, and proliferative
capacities. Notably, they exhibit robust expression of stemness genes including Oct4 and Nanog [34].
In CSCs, the expression of Nanog and Oct4 is associated with a more aggressive tumor phenotype [35].
Therefore, CSCs are presumed to promote the growth and development of most human malignancies.
Nanog is expressed in cancer cells, where it enhances tumorigenesis by activating CSCs [36]. Moreover,
Nanog and mutp53 are co-expressed in cancer cells [37]. Oct4 plays a key role in stem cell differentiation
and pluripotency by determining the fate of ESCs [25]. Notably, pontin depletion causes downregulation
of Oct4 in ESCs [14]. Pontin serves as a co-activator for Oct4-dependent long intergenic non-coding
RNA transcription [14], indicating that it regulates Oct4 and Nanog expression. Here, we confirmed
that AST repressed Oct4 and Nanog expression in T47D and BT20 cells.

Drug resistance is a well-known characteristic of CSCs [38]. CSCs possess high aldehyde
dehydrogenase 1 activity and express CD44 but not CD24 [39–41]. Aldehyde dehydrogenase
1 overexpression is associated with poor prognosis and cancer recurrence after chemotherapy [42].
Furthermore, mutp53-dependent drug resistance is mediated by enhanced CSC properties [42]. CSCs can
undergo cell cycle arrest, thereby resisting chemotherapy and radiotherapy [43]. Notably, tumor invasion
and recurrence after radiotherapy and chemotherapy have been attributed to CSCs [44]. Therefore,
therapeutic targeting of CSCs may improve the prognosis of patients with cancer [45]. Our findings imply
that AST might be useful for the treatment of breast cancer because of its ability to repress CSC genes.

In conclusion, AST is a robust antioxidant that blocks the proliferation of T47D and BT20 breast
cancer cells. It also inhibits the expression of pontin, mutp53, Oct4, and Nanog, which constitute CSC
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stemness genes in T47D and BT20 cells. In addition, the use of pontin siRNA in this study revealed the
mechanisms by which AST eradicates breast cancer cells. Pontin knockdown reduced cell proliferation,
Oct4 and Nanog expression, colony and spheroid formation, and migration and invasion in both T47D
and BT20 cells. In addition, the reduction of Oct4, Nanog, and mutp53 expression levels following
rottlerin treatment confirmed the role of pontin in these cells. Therefore, pontin might play a central
role in the regulation of CSC properties and the proliferation of cancer cells, following addition of
AST. Taken together, our findings suggest that AST could eradicate CSCs and serve as a powerful
treatment for breast cancer. Further studies are needed to elucidate how AST represses the expression
of CSC genes at the transcriptional or translational levels, what quantities of AST provide optimal
cancer treatment effects, and the relationship between pontin and hsp90 during AST treatment for
breast cancer.

4. Materials and Methods

4.1. Chemicals and Antibodies

Dulbecco’s modified Eagle medium (DMEM), fetal bovine serum (FBS), and Dulbecco’s
phosphate-buffered saline (DPBS) were purchased from Gibco (Grand Island, NY, USA). Monoclonal
antibodies specific for pontin, Oct4, Nanog, p53, and actin were obtained from Cell Signaling Technology
(Danvers, MA, USA).

4.2. Cell Culture and Transfection

Human breast cancer cell lines SKBR3, T47D, and BT20 (American Type Culture Collection,
Manassas, VA, USA) were cultured in DMEM containing 10% (v/v) FBS and 1% (v/v) penicillin-
streptomycin (Gibco) at 37 ◦C in a 5% CO2 incubator. Cells were subcultured by enzymatic
digestion with trypsin– ethylenediaminetetraacetic acid (EDTA) (0.25% trypsin and 1 mM EDTA)
solution when they reached approximately 80% confluency. For siRNA targeting knockdown,
siRNA oligos against pontin were purchased from Integrated Bioneer Corporation (Daejeon, Korea).
Pontin-targeting siRNA sequences were as follows: siRNA-1, 5′-CAUGGGAGGAUAUGGCAAA-3′;
siRNA-2, 5′-GAGGAUAUGGCAAAACCAU-3′. The control siRNA sequence was as follows:
5′-CCUACGCCACCAAUUUCGU-3′. The Neon Transfection System (Invitrogen) was used for
electroporation to transfect T47D and BT20 cells with pontin siRNAs or control siRNA. Briefly,
2 × 106 cells in buffer R were electroporated in 100 µL tips with 500 ng of siRNA, then plated with
culture media in a 100 mm culture plate. The electroporation parameters were cell-line-specific (T47D:
1400 V, 20 mA, two pulses; BT20:1300 V, 20 mA, one pulse). For rottlerin treatment, cells were treated
with various concentrations of rottlerin (Calbiochem, Billerica, MA, USA) for 12 h.

4.3. Cell Proliferation Assay

Cell proliferation was determined using a CCK-8 assay (Dojindo, Tokyo, Japan). For growth rate
analyses, control and pontin knockdown cells were seeded with culture medium in 96-well plates
(SPL Life Sciences, Seoul, Korea) at a density of 5 × 103 cells per well. After incubation for 24 h at 37 ◦C,
CCK-8 in culture medium was added to each well and cells were incubated for 2 h at 37 ◦C. The optical
density was read at 450 nm using an ELISA reader (Tecan Group Ltd., Männedorf, Switzerland).
Results were expressed as the mean ± SD of three independent experiments.

4.4. Cell Cycle Analyses

For cell cycle analyses, the Muse® Cell Cycle Assay Kit (Millipore, Burlington, MA, USA) was
used to determine the proportions of cells in each cell cycle phase. In brief, cells were transfected
with pontin siRNAs or control siRNA, then harvested and fixed in 70% ethanol at −20 ◦C for 12 h.
After fixation, the cells were washed twice with DPBS and stained with cell cycle solution for 20 min at
room temperature in the dark. Then, the cells were counted using a Muse Cell Analyzer (Millipore).
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In addition, the Muse® Ki67 Proliferation Kit (Millipore) was used to measure the populations of
proliferating cells. Briefly, harvested cells were washed three times in ice-cold DPBS and suspended in
fixation solution for 15 min. Then, they were transferred to permeabilization solution and incubated
for 15 min. Next, they were washed three times in ice-cold DPBS and suspended in assay buffer with
the hKi67-PE antibody for 15 min. Finally, they were counted using a Muse Cell Analyzer.

4.5. Western Blotting Analyses

Cells were collected by centrifugation at 4 ◦C, washed three times in ice-cold DPBS, and
suspended in Radioimmunoprecipitation assay (RIPA) lysis buffer (50 mM Tris (pH 7.5), 2 mM EDTA,
100 mM NaCl, 1% NP-40) containing protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO, USA).
Then, cell lysates were centrifuged at 13,000 rpm for 15 min at 4 ◦C, and the protein concentrations
were determined using a bicinchoninic acid protein assay kit (Thermo Fisher Scientific, Rockford,
IL, USA). Equal amounts of total protein (30 µg) were resolved by 8–12% SDS–PAGE and proteins
were transferred to polyvinylidene difluoride (PVDF) membranes (Millipore). The membranes were
blocked with 5% (v/v) skim milk in Tris-buffered saline with Tween (TBS-T; 50 mM Tris, 150 mM
NaCl, and 0.1% Tween-20), incubated with specific primary antibodies in blocking buffer overnight
at 4 ◦C, washed three times in TBS-T, and incubated for 1 h at room temperature with horseradish
peroxidase-conjugated secondary antibody. Immunoreactive bands were developed using an enhanced
chemiluminescence detection system (ECL Plus, Thermo Fisher Scientific).

4.6. Tumor Spheroid Formation Assay

T47D and BT20 cells were transfected with siRNA oligos targeting pontin or control for 24 h.
Harvested cells from SKBR3, T47D, and BT20 cells or transfected T47D and BT20 cells were suspended
in 24-well ultra-low attachment surface plates at 400 cells per well in spheroid media (serum-free
DMEM/F12 media supplemented with 20 ng/mL hEGF, 10 ng/mL β-FGF, 2% B-27 supplement, and
penicillin-streptomycin solution). Following 2 weeks of cultivation, spheroid formation was assessed
using an Olympus IX51 microscope (Olympus, Waltham, MA, USA). Results were recorded for at least
three independent experiments.

4.7. Cell Invasion Assay

Transwell chambers were used to examine cell invasion capability. T47D and BT20 cells were
transfected with pontin-targeting or control siRNA oligos for 48 h. For transwell assays, the transwell
chambers were coated with 100 µL BD Biosciences Matrigel™ overnight in a cell incubator.
Then, transfected cells were trypsinized and resuspended at 1 × 105 cells in 200 µL serum-free
medium. The resuspended cells were placed into the upper chambers of a 24-well transwell plate
(8 mm pore size; Corning Inc., Corning, NY, USA). The lower chambers were filled with 700 µL
complete medium with 10% FBS. Following incubation for 24 h at 37 ◦C, non-invading cells were
removed from the upper chamber with a cotton swab. Invading cells on the lower surface of the inserts
were fixed with 4% paraformaldehyde and stained with 1% crystal violet. Three random fields for
each insert were counted at 200×magnification. Data were recorded as the mean ± SD of at least three
independent experiments.

4.8. Cell Migration Assay

The migration assay was performed using transwell chambers. T47D and BT20 cells were
transfected with pontin-targeting or control siRNA oligos for 48 h. Then, transfected cells were
trypsinized and resuspended at 2 × 104 cells in 200 µL serum-free medium. The resuspended cells were
placed into the upper chambers of a 24-well transwell plate (8 mm pore size; Corning Inc.). The lower
chambers were filled with 700 µL complete medium with 10% FBS. Following incubation for 24 h at
37 ◦C, non-invading cells were removed from the upper chamber with a cotton swab. Invading cells
on the lower surface of the inserts were fixed with 4% paraformaldehyde and stained with 1% crystal
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violet. Three random fields for each insert were counted at 200×magnification. Data were recorded as
the mean ± SD of at least three independent experiments.

4.9. RNA Isolation and qRT-PCR

Total RNA was extracted using an RNeasy mini kit (Qiagen, Hilden, Germany) from T47D and BT20
cells transfected with pontin-targeting or control siRNA oligos, in accordance with the manufacturer’s
instructions. Total RNA was reverse-transcribed into cDNA using Superscript II Reverse Transcriptase
(Invitrogen, Carlsbad, CA, USA), in accordance with the manufacturer’s instructions. The cDNA
was amplified by qPCR in an ABI 7500 real-time PCR system (Applied Biosystems, Foster City,
CA, USA) using the SYBR Select Master Mix kit (Applied Biosystems) and with gene-specific primers.
The thermocycling conditions were initial denaturation at 95 ◦C for 15 min, followed by 30 cycles of
95 ◦C for 20 s, 58 ◦C for 40 s, and 72 ◦C for 1 min. The results were normalized by comparison with the
housekeeping gene GAPDH. The primer sequences used in this study were as follows: pontin forward,
5′-TGA AGA GCA CTA CGA AGA CG-3′; pontin reverse, 5′-AAC AAG ACA GCT CTT CCA GC-3;
mutp53 forward, 5′-AGA AAA CCT ACC AGG GCA GC-3′; mutp53 reverse, 5′-CTC CGT CAT GTG
CTG TGA CT-3′; Oct4 forward, 5′-CGA CTA TGC ACA ACG AGA GG-3′; Oct4 reverse, 5′-AGA GTG
GTG ACG GAG ACA G-3′; Nanog forward, 5′-TCT TCC TAC CAC CAG GGA TG-3′; Nanog reverse,
5′-ATG CAG GAC TGC AGA GAT TC-3′; GAPDH forward 5′-ATA TGA TTC CAC CCA TGG CAA-3′;
and GAPDH reverse, 5′-GAT GAT GAC CCT TTT GGC TCC-3. The expressions of genes including
Pontin, mutp53, Oct4, and nanog were quantified using the ∆∆Ct method.

4.10. Statistical Analyses

Statistical analyses were performed using SPSS Statistics Ver. 23 (IBM Corp., Armonk, NY, USA).
Results are presented as the mean ± SD. Comparisons were performed using independent t-tests.
p values < 0.05 were considered statistically significant.
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Abstract: Astaxanthin is a natural product gaining increasing attention due to its safety and anti-cancer
properties. In this study, we investigated the mechanisms of the anti-cancer effects of astaxanthin on
prostate cancer (PCa) cell lines using aggressive PCa DU145 cells. Also an instantaneous silenced cell
line (si-STAT3) derived from DU145 and a control cell line (si-NK) were used for the MTT and colony
formation assays to determine the role of astaxanthin in proliferation and colony formation abilities.
Flow cytometry assays were used to detect the apoptosis of tumor cells. Migration and invasion
assays detected the weakening of the respective abilities. Western blot and RT-PCR tests detected the
levels of STAT3 protein and mRNA. Astaxanthin resulted in suppression of the proliferation of DU145
cells and the level of STAT3. The treatment of DU145 cells with astaxanthin decreased the cloning
ability, increased the apoptosis percentage and weakened the abilities of migration and invasion of
the cells. Furthermore, astaxanthin reduced the expression of STAT3 at protein and mRNA levels.
The effects were enhanced when astaxanthin and si-STAT3 were combined. The results of animal
experiments were consistent with the results in cells. Thus, astaxanthin inhibits the proliferation of
DU145 cells by reducing the expression of STAT3.

Keywords: prostate cancer; astaxanthin; STAT3; proliferation; colony formation; apoptosis;
migration; invasion

1. Introduction

Prostate cancer is one of the most frequently diagnosed malignancies in men, with increasing
incidence in China [1,2]. Surgery, radiotherapy, chemotherapy and endocrine therapy are curative
treatment options for prostate cancer [3]. However, after receiving endocrine therapy or surgery,
80–90% of patients develop hormone resistance within 3–4 years. In patients tolerant to endocrine
therapy, increasing the doses of radiotherapy and chemotherapy can, rarely, improve the treatment
effect, and severe toxicity and side effects cannot be avoided [4]. In addition, whether radiotherapy or
chemotherapy resistance appeared after a period of treatment was elucidated using aggressive prostate
cancer cells [5]. Thus, finding a drug that effectively inhibits prostate cancer is clinically significant.

Signal transducer and activator of transcription 3 (STAT3) is one of the critical members of the
signal transducer and activator of transcription family and is composed of about 770 amino acids [6,7].
STAT3 activation plays a major role in mediating cell proliferation, differentiation, invasion, metastasis,
inflammation, apoptosis and other biological cell processes [8–12]. Some studies have shown that
compared to normal cells, the 705 site of the C-amino terminal tyrosine in STAT3 is continuously and
abnormally activated in about 70% of tumor cells [8,12,13]. This protein is aberrantly activated in
prostate cancer and contributes to the promotion of metastatic progression [14,15]. Therefore, STAT3
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plays a major role in the occurrence and development of prostate cancer by effectively blocking the
activation of related pathways, which is a novel method of cancer treatment.

About 67% of anti-cancer drugs are derived from natural products or natural product derivatives [16].
Astaxanthin is a natural product that is safe and possesses anti-cancer properties. It is primarily found
in marine organisms such as algae, phytoplankton and shrimp. It is the final form of carotenoid
synthesis with a strong ability to quench singlet oxygen and clear free radicals [17–19]. Recently, many
in vivo and in vitro studies have confirmed that astaxanthin inhibits the growth of various tumor cells,
such as neuroblastoma, lung cancer, gastric cancer, oral cancer, colon cancer, breast cancer, bladder
cancer, liver cancer and leukemia [20–26]. Anti-cancer effects include anti-proliferation [27], enhancing
apoptosis [27], anti-oxidation [28,29], anti-inflammation [28,30], preventing migration and invasion, and
so on [31]. Although the mechanisms of astaxanthin mediating anti-cancer action have not yet been
fully clarified, a number of molecular targets of astaxanthin have been proposed, which may explain the
anti-tumor effects of this drug, such as NF-κB, STAT3, PI3K/AKT, MAPKs, PPARγ, and so on [31–34].
However, whether astaxanthin suppresses prostate cancer through STAT3 is yet to be elucidated.

Herein, whether astaxanthin can effectively inhibit the proliferation, cloning ability, invasion and
migration ability and increase the apoptosis of DU145 cells by inhibiting the expression of STAT3 and
its related proteins at protein and mRNA levels is evaluated.

2. Results

2.1. Astaxanthin Inhibits the Proliferation of DU145 Cells and Reduces the Expression of STAT3

To explore the effects of astaxanthin on the proliferation of DU145, we conducted the MTT assay.
DU145 cells were cultured in the presence of different concentrations of astaxanthin. The results
showed that astaxanthin significantly suppressed the proliferation of DU145 cells, and the inhibition of
proliferation was dose-dependent. Astaxanthin suppressed cell proliferation at 50, 100 and 200% as
compared to the control at the rates of 27, 38 and 50%, respectively (Figure 1A). These results indicate
that astaxanthin inhibits DU145 cells, and the IC50 (half-inhibitory concentration) was <200 µM.

 

μ

μ
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Figure 1. Cell proliferation assay and Western blotting using prostate cancer DU145 cells. (A) Cells were
pretreated with 0, 50, 100 and 200 µM astaxanthin for 48 h. Proliferation was measured by MTT assay.
Data are presented as the average of three experiments (±SD), * p < 0.05, ** p < 0.01, and *** p < 0.001.
(B) DU145 cells were pretreated with 200 µM astaxanthin for 24 h. Western blotting results show that
200 µM astaxanthin reduces the level of STAT3. (C) Relative protein expression analysis. * p < 0.05,
** p < 0.01, and *** p < 0.001. (D) Relative mRNA expression analysis. ** p < 0.01, and *** p < 0.001.
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To explore whether astaxanthin was a potential inhibitor, we examined the expression of STAT3
in protein (Figure 1B,C) and mRNA levels (Figure 1D). The results indicated that astaxanthin is a
potential inhibitor of STAT3 and downregulates its expression at both protein and mRNA levels.

2.2. Astaxanthin Reduces the Colony Formation Ability of DU145 Cells

CK was the blank control. The expression of STAT3 in DU145 was lowered by siRNA-STAT3,
and siRNA-NC was the blank control to si-STAT3. After 48 h post-transfection, 200µM was administered
for 24 h.

The colony formation assay revealed that astaxanthin, siRNA-STAT3 and astaxanthin+siRNA-STAT3
reduced the number of colonies of DU145 cells (Figure 2A,B). The colony inhibition rates of astaxanthin,
siRNA-STAT3 and astaxanthin+siRNA-STAT3 treatments were 48, 46 and 83%, respectively. Therefore,
the results suggest that astaxanthin effectively inhibits the cloning ability of DU145 cells, while the effect of
astaxanthin+si-STAT3 was as high as 83% (Figure 2C).

 

μ

Figure 2. Colony inhibition rate analysis. The experiments were conducted on five groups. CK was the
blank control group. The astaxanthin group was pretreated with astaxanthin for 24 h. The si-STAT3
group was transfected with siRNA-STAT3 for 48 h, and the siRNA-NC group was the blank control to
si-STAT3. Astaxanthin+si-STAT3 group was transfected with a si-STAT3 plasmid for 48 h and treated
with astaxanthin for 24 h. (A) Clone formation experiments were carried out. (B,C) Colony numbers
were measured, and colony inhibition rates were calculated. The results show that astaxanthin inhibits
the cloning ability of DU145 cells, while the effect of astaxanthin combined with si-STAT3 is superior.
Data are presented as the average of three experiments (±SD), * p < 0.05, ** p < 0.01, *** p < 0.001.

2.3. Astaxanthin Induces Apoptosis on DU145 Cells

To determine whether astaxanthin induces apoptosis, we used Annexin V-Fluorescein and a PI
double staining assay. The experiments were divided into five groups: CK (blank control), astaxanthin,
siRNA-NC (blank control to si-STAT3), si-STAT3 and astaxanthin+siRNA-STA3 (Figure 3A).
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Figure 3. Effects of astaxanthin on apoptosis in DU145 cells. The experiments were divided into five
groups. CK was the blank control group. The astaxanthin group was pretreated with astaxanthin
for 24 h. The si-STAT3 group was transfected with siRNA-STAT3 for 48 h, and the siRNA-NC group
was the blank control to si-STAT3. The astaxanthin+si-STAT3 group was transfected with a si-STAT3
plasmid for 48 h and then treated with astaxanthin for 24 h. (A) The progression of the apoptotic
cells and the respective phase were analyzed with Annexin V-FITC assay. (B) The apoptosis rate was
analyzed. The results show that both astaxanthin and si-STAT3 promote the apoptosis of DU145 cells,
while the effect of astaxanthin combined with si-STAT3 is enhanced. Data are presented as the average
of three experiments (±SD), ** p < 0.01 and *** p < 0.001.

As shown in Figure 3B, compared to the CK group, treatment of DU145 cells with 200 µM astaxanthin
for 24 h increased the percentage of apoptotic cells from 8.5% to 13.1%. The group containing si-STAT3
increased the percentage of apoptosis to 12.7%. However, the percentage of apoptosis was highest at
18.5% when combining astaxanthin with si-STAT3.

2.4. Astaxanthin Decreases the Migration and Invasion of DU145 Cells

Excessive migration and invasion are critical characteristics of tumor cells. We analyzed changes
in the migration and invasion of DU145 cells with astaxanthin, si-STAT3 and astaxanthin combined
with si-STAT3. As shown in Figure 4, astaxanthin and si-STAT3 decreased the migration and invasion
of DU145 cells. When cells were treated with astaxanthin, about 41% of cells could not pass from
one chamber to another (p < 0.01), and 36% cells could not pass through the transwell membrane as
compared to the control group. When cells were treated with si-STAT3, the migration inhibition rate
was 40%, and the invasion inhibition rate was 34%. In addition, the combination of astaxanthin and
si-STAT3 increased the migration and invasion rates to 71% and 56% respectively.
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Figure 4. Astaxanthin influences the migration and invasion of DU145 cells. The groups are as
described in Figure 2. (A) Image of the migratory transwell assay. (B) Both astaxanthin and si-STAT3
suppress the migration of DU145 cells, while the effect of astaxanthin combined with si-STAT3 is
superior. Data are presented as the average of three experiments (±SD), ** p < 0.01 and *** p < 0.001.
(C) Image of the invasive transwell assay. (D) Both astaxanthin and si-STAT3 suppress the invasion of
DU145 cells, while the effect of astaxanthin combined with si-STAT3 is enhanced. Data are presented as
the average of three experiments (±SD), ** p < 0.01 and *** p < 0.001.

2.5. Astaxanthin Reduces the Expression of STAT3 and the Combination of Astaxanthin and Silent STAT3
Increases the Reducing Effects

To explore whether the inhibitory effects produced by astaxanthin were due to the STAT3-related
pathway, we examined the expression of JAK2, Caspase3, Caspase9, NF-κB, BAX and BCL-2. As shown in
Figure 5A, astaxanthin downregulates the protein expression of JAK2, BCL-2 and NF-κB and upregulates
the protein expression of BAX, Caspase3 and Caspase9. These results indicate that the effects of inhibiting
proliferation, increasing apoptosis and weakening migration and invasion of astaxanthin could reduce the
expression of STAT3 and the related pathway proteins. Thus, the combination of astaxanthin and si-STAT3
improved the anti-tumor effects.

RT-PCR (Figure 5B) analyses also confirmed that anti-tumor effects by astaxanthin were due to
the suppression function of STAT3 and the related pathway gene. Astaxanthin downregulates the
gene expression of JAK2, BCL-2 and NF-κB and upregulates the gene expression of BAX, Caspase3
and Caspase9.

This profile revealed that the lower expression of STAT3 caused by astaxanthin effectuated
anti-tumor functions.

2.6. Impact of Astaxanthin on the Growth of Xenograft Tumors

Next, we explored whether the inhibitory effects of astaxanthin were operative in xenograft tumors.
Five xenograft models were established in nude mice. Both astaxanthin and si-STAT3 suppressed the
growth of tumors. These suppression effects were enhanced when astaxanthin and si-STAT3 were
combined (Figure 6A,B), supporting the cell-based observation that astaxanthin exerts a significant
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inhibitory effect on tumor growth. These results described the effect of astaxanthin by suppressing
the expression of STAT3, thereby resulting in the inhibition of xenograft tumors and confirming the
hypothesis derived from cell-based experiments.
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Figure 5. Astaxanthin influences the expression of STAT3. mRNA expression was consistent with
that of the protein. (A) Western blotting results showed that astaxanthin suppresses the expression
of STAT3 and the related proteins JAK2, NF-Kβp65 and Bcl-2, and it increases the levels of Caspase9,
Bax and Caspase3. (B) Relative protein expression analysis. * p < 0.05, ** p < 0.01, and *** p < 0.001.
(C) RT-PCR also confirmed that astaxanthin suppresses the expression of STAT3 and the related genes
JAK2, NF-κBp65 and Bcl-2, and it increases the expression of Bax, Caspase3 and Caspase9. * p < 0.05
and ** p < 0.01.
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Figure 6. Astaxanthin inhibits the growth of DU145 tumor xenografts in nude mice. (A) Representative
observations of the growth of the five groups. (B) Both astaxanthin and si-STAT3 effectively compress
the tumor growth, while the effect of astaxanthin combined with si-STAT3 is superior. Data are
presented as the average of three experiments (±SD), *** p < 0.001.

3. Discussion

Herein, we used aggressive prostate cancer DU145 cells and found that astaxanthin inhibits their
proliferation and suppresses the expression of STAT3. In addition, the cloning ability of the cells
can be reduced. Interestingly, astaxanthin promotes apoptosis of DU145 cells, while the ability of
migration and invasion is reduced. The combination of astaxanthin and si-STAT3 exhibits a pronounced
reduction effect.
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Prostate cancer is a malignant tumor of the urogenital system in elderly men, and the incidence and
death rate of the disease are rising. In the USA and European countries, prostate cancer is the highest
incidence of malignant tumors and the second leading cause of mortality. In China, the incidence of
prostate cancer also shows a clear upward trend [1,2]. Primary treatments for prostate cancer include
radical surgery, hormone therapy, radiotherapy and chemotherapy. However, resistance to these
treatments remains a poorly elucidated phenomenon rendering the tumor excessively aggressive [3–5].
Therefore, finding a drug that can effectively suppress aggressive tumor cells is clinically crucial.

Accumulating evidence demonstrates that STATs play a major role in the process of tumor
formation, especially STAT3 [35,36]. Activated STAT3 is involved in tumorigenesis by regulating
multiple pathways, such as apoptosis suppressor genes (Mcl-l, Bcl-x L and Survivin), cell cycle
regulators (Cyclin Dl/D2 and C-myc), angiogenesis factors (vascular endothelial growth factor (VEGF))
and tumor metastasis-related genes (matrix metalloproteinases (MMPs)) [37,38]. STAT3 is an oncogene
with functional activation closely related to the occurrence of prostate cancer. In addition, it shows
abnormal expression or increased activity in human leukemia, multiple myeloma, squamous cell
carcinoma of the head and neck, breast cancer and prostate cancer. This signaling pathway has been
confirmed as an effective molecular target for various human tumor interventions [39,40]. Several
molecules of the STAT3 pathway, especially the genes regulated by STAT3, are related to the occurrence
and development of tumors. Hence, treating cancer by targeting STAT3 via inhibition of the activation
or expression of the molecule, to block the signal transmission pathways of the tumor cells, seems an
optimal approach.

About 67% of anti-cancer drugs are derived from natural products or natural product
derivatives [16], while>200 natural product-derived drugs are in the preclinical or clinical development
stage [41]. In recent years, several studies have reported that natural products and their derivatives,
such as alantolactone and 6,7-dimethoxycoumarin, affect the progress of tumors or inflammation by
regulating the protein activity or transcription level of the STAT3 signaling pathway. These findings
provide new directions for the discovery of new drugs [42–45]. Although it has been shown that
many STAT3 inhibitors have anti-tumor effects in vitro, screening out inhibitors with high efficiency,
low toxicity and fewer side effects is rather challenging, and further animal experiments have studied
less in relation to the pharmacology and toxicology of related inhibitors. Currently, only a few inhibitors
are under clinical evaluation [46–48]. Therefore, inhibitors with high efficiency, low toxicity and fewer
side effects need to be developed urgently.

Astaxanthin is a natural product that is safe for use and has anti-cancer properties. However,
whether it can suppress prostate cancer through STAT3 is not yet elucidated. In the current study,
we found that astaxanthin inhibits the proliferation of DU145 prostate cancer cells by reducing the
level of STAT3.

Nevertheless, the present study has several limitations. First, in addition to inhibiting levels
of STAT3, there may be other mechanisms of the inhibiting effects of astaxanthin on tumor cells.
In this study, we explored only STAT3 and the related pathways, thereby necessitating the analysis
of other participating genes. Second, we explored the inhibiting effects of astaxanthin on aggressive
prostate cancer cells. However, whether it can reduce the resistance to radiotherapy or chemotherapy
necessitates further studies.

Furthermore, astaxanthin was found to inhibit proliferation and cloning formation, promote
apoptosis and weaken the invasion and migration ability of DU145 cells. Western blotting and RT-PCR
confirmed that astaxanthin not only reduces the expression of STAT3, but also that of the related
molecules at protein and mRNA levels. Together, the effects described above were significant when
astaxanthin was combined with si-STAT3. The results of animal experiments were consistent with
those of cell experiments (Figure 7).
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Figure 7. Schematic representation of the mechanism of action of astaxanthin on prostate cancer
DU145. Astaxanthin inhibits DU145 tumor cells by reducing the levels of STAT3 and its related proteins.
When astaxanthin and si-STAT3 are combined, the effects are better.

4. Materials and Methods

4.1. Cell culture and Reagents

The DU145 prostate cancer cell line was provided by the Urinary Surgery Department of the First
Affiliated Hospital of Peking University and cultured in RPMI 1640 medium (M&C Gene Technology,
Beijing, China) supplemented with 10% fetal bovine serum (FBS, Gibco, Auckland, New Zealand).
The cells were maintained in a humidified incubator with 5% CO2 at 37 ◦C. Astaxanthin was purchased
from Sigma–Aldrich (St. Louis, MO, USA).

4.2. MTT Assay

A density of 103–104 DU145 cells/well were seeded into 96-well plates. A volume of 100 µL
fresh culture medium containing different concentrations of drugs was added and incubated for 48 h,
following which 20 µL of MTT solution (5 mg/mL in phosphate-buffered saline (PBS), pH = 7.4) was
added to each well, and incubation continued for an additional 4 h. Finally, 150 µL DMSO was added
to each well, and the absorbance was measured at 490 nm on the ELISA reader (Cayman Chemical,
Ann Arbor, MI, USA).

4.3. Colony Assay

Drug treatment: The corresponding groups were transfected with siRNA-STAT3 and siRNA-NC,
respectively, and 48 h post-transfection, 200 µM astaxanthin drug was administered for 24 h.

Clone formation: The culture was continued for 10–14 days. The cells were then harvested in PBS,
fixed with 4% paraformaldehyde for 20 min and stained with 0.1% crystal violet for 20 min.
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4.4. Flow Cytometry Assay

Annexin V-FITC/PI assay was used. The cells from each group were harvested and stained with
5 µL Annexin V-FITC/PI staining solution in the dark for 5 min. The rate of apoptosis was detected by
flow cytometry (Columbus 2.4, PerkinElmer, Waltham, MA, USA).

4.5. Cell Migration and Cell Invasion Assay

Detection of cell migration: The cells of each group were collected, resuspended in 2% serum
medium and inoculated in the upper transwell chamber, while 10% serum was added to the lower
chamber. The cells were fixed with 4% paraformaldehyde after 16 h of incubation. Subsequently,
the cells in the upper layer of the chamber membrane were wiped with a cotton swab, stained with
crystal violet for 20 min, washed twice with PBS, dried, and images were then captured.

Detection of cell invasion: The cells of each group were collected, resuspended in 2% serum
medium and inoculated in the upper transwell chamber (the upper chamber pretreated with Matrigel),
while the lower chamber was supplemented with 10% serum medium. After 16 h of culture, 4%
paraformaldehyde was used to fix the cells, the upper cell membrane was wiped with a cotton swab,
stained with crystal violet for 20 min, washed twice with PBS, and images were acquired after drying.

4.6. Western Blot

Protein expression in DU145 cells treated with either CK (control) or si-NK, astaxanthin or
si-STAT3, or astaxanthin and si-STAT3 was evaluated using Western blotting. DU145 cells were seeded
in 6-well plates and cultured to 80% confluency. The cells were then treated with CK (control) or
si-NK, astaxanthin or si-STAT3, or astaxanthin and si-STAT3 for 24 h, followed by protein extraction.
An equivalent of 30 µg protein was subjected to SDS-PAGE and Western blotting. The primary
antibodies were diluted as follows: Bcl-2(26 kDa) 1:1000 (ab692, Abcam, Cambrige, MA, USA),
Bax (21 kDa) 1:1000 (ab7977, Abcam, Cambrige, MA, USA), Caspase3 (32 kDa) 1:1000 (ab32351, Abcam,
Cambrige, MA, USA), Caspase9 (46 kDa) 1:1000 (ab32539, Abcam, Cambrige, MA, USA), NF-κB p65
(65 kDa) 1:1000 (ab76302, Abcam, Cambrige, MA, USA), JAK2 (131 kDa) 1:1000 (ab92552, Abcam,
Cambrige, MA, USA) and Stat3 (88 kDa) 1:1000 (ab119352, Abcam, Cambrige, MA, USA). Each Western
blotting assay was repeated at least two times.

4.7. RT-PCR

Total RNA was extracted using Baosai lysis reagent (Baosai, Hangzhou, China;
RE02050), and 1 µg was reverse-transcribed using the RevertAid First Strand cDNA
synthesis kit (Baosai; RT02020), according to the manufacturer’s instructions. For qRT-PCR,
25–50 ng of cDNA was used as the template for PCR amplification using the fluorescence
quantification kit (Baosai; PM10003). Primers for PCR amplification were as follows: Bcl2-F:
CCCCGTTGCTTTTCCTCTG; Bcl2-R: CATCACTATCTCCCGGTTATCG; Bax-F: TTTCCGAGTGGCAGCTG;
Bax-R: CAAAGTAGAAAAGGGCGACAAC; Casp3-F: CCCATTTCCTACAGAACGACC;
Casp3-R: CATCAATGAATCTAAAGTGCGGG; Casp9-F: CCTAGAAAACCTTACCCCAGTG;
Casp9-R: TCAAGAGCACCGACATCAC; NF-κB-F: ACCCTGACCTTGCCTATTTG;
NF-κB-R: GCTTGGCGGATTAGCTCTTT; JAK2-F: AGTAAAGATGCCTTCTGGTGAA;
JAK2-R: TCCATTTCCAAGTTCTCCACT; STAT3-F: GGGACACTGGGTGAGAGTTA;
STAT3-R: CACACACACACAAGCCATC; actin-F: GGTGGTCTCCTCTGACTTCAACA;
actin-R: GTTGCTGTAGCCAAATTCGTTGT.

4.8. Construction of DU145 Tumor Model

In the first group, DU145 cells were cultured up to the logarithmic phase, and 2 × 107 cells were
inoculated in the left armpit of each of 20 nude mice. In the second group, 10 inoculated nude mice
were transfected with blank vector for 24 h, while the third group of cells was transfected with the
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interference vector si-STAT3. At 24 h post-interference, 20 nude mice were inoculated. After 2 weeks
of inoculation and culture, 12 tumor-bearing nude mice were randomly selected from the first group
and divided into two groups. Six were given saline and the other six were given astaxanthin solution.
In the second group, six tumor-bearing nude mice were selected for continuous culture. In the third
group, 12 tumor-bearing nude mice were randomly selected and divided into two groups: six were
given intragastric astaxanthin solution and the other six were continued in culture.

Group A: Blank control group, intragastric administration of normal saline; Group B: Blank
transfection group; Group C: Astaxanthin at a dose of 200 mg/kg administered intragastrically once
a day. Nude mice weighed approximately 20 g, the drug concentration was 40 mg/mL, and 100 µL
suspension was administered by gastric perfusion; Group D: Interference group; Group E: Interfered
with the astaxanthin gavage group. Nursing mice were sacrificed after continuous gavage for 3 weeks,
tumor tissues were removed and weighed and images captured.

4.9. Ethics Statement

All experiment procedures were conducted in strict accordance with the appropriate institutional
guidelines for animal research. The protocol was approved by the Committee on the Ethics of Animal
Experiments of Beijing Union University. The approval number is: CIHFBUU-ZYZDS-B01-15-01.

4.10. Statistical Analysis

The Student’s t-test was used to determine the statistical difference between the means of two
groups and data. A p-value < 0.05 indicated statistical significance.

5. Conclusions

Astaxanthin can effectively inhibit the proliferation and cloning formation of DU145, promote the
apoptosis of the DU145 cells and weaken the invasion and migration ability of DU145. In addition,
astaxanthin can not only reduce the expression of STAT3 but also the expression of the related proteins
of STAT3 in protein and mRNA levels. When astaxanthin and si-STAT3 were combined, all the effects
were improved. The results of animal experiments are consistent with the results of cell experiments.

Thus, we concluded that astaxanthin inhibits DU145 tumor cells by reducing the level of STAT3.
It may be a prospective drug that can effectively suppress aggressive tumor cells.
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Abstract: Hepatocellular carcinoma (HCC) is the most common liver or hepatic cancer, accounting
for 80% of all cases. The majority of this cancer mortality is due to metastases, rather than
orthotopic tumors. Therefore, the inhibition of tumor metastasis is widely recognized as the key
strategy for successful intervention. A cembrane-type diterpene, flaccidoxide-13-acetate, isolated
from marine soft coral Sinularia gibberosa, has been reported to have inhibitory effects against RT4
and T24 human bladder cancer invasion and cell migration. In this study, we investigated its
suppression effects on tumor growth and metastasis of human HCC, conducting Boyden chamber
and Transwell assays using HA22T and HepG2 human HCC cell lines to evaluate invasion and
cell migration. We utilized gelatin zymography to determine the enzyme activities of matrix
metalloproteinases MMP-2 and MMP-9. We also analyzed the expression levels of MMP-2 and MMP-9.
Additionally, assays of tissue inhibitors of metalloproteinase-1/2 (TIMP-1/2), the focal adhesion kinase
(FAK)/phosphatidylinositide-3 kinases (PI3K)/Akt/mammalian target of the rapamycin (mTOR)
signaling pathway, and the epithelial-mesenchymal transition (EMT) process were performed. We
observed that flaccidoxide-13-acetate could potentially inhibit HCC cell migration and invasion.
We postulated that, by inhibiting the FAK/PI3K/Akt/mTOR signaling pathway, MMP-2 and MMP-9
expressions were suppressed, resulting in HCC cell metastasis. Flaccidoxide-13-acetate was found
to inhibit EMT in HA22T and HepG2 HCC cells. Our study results suggested the potential of
flaccidoxide-13-acetate as a chemotherapeutic candidate; however, its clinical application for the
management of HCC in humans requires further research.

Keywords: flaccidoxide-13-acetate; hepatocellular carcinoma; invasion; migration;
epithelial-mesenchymal transition

1. Introduction

Among the primary liver cancers, hepatocellular carcinoma (HCC) is especially common, and the
majority of liver cancer deaths can be attributed to HCC [1]. Worldwide, it ranks sixth in terms of cancer
incidence and is one of the deadliest types of cancer [2]. Countries in Asia and sub-Saharan Africa, in
particular, suffer severely from this epidemic, patients in China, North and South Korea, Vietnam, and
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sub-Saharan African countries accounting for almost 82% of liver cancer cases [3]. Hepatitis B and C
viruses are the main etiological factors in the Asia-Pacific region, chronic hepatitis B (CHB) infections
being the major cause of liver cancer [3,4]. In addition, antiviral medication for CHB and hepatitis C
(CHC) is a proven treatment by which to reduce the incidence of HCC [5]. Currently, HCC treatment
options include surgical resection, radiotherapy, trans-arterial chemoembolization, radioembolization,
targeted therapy, and liver transplantation, depending on the tumor progression [6,7]. Recent advances
in surgical treatments and loco regional therapies have significantly improved the short-term survival of
HCC patients [8]. However, the recurrence or metastasis of HCC remain serious concerns, representing
an unmet need that warrants the development of new drugs for patients with malignant HCC. Marine
organisms offer one of the richest sources of leading candidates for drug development due to the
highly diversified marine environment [9]. Since the 1960s, the isolation and identification of many
novel compounds have been performed. Marine-based drugs to combat cancer and other diseases
have been developed and introduced in clinical settings [10,11]. Existing in warm seawater bodies, soft
corals possess unique and abundant secondary metabolites that have been investigated with regards
to various biological activities, such as anti-inflammatory and anticancer effects [12,13].

A cembrane-type diterpenoid, flaccidoxide-13-acetate, isolated from marine soft coral
Sinularia gibberosa, has been suggested to induce apoptosis in human bladder cancer cells [14]. To our
knowledge, its effect on HCC remains to be confirmed. This study aimed to fill the gap by investigating
the inhibitory effects of this compound on the tumor growth and metastasis of human HCC.

2. Results

2.1. Cytotoxic Activity of Flaccidoxide-13-acetate against HA22T and HepG2 Cells

We used a methylthiazole tetrazolium (MTT) assay to measure the cytotoxic effects of
flaccidoxide-13-acetate at different concentrations (0, 2, 4, 6, and 8 µM) on human HCC cell lines HA22T
and HepG2, the results of which are shown in Figure 1. Flaccidoxide-13-acetate was found to inhibit
the cell viability of HA22T and HepG2 cells in a dose-dependent manner (* p < 0.01 and # p < 0.05)
(Figure 1). Only at 8 µM did HA22T and HepG2 cells exhibit a cell viability below 80% (Figure 1).
Therefore, we selected lower concentrations (2–8 µM) for uses in all subsequent experiments.

2.2. Flaccidoxide-13-acetate Reduces Cellular Migration and Invasion in HA22T and HepG2 Cells

The cell–matrix interaction and cell motility play crucial roles in determining the metastatic
properties of cancer cells. To investigate the inhibitory properties of flaccidoxide-13-acetate on the tumor
growth and metastasis of human HCC, we conducted Boyden and Transwell chamber assays in HA22T
and HepG2 human HCC cell lines to evaluate cell migration and invasion. Flaccidoxide-13-acetate
was found to inhibit the cell migration of HA22T and HepG2 cells in a dose-dependent manner. After
treatments of HA22T and HepG2 cells with 8-µM flaccidoxide-13-acetate for 24 h, the cell migratory
capacities dropped to 85% and 80%, respectively (Figure 2). Similar reductions were observed in the
invasive capacities of both cell lines (Figure 3).
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Figure 1. Cell viabilities of HA22T and HepG2 cells treated with flaccidoxide-13-acetate and
a control (Mock: DMSO as the vehicle) after 24 h. (A) Cytotoxic effects on HA22T and HepG2
cells treated with flaccidoxide-13-acetate exhibiting a dose-dependent manner (# p < 0.05 and * p < 0.01).
(B) Morphologies of HA22T and HepG2 cells after 24 h of incubation with 0–8-µM flaccidoxide-13-acetate.
Scale bar = 20 µm. The results were obtained from three individual experiments.

Figure 2. Effects of the flaccidoxide-13-acetate treatment on HA22T and HepG2 cell migrations after
treatment for 24 h. (A) Images of the migrations of flaccidoxide-13-acetate-treated HA22T and HepG2
cells as compared with controls (Mock: DMSO as the vehicle). Each image was representative of three
individual experiments. (B) Inhibition ratios of flaccidoxide-13-acetate-treated HA22T and HepG2
cells as compared with controls (* p < 0.01). Data were calculated from three individual experiments.
Scale bar = 20 µm.
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Figure 3. Effects of 24-h flaccidoxide-13-acetate treatments on HA22T and HepG2 cell invasions.
(A) Images of the invasions of flaccidoxide-13-acetate-treated HA22T and HepG2 cells as compared
with the control (Mock: DMSO as the vehicle control). Each image was representative of three
individual experiments. (B) Inhibition ratios of flaccidoxide-13-acetate-treated HA22T and HepG2 cells
as compared with the controls (# p < 0.05 and * p < 0.01). Data were calculated from three individual
experiments. Scale bar = 20 µm.

2.3. Flaccidoxide-13-acetate Reduced the uPA and MMP-2/-9 Activities and Regulated the Expressions of
MMP-2/-9, uPA, TIMP-1, and TIMP-2 in HA22T and HepG2 Cells

To investigate the enzymatic activities of MMP-2, MMP-9, and uPA produced from HA22T and
HepG2 cells, gelatin zymography was used. We cultured HA22T and HepG2 cells in a serum-free
media with flaccidoxide-13-acetate (0, 2, 4, 6, and 8 µM) for 24 h and collected the conditioned
media to determine the activities of MMP-2, MMP-9, and the urokinase plasminogen activator (uPA).
Flaccidoxide-13-acetate was found to inhibit the activities of MMP-2, MMP-9, and uPA, exhibiting
a dose-dependent effect, as shown in Figure 4A. To clarify the roles of the endogenous tissue inhibitors
of metalloproteinases (TIMPs) and serine protease uPA in regulating the activities of MMP-2, MMP-9,
and MMP-13 after treatments with flaccidoxide-13-acetate, we performed Western blotting to measure
the extent to which flaccidoxide-13-acetate regulated the expressions of the MMP-2, MMP-9, MMP-13,
uPA, TIMP-1, and TIMP-2 proteins. We observed declines in the protein levels of MMP-2, MMP-9,
MMP-13, and uPA, while, on the contrary, the expressions of TIMP-1 and TIMP-2 increased in HA22T
and HepG2 cells after treatments with flaccidoxide-13-acetate for 24 h (Figure 4B).
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Figure 4. Activities of MMP-2/-9 and uPA and the protein levels of MMP-2, MMP-9, MMP-13, uPA,
TIMP-1, and TIMP-2 after treatments of the HA22T and HepG2 cells with flaccidoxide-13-acetate at
different concentrations for 24 h. (A) Images of the gelatin zymography of MMP-2/-9 and uPA activities.
(B) Expression levels of MMP-2, MMP-9, MMP-13, uPA, TIMP-1, and TIMP-2. Mock: DMSO as the
vehicle control.

2.4. Flaccidoxide-13-acetate Inhibited the FAK/PI3K/Akt/mTOR Signaling Pathway

Focal adhesion kinase (FAK) is cytoplasmic protein kinase in the cytoplasm. The overactivation of
FAK has been recognized to promote the progression and metastasis of tumors via the regulation of
cell motility, survival, and proliferation. To investigate the inhibitory effects of flaccidoxide-13-acetate
on the FAK activity and downstream signaling pathways in HA22T and HepG2 cells, we adopted
the Western blotting technique to measure the extent to which flaccidoxide-13-acetate regulated the
expressions of FAK, PI3K, AKT, mTOR, p-PI3K, mTOR, and p-mTOR proteins. Declines in the protein
levels of FAK, p-PI3K, mTOR, and p-mTOR were observed (Figure 5).
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Figure 5. Effects of flaccidoxide-13-acetate on the FAK/PI3K/Akt/mTOR signaling pathway in HA22T
and Hep G2 cells. Protein expression levels of FAK, PI3K, Akt, and mTOR and the phosphorylation of
PI3K, Akt, and mTOR after treatments with flaccidoxide-13-acetate for 24 h. β-actin: loading control.
Mock: DMSO as the vehicle control.

2.5. Flaccidoxide-13-acetate Inhibited the Epithelial-to-Mesenchymal Transition (EMT)

EMT is a process in which epithelial cells lose adherence and become mesenchymal cells, playing
a significant role in tumor metastasis. During EMT, Snail, a key transcription factor for EMT, inhibits
E-cadherin transcription, and vimentin regulates β-catenin translocation.

In order to investigate whether flaccidoxide-13-acetate inhibited EMT in HA22T and HepG2 cells,
Western blotting was used to measure the expressions of cytosolic β-catenin, N-cadherin, E-cadherin,
vimentin, and nucleic Snail. The results showed increases in the protein levels of N- and E-cadherin,
while, on the contrary, those of β-catenin, vimentin, and Snail decreased in HA22T and HepG2 cells
after treatments with flaccidoxide-13-acetate (Figure 6).

Figure 6. Effects of flaccidoxide-13-acetate at different concentrations on the epithelial-to-mesenchymal
transition (EMT) in HA22T and HepG2 cells. (A) Protein expression levels of β-catenin, N-cadherin,
E-cadherin, and vimentin in cytosol. β-actin: loading control. Mock: DMSO as the vehicle control.
(B) Protein expression levels of Snail in the nucleus. Internal controls: β-actin for cytosol and lamin A2
for the nucleus.
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3. Discussion

Metastases contribute to the majority of cancer deaths, rather than orthotopic tumors. Therefore,
the inhibition of tumor metastasis is generally recognized as a key approach for intervention [15,16].
Previous studies of human bladder cancer cells showed that flaccidoxide-13-acetate reduced apoptosis,
which is mediated by p38/JNK activation, mitochondrial dysfunction, and endoplasmic reticulum
stress [14]; it was also found to inhibit human bladder cancer cell migration and invasion by reduction
in the activation of the FAK/PI3K/AKT/mTOR signaling pathway [17]. In this study, we investigated
the therapeutic effects of flaccidoxide-13-acetate on tumor metastasis in human HCC. A HA22T cell
line was established from a specimen obtained from a 56-year-old Chinese male HCC patient [18],
while a HepG2 cell line was obtained from an HCC sample from a 15-year-old Caucasian male [19].
We analyzed the therapeutic effects of flaccidoxide-13-acetate on tumor metastasis in HA22T and
HepG2 cell lines, and thereafter, investigated its possible mechanisms of action. Our results showed
that, at certain concentrations, flaccidoxide-13-acetate inhibited metastasis in HA22T and HepG2 cells.
Reports published in the literature indicated that MMP-2 can enhance the migration of HCC cells by
increasing fibronectin cleavage [20] and that the overexpression of MMP-9 is associated with HCC
tumor migration and invasion [21].

MMP-2 and MMP-9 have been found to be involved in the metastasis, invasiveness, and
prognosis of HCC. Flaccidoxide-13-acetate inhibited the activation of MMP-2, MMP-9, and uPA, whose
physiological activities are significantly correlated with TIMPs and uPA. Research has also suggested
that the expression of uPA, a key molecule contributing to the activation of MMPs, is associated
with cancer invasion [21–24]. The results of the present study showed that flaccidoxide-13-acetate
upregulated proteins TIMP-1 and TIMP-2 and downregulated the expression of the uPA protein in
treated HCC cells. We suggest that flaccidoxide-13-acetate upregulates the TIMP-1 and TIMP-2 protein
expressions and downregulates the uPA protein expression, resulting in the suppression of MMP-2
and MMP-9 activities in HA22T and HepG2 cells.

Focal adhesion kinase (FAK) plays significant roles in cell survival, motility, and proliferation
and is associated with EMT, cancer invasion, and migration [25–27]. FAK has been reported
to be associated with PI3K/Akt/mTOR signal transduction [28]. The PI3K/Akt/mTOR signaling
pathway is also associated with EMT, cancer invasion, and migration. In this study, we showed
that flaccidoxide-13-acetate inhibited FAK protein expression and the phosphorylation of PI3K, Akt,
and mTOR. We suggest that flaccidoxide-13-acetate may contribute to the inhibition of FAK and the
subsequent suppression of PI3K/Akt/mTOR signaling, interrupting the EMT and the invasion and
migration of HCC cells.

Snail facilitates the initiation of the EMT and has been found to downregulate the transcription
of E-cadherin, which is known to be important in cell–cell adhesion [29,30]. Therefore, Snail and
E-cadherin are key markers of EMT [31–33]. Our data showed that flaccidoxide-13-acetate suppressed
the protein expression of Snail in the nucleus and promoted the expression of E-cadherin in the cytosol.
We suggest that flaccidoxide-13-acetate may suppress the EMT process, including the downregulation
of Snail and upregulation of E-cadherin, leading to the inhibition of cell migration.

4. Methods

4.1. Materials and Chemical Reagents

Flaccidoxide-13-acetate was supplied by Dr. Jui-Hsin Su. Rabbit anti-human Akt, FAK, MMP-2,
MMP-9, MMP-13, mTOR, PI3K, TIMP-1, TIMP-2, uPA and phosphorylated Akt, mTOR, and PI3K were
purchased from Cell Signaling Technology (Danvers, MA, USA). E-cadherin, N-cadherin, lamin A2, and
Snail antibodies were supplied by Epitomics (Burlingame, CA, USA). HRP-conjugated goat anti-rabbit
immunoglobulin (IgG) was obtained from Millipore (Bellerica, MA, USA). Thiazolyl blue tetrazolium
bromide, streptomycin, penicillin, and DMSO were purchased from Sigma (St. Louis, MO, USA).
Goat anti-rabbit and horseradish peroxidase-conjugated immunoglobulin IgG and polyvinylidene
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difluoride (PVDF) membranes were obtained from Millipore (Bellerica, MA, USA). Fetal bovine serum
and DMEM were purchased from Biowest (Nuaillé, France).

4.2. Cell Culture

HA22T and HepG2 cells were procured from the Food Industry Research and Development
Institute (Hsinchu, Taiwan). We used DMEM to culture cells and maintained cells in a 37 ◦C humidified
incubator under 5% CO2. The composition of the DMEM culture medium was as follows: 10% fetal
bovine serum and streptomycin/penicillin (100 µg/mL and 100 U/mL, respectively).

4.3. Cell Viability Assay

Flaccidoxide-13-acetate was dissolved in DMSO. For all in vitro experiments, the final
concentration of DMSO was 0.1% v/v, and the solubility of flaccidoxide-13-acetate in the tissue
culture media was good, with no precipitation or turbidity. Cells were first seeded in 24-well culture
plates at a density of 1 × 104 per well and treated with flaccidoxide-13-acetate at various concentrations
(2–8 µM). A thiazolyl blue tetrazolium bromide (MTT) assay was used to measure the cytotoxicity of
flaccidoxide-13-acetate after treatment for 24 h.

4.4. Cell Migration Assay

Cell migration was analyzed by seeding HA22T and HepG2 cells (1 × 105 cells per well)
in serum-free medium for 24 h, followed by treatment with flaccidoxide-13-acetate at various
concentrations (2, 4, and 6 µM). DMSO (0.1% v/v) as the vehicle control. The migrated cells were fixed
to the bottom chamber with 100% methanol and then stained with 5% Giemsa (Merck, Darmstadt,
Germany) before counting using a light microscope.

4.5. Cell Invasion Assay

Cell invasion analysis was carried out by seeding HA22T and HepG2 cells (1 × 105 cells per well)
suspended in serum-free DMEM on the top chamber of Matrigel–coated Transwell inserts. The lower
chamber was filled with DMEM containing various concentrations of flaccidoxide-13-acetate (2, 4, and
6 µM). DMSO (0.1% v/v) as the vehicle control. After 24 h, the Transwell inserts were fixed with 3.7%
formaldehyde, followed by Giemsa staining. The invasive cells were counted using a light microscope.

4.6. Gelatin Zymography Assay

Activities of MMPs were analyzed by seeding HA22T and HepG2 cells in 24-well culture plates
at a density of 1 × 105 cells per well in serum-free medium (200 µL), followed by treatment with
flaccidoxide-13-acetate at various concentrations (2, 4, 6, and 8 µM). DMSO (0.1% v/v) as the vehicle
control. To measure the activities of MMPs and uPA generated from HA22T and HepG2 cells, gelatin
zymography with 8% gelatin gels was used to analyze the conditioned medium after 24 h. The gel was
then shifted to a reaction buffer at 37 ◦C overnight for enzymatic reaction, followed by staining with
Coomassie blue solution and destaining with acetic acid (10% v/v) and methanol (20% v/v) solution.

4.7. Western Blot Analysis

Following incubation, cells were washed with PBS three times and lysed in 250-µL lysis buffer
(5-mM bicine buffer, 4-(2-aminoethyl) benzenesulfonyl fluoride (AEBSF 0.3 mM), leupeptin (10 µg/mL),
and aprotonin (2 µg/mL)). Supernatants were obtained after centrifuging (8000 rpm) the cell lysates.
Nuclear proteins were extracted to detect Snail using an extraction kit (SK-0001; Signosis, Santa Clara,
CA, USA). Cells were collected and rinsed with ice-cold PBS, incubated in working reagent I for 10 min,
and then centrifuged (8000 rpm) for 5 min at 4 ◦C. The supernatant was then collected and stored.
The pellet was incubated in working reagent II for 2 h and centrifuged (8000 rpm) for 5 min. The
supernatant was then collected for Snail detection. Protein concentrations were determined by the
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Bradford protein assay (Bio-Rad, Hercules, CA, USA). The total proteins from cell lysates (25 µg) and
nuclear proteins (25 µg) were electrophoresed in a 12.5% SDS-PAGE gel. After protein transfer, the
PVDF membranes were blocked with 5% dehydrated skim milk and probed with primary antibodies
(anti-human Akt, E-cadherin, FAK, MMP-2, MMP-9, N-cadherin, PI3K, Snail, TIMP-1, TIMP-2, mTOR,
uPA, p-PI3K, p-Akt, p-mTOR, and actin antibodies) at 4 ◦C for 16 h, followed by secondary antibodies
for 2 h. ECL reagent was used to detect protein expressions.

4.8. Statistical Analysis

Cell viability assay, cell migration, and invasion assay data were collected from three independent
experiments and analyzed using Student’s t-test (Sigma-Stat 2.0, San Rafael, CA, USA). Results with
p < 0.05 were considered statistically significant.

5. Conclusions

This study revealed that flaccidoxide-13-acetate, a natural product obtained from marine coral,
exhibited multiple capacities to suppress bioactivities of HA22T and HepG2 human HCC cells. First,
flaccidoxide-13-acetate suppressed the cell migration, cell invasion, activities of MMP-2/-9 and uPA,
and activity of upstream molecule uPA. Second, it disrupted the FAK and PI3K/Akt/mTOR signaling
pathways. Third, it impaired the EMT process, including the downregulation of Snail and N-cadherin
and upregulation of E-cadherin. The hypothetical mechanism of flaccidoxide-13-acetate in HA22T
and HepG2 human HCC cells is illustrated in Figure 7. Taken together, these results suggested that
flaccidoxide-13-acetate is a good candidate for further development as an anticancer agent to treat
human HCC; however, in vivo research is warranted to confirm its effects.

 

Figure 7. Hypothetical illustration of the flaccidoxide-13-acetate-associated pathway in HA22T and
HepG2 human HCC cells.
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Abstract: Background: This study addresses the antitumoral properties of Penicillium purpurogenum

isolated from a polluted lagoon in Northeastern Brazil. Methods: Ethyl Acetate Extracellular
Extract (EAE) was used. The metabolites were studied using direct infusion mass spectrometry.
The solid Ehrlich tumor model was used for antitumor activity. Female Swiss mice were divided into
groups (n = 10/group) as follows: The negative control (CTL−), treated with a phosphate buffered
solution; the positive control (CTL+), treated with cyclophosphamide (25 mg/kg); extract treatments
at doses of 4, 20, and 100 mg/kg; animals without tumors or treatments (Sham); and animals without
tumors treated with an intermediate dose (EAE20). All treatments were performed intraperitoneally,
daily, for 15 days. Subsequently, the animals were euthanized, and the tumor, lymphoid organs,
and serum were used for immunological, histological, and biochemical parameter evaluations.
Results: The extract was rich in meroterpenoids. All doses significantly reduced tumor size, and the
20 and 100 mg/kg doses reduced tumor-associated inflammation and tumor necrosis. The extract
also reduced the cellular infiltration of lymphoid organs and circulating TNF-α levels. The extract
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did not induce weight loss or renal and hepatic toxic changes. Conclusions: These results indicate
that P. purpurogenum exhibits immunomodulatory and antitumor properties in vivo. Thus, fungal
fermentation is a valid biotechnological approach to the production of antitumor agents.

Keywords: Ehlich’s tumor; P. purpurogenum; antitumor; meroterpenoids; inflammation

1. Introduction

Fungi are versatile organisms with promising therapeutic and biotechnological potential that
can be found in several habitats and occupy inhospitable ecological niches in all ecosystems on the
planet [1]. Several studies show that marine microorganisms are sources of unique natural products,
including molecules with potential anticancer uses [2–5].

Penicillium fungi synthesize large amounts of known bioactive secondary metabolites [6,7],
including anticarcinogenic drugs and immunosuppressive agents [8,9]. The P. purpurogenum species
has the ability to synthesize a variety of substances with biotechnological and bioactive potential,
but the strains that demonstrate this activity are mutant strains resistant to antibiotics [10,11].

Penicillium purpurogenum MA52 is a strain previously isolated from a polluted marine environment,
the Jansen lagoon in the Northeastern Brazilian state of Maranhão [12]. This is a highly polluted
environment that receives domestic effluents from the surrounding city of São Luís [12]. However,
the specific characteristics of the MA52 strain that allow it to survive in this polluted environment
have not yet been described. New drugs are being developed from secondary metabolites to discover
less toxic and more effective compounds compared to traditional cancer therapies [13]. Some natural
products have also become important nutraceuticals with cancer chemopreventive properties [14,15].

Many in vivo models are used for studying breast cancer, the most common cancer in women
worldwide [16]. Breast cancer models include genetically modified animals, xenografted tumors in
immune-compromised mice, chemically induced models [17], and syngeneic models like the solid
Ehrlich’s tumor, which is a spontaneous and highly aggressive murine mammary adenocarcinoma [18].
This syngeneic model is immunocompetent and avoids the use of harmful chemicals, making it
particularly useful for tumor and chemotherapy studies [19,20]. Considering the search for bioactive
compounds capable of serving as prototypes of new antitumor drugs, the present study aims to
describe the in vivo antitumor activity of P. purpurogenum extract compounds obtained from the MA52
strain against solid Ehrlich’s tumor.

2. Results

2.1. P. purpurogenum Extracellular Extract Contains Meroterpenoids

HPLC-DAD-UV analyses were performed to determine the P. purpurogenum extract profile.
The obtained chromatogram at 300 nm showed 12 peaks, and all of them presented UV λmax in the
range of 258–282 nm, confirming the presence of meroterpenoid compounds (Figure 1 and Table 1).

The mass spectral data obtained by direct infusion in positive mode (ESI-MS/MS), presented
in Figure 2, were used to confirm the chemical profile of the P. purpurogenum extracellular extract
(EAE) and suggested the presence of five meroterpenoidal compounds (1–5) commonly produced by
fungi [21] by comparing the mass spectral data with those described in the literature.
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Figure 1. HPLC-DAD-UV chromatogram (300 nm) obtained from the Penicillium purpurogenum extract
showing 12 peaks of which the UV spectral data (λ max) are characteristic of meroterpenoid compounds.

Table 1. Meroterpenoids of the crude extract of Penicillium purpurogenum and their retention times,
relative composition, and UV data.

Peak Rt (min) Area % UV (λmax, nm)

1 2.46 4.89 258

2 3.37 37.30 259

3 4.36 2.00 264

4 6.27 2.90 283

5 8.87 26.96 272

6 17.38 5.63 282

7 21.15 1.52 265

8 23.65 2.13 271

9 26.27 2.02 276

10 26.48 3.82 277

11 53.81 8.31 278

12 55.41 2.48 278

Rt: retention time.

Compound 1 (purpurogemutantin) presented an experimental pseudo-molecular ion [M + H]+ at
m/z 419.1674 compatible with the molecular formula C24H35O6. Compounds 2 (purpurogemutantin)
and/or 3 (macrophorin A) showed the same pseudo-molecular ion [M + H]+ at m/z 361.1037,
corresponding to the molecular formula C22H33O4. These compounds were previously described
for P. purpurogenum extracts by Fang et al. [22]. Compound 4 (berkeleyacetal C, molecular formula
C24H26O8), another meroterpenoid previously described in mutant P. purpurogenum by Li et al. [23],
presented a pseudo-molecular ion [M + H]+ at m/z 443.1696, while compound 5 (rubratoxin B) showed
a pseudo-molecular ion [M +H]+ at m/z 519.1758 corresponding to the molecular formula C22H33O4.
Rubratoxin B is another known meroterpenoid with anticancer activity isolated by P. purpurogenum [24].
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–Figure 2. Mass spectra obtained for the tentative identification of meroterpenoids 1–5.

2.2. P. purpurogenum Extract Showed Activity Against Ehrlich’s Solid Tumor

In tumor growth kinetics, the results showed that, throughout the experiment, the negative control
group presented an upward curve, while those treated with cyclophosphamide and the extract showed
linear kinetics. The extract significantly reduced tumor growth from the eighth day compared to CLT−,
while cyclophosphamide reduced tumor growth from the tenth day (Figure 3a). The kinetic values of
tumor growth agree with the graph of the area under curve (AUC). The extract at doses of 4 mg/kg
(422 ± 35.8 mm2), 20 mg/kg (389.7 ± 49.13 mm2), and 100 mg/kg (365.5 ± 40.47 mm2) presented
an area smaller than that of the negative control (1240 ± 43.25 mm2) along with chemotherapy
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(599.8 ± 55.51 mm2) (Figure 3b). At the end of the experimental period, the extract at 4 mg/kg
(0.19 ± 0.02 g), 20 mg/kg (0.19 ± 0.05 g), and 100 mg/kg (0.16 ± 0.02 g) showed a low tumor weight
when compared to the negative control (0.38 ± 0.07 g) and similar weight to the positive control
(0.15 ± 0.05 g) (Figure 3c).
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Figure 3. Effect of the Penicillium purpurogenum extract on the development of Ehrlich’s solid tumor.
(a) The kinetic of the paw volume inoculated with Ehrlich’s tumor followed by intraperitoneal treatment
with phosphate buffer solution (CTL−), cyclophosphamide 25 mg/kg (CTL+), and extracts with a
concentration of 4 mg/kg (EAE4), 20 mg/kg (EAE20), and 100 mg/kg (EAE10) at 24 h intervals, with the
animals being euthanized on day 15. (b) The area under the curve (AUC) calculated from the volume
growth kinetics. (c) The average weight of the paws with a tumor was determined in the groups after
treatment. Values are expressed as the mean ± standard error of means (SEM) deviation and analyzed
by analysis of variance (one-way or two-way ANOVA) with * p < 0.05, ** p < 0.005, and **** p < 0.0001
relative to the negative control (CTL−); # p < 0.05, ## p < 0.01 when compared to the positive control
(CTL+); and Θ p < 0.05 shows a difference in tumor growth for the other groups; ϕ shows that, on the
eighth day, only the extract inhibited tumor growth.

2.3. Histological Results

Histopathological analysis showed the presence of tumor masses in the foot pads of animals
from the groups with Ehrlich’s solid tumor. The tumor masses exhibited high cellularity and different
growth patterns, with central, moderate, or very high pleomorphisms, as well as bizarre nuclear
forms, the presence of one or more nucleoli, and heterogeneous chromatin patterns. The cytoplasm

107



Mar. Drugs 2020, 18, 541

was eosinophilic and abundant with poorly defined limits. Occasional multinucleated giant cells
(associated with pattern 3 pleomorphism) and up to two mitosis figures per 400× field were identified.
Groups with tumor induction presented peritumoral, multifocal, or coalescent lymphohistiocytic
inflammatory infiltrates with variable intensity. Areas of multifocal liquefaction necrosis with the
accumulation of eosinophilic and amorphous cellular debris associated with neutrophilic infiltrate were
also observed. Interestingly, the extract showed an inflammatory process induced by the minor tumors
in the groups treated with 20 and 100 mg/kg when compared to the negative control. The extract was
also demonstrated to have smaller areas of tumor necrosis, mitotic activity, and invasion compared to
the negative control (Figure 4 and Table 2).

 

 4. Tumor and leukocyte infiltration in Ehrlich tumors with and without treatments. Le

–

CLT−

Figure 4. Tumor and leukocyte infiltration in Ehrlich tumors with and without treatments. Leukocyte
infiltrates in Ehrlich tumors. Swiss mice were inoculated in the paw with 2 × 106 Ehrlich tumor
cells and treated daily with EAE extract intraperitoneally. At the end of the fifteen days of treatment,
the animals were euthanized, and their feet were amputated, weighed, and fixed. Histological sections
were stained with Hematoxylin–Eosin. In the photos, it is possible to see the tumor cells (indicated
by the letter T) and the inflammatory infiltrate (indicated by letter I) present in the paws of the Sham
(A), CLT− (B), and CLT+ (C) groups (100× total magnification). The animals treated with the extract
showed a decrease in the infiltrate and necrosis are EAE doses of EAE 4 (D), EAE 20 (E), and EAE 100
(F) (100× total magnification). The Sham group is shown in panel G, and the animals treated using the
extract with a dose of EAE 100 are shown in panel H (400× total magnification).

108



Mar. Drugs 2020, 18, 541

Table 2. Ehrlich tumor histopathological scores (mean ± SD) of groups treated with saline (CTL−),
cyclophosphamide (CTL+), or Penicillium purpurogenum ethyl acetate extract at 4 mg/kg (EAE4),
20 mg/kg (EAE20), and 100 mg/kg (EAE100).

Pleomorphism Necrosis Mitosis Figures Inflammation Invasion

CLT− 2.4 ± 0.511 2.4 ± 0.843 1.0 ± 1.155 2.8 ± 0.421 2.0 ± 0.666

CLT+ 0.2 ± 0.421 * 0.2 ± 0.421 * 0.0 ± 0.000 * 1.0 ± 1.333 * 0.6 ± 0.843 *

EAE4 2.2 ± 1.122 1.2 ± 1.033 1.0 ± 1.155 1.4 ± 1.075 1.0 ± 0.667

EAE20 2.0 ± 1.155 0.6 ± 1.265 * 0.2 ± 0.421 0.8 ± 0.788 * 1.0 ± 0.667

EAE100 0.8 ± 1.033 * 0.2 ± 0.421 * 0.0 ± 0.000 * 0.6 ± 0.843 * 0.4 ± 0.843 *

Scores: 0 (absent), 1 (weak), 2 (moderate), and 3 (intense); the result was calculated by the mean of the scores;
* p < 0.05 relative to the negative control (CLT−). N = 5/group.

2.4. P. purpurogenum Extract Induced Immunomodulatory Effects

Treatment with EAE at doses of 20 and 100 mg/kg presented low number of cells in the
popliteal lymph nodes (9.6 × 104

± 1.0 cells/mL and 4.4 × 104
± 0.34 cells/mL, respectively)

compared to the negative control (326 × 104
± 40.83 cells/mL). Similar results were observed in

the cyclophosphamide-treated animals (8.0 × 104
± 1.88 cells/mL) (Figure 5a). In the spleen cells,

the negative control group (72.7 × 107
± 7.06 cells/mL) showed high cellularity compared to the animals

of the Sham group (1.6 × 107
± 0.12 cells/mL). However, this difference was not observed in animals

inoculated with the tumor and treated with cyclophosphamide (0.7 × 107
± 0.02 cells/mL) or extract

doses of 20 mg/kg (1.6 × 107
± 0.14 cells/mL) and 100 mg/kg (1.2 × 107

± 0.04cells/mL) (Figure 5b).
The marrow bone cellularity showed that the cyclophosphamide (12.3 × 105

± 3.13 cells/mL) and the
extract treatment (61.0 × 105

± 8.35 cells/mL, 17.6 × 105
± 1.20 cells/mL and 4.0 × 105

± 1.08 cells/mL,
respectively) prevented a high level of cellularity associated with Ehrlich’s tumor, since the groups
without a tumor (sham: 4.6 × 105

± 0.77 cells/mL and EAE20: 15.44 × 105
± 5.04 cells/mL) had fewer

cells than the negative control group (189.0 × 105
± 23.12 cells/mL) (Figure 5c). The results show that

the extract’s effect was dose-dependent.
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Figure 5. Immunomodulatory effects of Penicillium purpurogenum ethyl acetate extract. (a–d) The results
are expressed as the mean ± standard deviation of the total lymph node cell count; bone marrow and
splenocytes obtained from the group without tumors treated with saline solution (Sham) from the
groups with solid Ehrlich tumors treated intraperitoneally with extracts at doses of 4, 20, and 100 mg/kg,
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respectively (EAE4, EAE20, and EAE100); positive and negative control-administered
cyclophosphamide (CLT+) and saline solution (CTL−), respectively. Blood serum was used to
quantify the tumor necrosis factor (TNF-α). The data were submitted to statistical analyses via
Kruskal–Wallis and Dunn multiple comparison tests, with a significance of ∆ p < 0.05, ∆∆ p < 0.005,
∆∆∆ p < 0.0005, and ∆∆∆∆ p < 0.0001 in relation to the Sham: φ p < 0.05, φφφφ p < 0.0001 when
compared to EA20 without tumor; #### p < 0.0001 when compared to CLT+, * p < 0.05, ** p < 0.005,
*** p < 0.0005, and **** p < 0.0001 when compared to CLT−; and oo p < 0.0001 ooo p < 0.0001 when
comparing the extracts with each other.

Cytokine quantification demonstrated that treatment was able to alter only the TNF levels
(Supplementary Information Table S1). The animals with untreated tumors (CTL−) showed an
even higher level of TNF-α concentrations (508.8 ± 66.22 pg/mL) compared to the Sham group
(156.0 ± 25.14 pg/mL). The cyclophosphamide treatment significantly showed lower TNF-α levels
(177.2 ± 27.67 pg/mL) compared to the negative control group. Similarly, the extract at 4, 20,
and 100 mg/kg doses also showed low TNF-α concentrations versus the group of CLT− (161.7 ± 30.22,
212.4 ± 12.03 and 261.4 ± 43.16 pg/mL, respectively) in animals with solid tumors. However,
the extract treatment in animals without a tumor showed a high level of seric TNF-α concentration
(306.9 ± 17.93 pg/mL) compared to normal animals (Figure 5d).

2.5. Toxicity Studies of P. purpurogenum EAE

Daily treatment with P. purpurogenum ethyl acetate extract in the solid Ehrlich tumor maintained
the body weights of the tumor-inoculated animals (EAE4: 2.38 ± 0.63 g; EAE20: 2.8 ± 0.76 g and
EAE100: 0.96 ± 0.67 g) compared with CTL+ (−1.16 ± 0.46 g) and CTL− (−0.24 ± 0.73 g) (Figure 6a).
The data show that only the group receiving cyclophosphamide had a body weight reduction compared
to the Sham group (1.58 ± 0.96 g). There were no significant differences in the serum AST and ALT
levels in any of the groups analyzed, although the CTL− animals showed increased average values
compared to the groups treated with the extract in the presence of the tumor (Table 3). Hepatic and
renal histological differences were not found between the groups. The survival rate curve showed that
the saline (79.12%) and cyclophosphamide (85.72%) groups were statistically different, as expected.
Importantly, the tumor-animal groups treated with the extract showed a 100% survival rate under all
doses, which is significantly different compared to the controls (Figure 6b).

Table 3. Effect of Penicillium purpurogenum ethyl acetate extract on ALT and AST serum levels
(mean ± SEM) in all experimental groups.

ALT (U/L) AST (U/L)

Sham 125.2 ± 103.5 125.2 ± 103.5

EAE20 * 122.5 ± 101.5 295.3 ± 236.1

CLT− 207.9 ± 181.8 438.3 ± 328.5

CLT+ 438.3 ± 328.5 293 ± 131.8

EAE4 + Tumor 50.12 ± 33.38 178.6 ± 95.15

EAE20 + Tumor 68.3 ± 57.5 185.1 ± 111.2

EAE100 + Tumor 48.88 ± 21.68 179.1 ± 61.28

N = 5 for each group. The one-way ANOVA showed no statistical differences between the groups. * Tumor free
group treated with an extract at a dose of 20 mg/kg. The groups were treated with saline (CTL−), cyclophosphamide
(CTL+), and Penicillium purpurogenum ethyl acetate extract at 4 mg/kg (EAE4 + Tumor), 20 mg/kg (EAE20 + Tumor),
and 100 mg/kg (EAE100 + Tumor).
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Figure 6. Effect of the toxicity of the extracellular extract of Penicillium purpurogenum ethyl acetate
extract (EAE). The groups without tumor induction were treated with saline (sham), while the groups
with induction received the extract at doses of 4, 20, and 100 mg/kg (EAE4, EAE20, and EAE100), as well
as saline (CTL−) and cyclophosphamide (CTL+). The graphs show (a) the animals’ body weights in
the final treatment. (b) After the treatment of the animals, the animals remained under observation
for thirty days. The data represent the mean ± SEM. The difference was statistically analyzed by a
Kruskal–Wallis and Dunn’s multiple comparison test, with significance of ∆ p < 0.05, ∆∆ p < 0.005,
and ∆∆∆ p < 0.0005 in relation to the Sham, φ p < 0.05 φφ p < 0.005, and φφφ p < 0.0005 when
compared to EA20 without a tumor, o p < 0.05 when compared to CLT+, and ooo p < 0.0005 when
compared to CLT−, * p < 0.05, ** p < 0.005, and #### p < 0.0001.

2.6. P. purpurogenum Extract Has a Cytotoxic Effect against MCF7 Cells In Vitro

P. purpurogenum isolated from the marine environment exhibited antitumor activity in vitro
against MCF7 cells. EAE showed a concentration and time-dependent effect, as observed in the
dose–response curve of the viable MCF7 cell percentage in relation to the untreated cells after 24
and 48 h of treatment (Figure 7A). The inhibitory concentration of 50% of cells (IC50) after treatment
with EAE was 53.56 ± 1.031 and 27.22 ± 1.029 µg/mL for 24 and 48 h, respectively. The reference drug
doxorubicin also presented a concentration and time-dependent effect (Figure 7B) and IC50 values of
37.10 ± 1.161 and 19.02 ± 1.223 µg/mL for 24 and 48 h, respectively.
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Figure 7. Dose–response curve of Penicillium purpurogenum ethyl acetate extract (EAE) for MCF7 cell
viability. Data represent the means ± SD of the viable MCF7 cell percentage in relation to the untreated
cells after 24 and 48 h of treatment with EAE (A) and doxorubicin (B).

3. Discussion

P. purpurogenum isolated from a marine environment is capable of secreting secondary bioactive
metabolites with anticancer properties. In the present study, the extracellular extract of this
fungus revealed the presence of macrophorin A, purpurogemutanthidine, and purpurogemutanthin,
corroborating the previous findings by Tang et al. [25], Fang et al. [22], and He et al. [26].
These compounds showed interesting anticancer activities in vitro against cervical cancer, gastric
adenocarcinoma, and breast cancer cells, while berkeleyacetal C [27–29] and rubratoxin B [30–32]
showed anti-inflammatory and anticancer activity in vitro.

Meroterpenoids, which are formed by the mixed terpenoid–polyketide biosynthetic pathway,
are an important class of compounds in the context of the development of new anticancer agents due
to their vast structural diversity and broad spectrum of bioactivities [33]. They are known to have
activities against cancer through various mechanisms, such as the blocking of cell survival pathways,
activity against oxidative stress, and the induction of apoptosis [34]. When checking for the presence
of compounds with anticancer activity in vitro, we questioned whether the extract isolated from the
marine environment (and not described in the literature to have in vivo activity against Erhlich’s
tumor) could be active.

The present study is the first to evaluate the in vivo anticancer effects of P. purpurogenum by
employing mice inoculated with Ehrlich’s tumor cells. The results showed that the extract compounds
were able to efficiently reduce the development and weight of Ehrlich’s solid tumor.

Ehrlich’s tumor exhibits strong inflammatory phenomena, including edema and inflammatory
infiltrates, which are believed to play an essential role in tumor growth in various types of cancer [35–39].
However, anti-inflammatory effects were previously reported for meroterpenoids [40] and were also
observed in this research, showing that the extract reduces inflammation, thereby reducing the tumor
via an indirect route.

We found in our research that the cell line MCF7 is sensitive to the extract. This specificity for
MCF-7 cells is possibly due to the cytotoxic effects caused by substances such as meroterpenoids
present in the extract [22,27]. However, the research carried out by Chai et al. (2012) [10] to study the
strain of the fungus P. purpurogenum G59 (originally derived from marine origin) against the K562 strain
did not verify a cytotoxic effect or any inhibitory effect at a concentration of 1000 µg/mL. We suggest,
based on the research carried out by Darsih et al. (2015) [41] changing the cytotoxic activity in another
species of the same genus with the cysteine-targeted Michael acceptor as a possible pharmacophore
target for fragment-based drug discovery, bioconjugation, and click reactions [41].

The extract inhibited tumor growth at the same level as the untreated group since the behavior of
the animals and the survival of the group treated with the extract were similar to the results in the
sham group. Thus, the extract likely acts in tumor cell proliferation, migration, and invasion.
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Two factors could inhibit tumor growth: the direct effect on the tumor microenvironment caused
by macrophorin A, purpurogutididine, and purpurogemutanthin identified in the extracts to result in
smaller tumor size and a reduction in inflammation, thereby decreasing the tumor’s size, which may
be associated with the presence of Berkeleyacetal C in the extract.

Other meroterpenoids showed the inhibition of tumor activities. Wang et al. [30] studied Guajadial,
a natural dialdehyde meroterpenoid able to suppress tumor growth in human xenograft mouse models,
with probable proliferation inhibition by blocking the Ras/MAPK pathway.

Wan et al. [42] demonstrated that meroterpenoids have anti-inflammatory and antioxidant
activities that can reduce tumor growth. Li et al. [24] found that Berkeleyacetal C significantly
inhibits the expression of inducible nitric oxide synthase (iNOS) and the production of nitric oxide
by macrophages.

Berkeleyacetal C inhibits the expression and secretion of major pro-inflammatory factors
and chemokines, including tumor necrosis factor-α (TNF-α) interleukin-6 (IL-6), interleukin-1β
(IL-1β), macrophage inflammatory protein -1α (PImax) -1α), and the monocyte chemotactic protein-1
(MCP-1) [22,28].

Immunosuppression cells can have a pro-tumoral effect. Indeed, higher infiltration by Tregs
was observed in tumor tissues, and their depletion augments antitumor immune responses in animal
models [37].

There were also systemic effects observed with dose-dependent reduction in the cells of the
popliteal lymph node, spleen, and bone marrow compared to the negative control group. This is
in line with the low levels of TNF-α, which play an important role in the beginning and apply the
activation of adhesion molecules and the expression of inflammatory mediators during inflammatory
responses [43]. These pro-inflammatory mediators can cause damage to cells and tissues and also
activate macrophages in various diseases associated with inflammation [44].

Increased levels of pro-inflammatory cytokines were previously associated with the development of
Ehrlich’s tumor [45]. Our data also agree with those of Calixto-Campos et al. [46], Aldubayan et al. [47],
and Harun et al. [48], who studied the protective role of fungal extracts against inflammatory events
induced by LPS in vitro and found that all the extracts inhibited TNF-α expression. Taken together,
these results show that the extracellular extract of P. purpurogenum has potent anticancer activity
in vivo against Ehrlich’s breast adenocarcinoma and that this effect can be mediated, at least in part,
by immunomodulatory mechanisms.

Another important set of observations from the present study concerns the safety of the extract.
Remarkably, the P. purpurogenum extracellular extract was able to improve mouse survival at all doses
compared to the negative control and even the cyclophosphamide, providing 100% survival at the
end of the study. The extract also preserved the body weight of the animals, preventing the wasting
syndrome that is often associated with cancer and intensified by chemotherapy [49–53], as previously
reviewed [54,55].

These data suggest that the P. purpurogenum extract may have potential clinical use in combination
therapies to prevent the loss of body weight in cancer patients. Considering that fungal extracts often
display hepatic toxicity, we evaluated the ALT and AST serum levels and hepatic histology. The results
did not demonstrate acute hepatic toxicity; instead, the extract did not possess the hepatic histological
lesions associated with Ehrlich’s tumor and presented low serum levels of hepatic transaminases.
In line with these observations, no changes were observed in renal histology. These results support the
hypothesis that the extract has a favorable toxicological profile, although these observations should be
confirmed and complemented by additional studies.

Thus, the results show that the extract inhibited tumor growth, compared to the negative control,
at the same level as standard therapy (cyclophosphamide), even when applied at the lowest dose.

Interestingly, the activity of the extract occurred before that of the cyclophosphamide, suggesting
intense antitumor activity in vivo. In addition, these findings correlate with morphological
changes of the histological level, showing that P. purpurogenum has low mitotic activity and

113



Mar. Drugs 2020, 18, 541

invasive behavior against tumor cells. The extract’s antitumor activity is associated with marked
immunomodulatory effects.

4. Materials and Methods

4.1. Fermentation and Preparation of Ethyl Acetate Extracellular Extract (EAE)

P. purpurogenum is a marine fungus found in the coastal region (2◦29′56′′ S 44◦17′59′′ W) of
Maranhão, Brazil. The present strain was isolated by the Mycology Laboratory of the Basic and Applied
Immunology Center of the Federal University of Maranhão and deposited into the fungi collection of
the Federal University of Maranhão under access code MA52. The fungus strain was grown in Potato
Dextrose Agar (BDA) at 28 ◦C for 7 days until complete growth. After that period, superficial circles of
mycelium-containing agar were further cultivated in BDA broth for fermentation at 28 ◦C for 21 days
in a rotary shaker (Quimis, São Paulo, Brazil ) at 150 rpm. Afterward, 300 mL of the fermented broth
was macerated for 48 h with 600 mL of ethanol to obtain the extracellular extract. Then, the aqueous
ethanol solution was filtered and concentrated under reduced pressure to remove the ethanol, and the
remaining water was extracted twice with 1:4 (v/v) ethyl acetate, resulting in an organic phase that was
concentrated and lyophilized to obtain the ethyl acetate extract used for in vivo testing.

4.2. High-Performance Liquid Chromatograph Coupled to Diode-Array UV-Vis Detector (HPLC-DAD-UV)

Chromatographic analyses were performed on a HPLC-DAD-UV using a Shimadzu Nexera XR®

liquid chromatograph (Shimadzu, Kyoto, Japan) coupled to a UV detector with an SPDM20A diode
array, a CBM20A controller, a DGU20A degasser, an LC20AD binary pump, a CTO20A oven, and an
SILA20A auto-injector. Shimadzu LabSolutions Software Version 5.3 (Shimadzu, Kyoto, Japan) was
used to analyze the chromatograms. DAD analysis was applied to select the optimized wavelength of
the meroterpenoids in this study (300 nm). Combinations of ultrapure water (A) and methanol (HPLC
grade, Tedia, Rio de Janeiro, Brazil) (B) were used as the mobile phase (initially 0% B, increasing to 20%
in 8.5 min, subsequently rising to 100% of B in 68.5 min, and finally staying at this concentration up to
90 min). The HPLC column was silica-based C18 (250 mm × 4.6 mm i.d. × 5 µm particle size, Shimpack
CLC-ODS, Thermo, Waltham, MA, USA). The oven was set to 50 ◦C, and the injection volume was 10
µL for all analyses.

4.3. Tandem Mass Spectrometry with Electrospray Ionization (ESI-MS/MS)

Ethyl acetate extracellular extract (EAE) was analyzed by direct infusion (ESI-MS/MS) in a Bruker
Ion trap amazon SL mass spectrometer (Bruker, Billerica, MA, USA, positive mode (ESI+)). EAE (3 mg)
was dissolved in certified HPLC grade methanol containing 0.1% formic acid (v/v) using an ultrasonic
bath for 20 min. The operating conditions were 1 µL/min infusion, 4.0 kV capillary voltage, 100 ◦C
temperature source, and cone voltage of 20–40 V. The mass spectra were recorded and interpreted by
Bruker Compass Data Analysis (Version 4.2, Bruker, Billerica, MA, USA).

4.4. Animals

After approval by the Ethics Committee (CEUA 23115.11239/2017-70), female Swiss mice (n = 70),
weighing 25–30 g and aged between 3 and 4 months were provided by the Federal University
of Maranhão (UFMA). Animals were kept in a room with a controlled temperature of 22 ± 3 ◦C,
with 50 ± 15% relative humidity, a 12 h light/dark photoperiod, and food and water ad libitum.
The animal experiments were conducted according to the animal welfare guidelines of the National
Council for the Control of Animal Experimentation (CONCEA). Every effort was made to reduce the
number of animals used and their discomfort.
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4.5. Ehrlich Solid Tumor Model

Animals were anesthetized with ketamine/xylazine (120–150 mg/kg). The Ehrlich ascitic carcinoma
was maintained in the mice via intraperitoneal injections of 2 × 106 cells [56]. To induce the solid tumor,
transplantable neoplastic cells with 7 days of ascitic evolution were aspirated, and 200 µL of the cell
suspension at 2 × 106 cells/mL was injected into the left posterior foot pad. The cells were found to be
more than 99% viable by a Trypan blue exclusion method. The experimental treatment began 24 h after
the tumor implantation [57].

4.6. Treatment Groups

The animals were separated into two groups: those with tumor inoculation for antitumor activity
and those without tumor inoculation used to evaluate the extract toxicity. The tumor inoculation
group was subdivided into six subgroups (n = 10): the negative control subgroup (CTL−) with tumor
induction treated with phosphate buffered solution (PBS); the positive control subgroup (CTL+) treated
with cyclophosphamide at a dose of 25 mg/kg; and the subgroups treated with extracts at doses of
4 mg/kg (EAE4 + Tumor), 20 mg/kg (EAE20 + Tumor), and 100 mg/kg (EAE100 + Tumor). To determine
the acute toxicity, the two groups without tumor induction were treated with PBS (Sham) or with
the extract at a medium dose of 20 mg/kg (EAE20). All treatments were performed intraperitoneally
24 h after tumor inoculation over fifteen days, and the volume administrated was 100 µL. After the
treatment, the animals were randomly selected. A portion was euthanized (n = 5) for biological
analysis, and another portion (n = 5) was used for the quality-of-life/survival test. Euthanasia was
performed via the intraperitoneal administration of 120 mg/kg ketamine and 150 mg/kg xylazine (2:1
solution) [58] before complete necropsy.

4.7. Tumor Development Assay

The Ehrlich solid tumor model was applied to evaluate antitumoral activity. The paw volume
was determined before and after the injection of Ehrlich tumor cells using a digital caliper at 48 h
intervals. The volume was calculated by multiplying the thickness, width, and length measurements
of the paw with tumor presented as mm3. After the treatment performed over fifteen days, the animals
of each group were randomly chosen (n = 5), euthanized, and the paws with tumors were removed
and weighed. The area under the curve was calculated from the kinetics graph obtained from the
tumor-inoculated paw development data using the GraphPAd Prism software (Version 7.00, GraphPad
Software, San Diego, CA, USA).

4.8. Histopathological Analyses

Immediately after euthanasia, the Ehrlich’s tumor tissue (and matched normal tissue from
the Sham groups), livers, and kidneys were removed and fixed in 10% neutral buffered formalin.
The sample sections were stained with hematoxylin and eosin solution and analyzed by a single
researcher with expertise, blinded to the experimental groups. For the tumor samples, the following
parameters were analyzed: inflammatory infiltrate distribution (focal, multifocal, diffuse, or peripheral);
inflammatory infiltrate intensity (scores: absent 0, light 1, moderate 2, and intense 3); necrosis (scores:
absent 0, focal 1, focally extensive or multifocal 2, and diffuse 3); mitotic figures (scores: no mitotic
figures 0, occasional mitoses 1, single mitotic figure per 400× field 2, and two mitotic figures per 400×
field 3); cellular pleomorphism (scores: monomorphic tumor cells 0, minimal intercellular variation 1,
variations in nuclear size and shape 2, and major variations with bizarre nuclei 3); and tumor invasion
(scores: well-defined borders with no obvious invasion 0, well-defined borders with minimal invasion
of adjacent tissues 1, poorly-defined borders with marker invasion 2, and unrecognizable borders with
multiple tumor foci 3) [59].
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4.9. Lymphoid Organ Cellularity

To obtain and quantify cells in the popliteal lymph node and spleen, these solid organs were
removed and macerated in 1 mL PBS. To obtain bone marrow cells, the femur was removed and
perfused with 1 mL of PBS. Next, 90 µL of lymph node, spleen, and bone marrow cell suspensions
were added to 10 µL violet crystal, and the cells were counted in a Neubauer chamber with the aid of a
common light optical microscope (Zeiss, Oberkochen, Germany) [60].

4.10. Blood Samples

Blood samples were obtained by cardiac puncture. The samples were then centrifuged at 5000 rpm
for 10 min. The serum was separated and stored in aliquots at −80 ◦C until needed. Prior to the assay,
the samples were thawed at room temperature [59,60].

4.11. Cytokine Quantification

Blood serum was used for the quantification of interleukin-2 (IL-2), interleukin-4 (IL-4),
interleukin-6 (IL-6), interferon-γ (IFN-γ), tumor necrosis factor (TNF-α), interleukin 17A (IL-17A),
and interleukin-10 (IL-10) by flow cytometry with FACS Calibur equipment (BD Biosciences, San Jose,
CA, USA) using the BD™ Cytometric Bead Array (CBA) cytokine kit Mouse Th1/Th2/Th17 (BD
Biosciences, San Jose, CA, USA) following the manufacturer’s recommendations.

4.12. Extract Toxicity

For the assessment of acute toxicity, we considered the weight of the animals during the treatment
(the animals were weighed daily for 15 days). Weight variation was verified before tumor inoculation
until the last day of treatment. We also verified the hepatic parameters of the fungus extract. Blood
serum was used to perform the biochemical measurement of glutamic-oxalic transaminase (TGO) and
glutamic-pyruvic transaminase (TGP) through colorimetric analyses using Labtest kits, following the
manufacturer’s guidelines. The data were obtained on a visible spectrum plate reader (Lab. Syftemf
Multi Skan EX, Version 1.00, Waltham, Ma, USA). Histopathological analysis of the liver and kidney was
performed. The parameters analyzed in the liver were the presence of mitotic figures, caryatia (more
than 10% hepatocytes with nuclei twice the size of normal hepatocytes), and the presence or absence of
necrosis. Hepatitis was classified as mild (hyperplasia of Küpfer cells and/or occasional microabscesses
or mild focal periportal leukocytic infiltration) or moderate (multifocal to diffuse leukocytic infiltration
in multiple portal spaces or centrilobular veins). Hepatocellular vacuolar degeneration was also
classified as mild (restricted to the periportal and/or centrilobular areas) or moderate (extending to the
midzonal areas). In the kidney, the presence of tubular degeneration, defined as the swelling of the
cells of the outlined proximal or distal tubules, the necrosis of isolated tubular cells, or the loss of cell
vesicles in the tubular lumen (bleeding), was evaluated [61]. The quality of life/survival of the animals
was verified for 30 days after treatment, following a quality-of-survival protocol in which some of the
animals that suffered damage were assessed using a pain scale. Using this scale, if the animal showed
three or more potential signs associated with pain or discomfort, they were kept under surveillance for
more than 72 h and then euthanized by excess anesthetic [62].

4.13. In Vitro Cytoxicity against MCF7 Cells

The cell line MCF-7 (ATCC® HTB-22™) was kindly donated by the Laboratório de Tecnologia
de Anticorpos Monoclonais, Biomanguinhos, Fiocruz-RJ. The cells were grown in a sterile bottle
containing modified Dulbecco’s Modified Eagle’s Medium (DMEM) (Invitrogen, Carlsbad, CA, USA),
supplemented with 10% fetal bovine serum with 2 mM glutamine, 100 U/mL penicillin, and 100 µg/mL
streptomycin. Then, the cells were incubated at 37 ◦C in a humid atmosphere containing 5% CO2. For the
experiments, the monolayer cells were trypsinized with a 0.25% (w/v) trypsin solution–0.03% (w/v) EDTA.
The lyophilized extract was dissolved in DMSO 0.1%, and the solution was filtered through a 0.2 µm
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pore syringe filter and stored at −20 ◦C until use. The cultured cells were treated with concentrations
between 1000 and 7.8 µg/mL, obtained by serial dilution of the extracts (1:2) for 24 and 48 h. In the
viability assay, the cells (5 × 104 cells/mL) were grown in 96-well plates in the presence or absence
of the extract for 24 and 48 h. In total, 10 µL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) at 5 mg/mL was added to each well. The cells were incubated in a CO2 chamber for
3 h with protection from light. Then, the medium was removed, and 100 µL of DMSO was added to
dissolve the formazan crystals. The absorbance at 570 nm was measured with a Biochrom EZ Read 400
spectrophotometer (Biochrom, Cambridge, UK). The data were then normalized, and the inhibitory
concentration for 50% of the cells was calculated from the non-linear regression of the percentage of
viable cells versus the log of the concentration of the treatment using the GraphPAd Prism software
(Version 7.00, GraphPad Software, San Diego, CA, USA) [63].

4.14. Statistical Analysis

The results were expressed as the mean ± standard error of means (SEM or S.D.). The differences
were submitted to an analysis of variance (one-way or two-way ANOVA) followed by a Newman–Keuls
test and a Student’s t-test using the GraphPad Prism software, version 7.0. To evaluate the survival
curve, a Kaplan–Meier curve was used, and the statistical analysis was performed by a Log-Rank test.
The significance level for rejection of the null hypothesis was 5% (p < 0.05).

5. Conclusions

Overall, the present results indicate that the P. purpurogenum extract has potent in vivo anticancer
activity against Ehrlich’s solid tumor, suggesting the presence of immunomodulatory mechanisms.
The chemical components present in the extract may serve as lead compounds for the development
of new compounds with antitumor effect and immune response modulators. The extract was
well-tolerated and improved animal survival compared to cyclophosphamide, suggesting a favorable
toxicity profile and potential applications in combination therapies. Further preclinical studies are
required to clarify the potential uses of P. purpurogenum and better understand the production of
bioactive metabolites in fungi for biotechnological applications.
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Abstract: A new pentaketide derivative, penilactonol A (1), and two new hydroxyphenylacetic acid
derivatives, (2’R)-stachyline B (2) and (2’R)-westerdijkin A (3), together with five known metabolites,
bisabolane-type sesquiterpenoids 4–6 and meroterpenoids 7 and 8, were isolated from the solid
culture of a marine alga-associated fungus Penicillium chrysogenum LD-201810. Their structures were
elucidated based on extensive spectroscopic analyses, including 1D/2D NMR and high resolution
electrospray ionization mass spectra (HRESIMS). The absolute configurations of the stereogenic
carbons in 1 were determined by the (Mo2(OAc)4)-induced circular dichroism (CD) and comparison
of the calculated and experimental electronic circular dichroism (ECD) spectra, while the absolute
configuration of the stereogenic carbon in 2 was established using single-crystal X-ray diffraction
analysis. Compounds 2 and 3 adapt the 2’R-configuration as compared to known hydroxyphenylacetic
acid-derived and O-prenylated natural products. The cytotoxicity of 1–8 against human carcinoma
cell lines (A549, BT-549, HeLa, HepG2, MCF-7, and THP-1) was evaluated. Compound 3 exhibited
cytotoxicity to the HepG2 cell line with an IC50 value of 22.0 µM. Furthermore, 5 showed considerable
activities against A549 and THP-1 cell lines with IC50 values of 21.2 and 18.2 µM, respectively.

Keywords: alga; marine-derived fungus; Penicillium chrysogenum; polyketide; hydroxyphenylacetic
acid; cytotoxicity

1. Introduction

Microorganisms belonging to marine ecosystems are diverse both taxonomically and
biologically [1–3]. These microorganisms developed unique metabolic pathways to overcome the
extreme temperature, nutrient scarcity, high salinity, and ultraviolet radiation [4,5]. As one of the
most prevalent biocenoses in marine ecosystems, marine-derived filamentous fungi represent an
extraordinarily diverse biotic population. They distribute in almost all marine habitats, including
marine plants, marine invertebrates and vertebrates, and marine sediments [2,6–8]. Among them,
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marine alga-associated fungi have drawn considerable attention because they can synthesize valuable
secondary metabolites with potential pharmacological properties [6,7].

As part of our ongoing search for bioactive secondary metabolites from marine-derived fungi,
the fungus Penicillium chrysogenum LD-201810 was isolated from the marine red alga Grateloupia

turuturu. Subsequent chemical investigation of an EtOAc extract of the culture of this fungal strain led
to the isolation of a new pentaketide derivative, penilactonol A (1), and two previously unreported
hydroxyphenylacetic acid derivatives, (2’R)-stachyline B (2) and (2’R)-westerdijkin A (3), together
with five known metabolites, bisabolane-type sesquiterpenoids 4–6 and meroterpenoids 7 and 8

(Figure 1). The structures and absolute configurations of the stereogenic carbons were unequivocally
determined using extensive spectroscopic analyses, (Mo2(OAc)4)-induced circular dichroism (ICD),
time-dependent density-functional theory (TDDFT) electronic circular dichroism (ECD) calculations,
and single-crystal X-ray diffraction analyses. To the best of our knowledge, 2 and 3 adapt the
2’R-configuration as compared to known hydroxyphenylacetic acid-derived and O-prenylated natural
products. Details of the isolation, structure elucidation, and biological activities of the isolated
compounds are presented herein.
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Figure 1. Chemical structures of 1–8.

2. Results and Discussion

2.1. Structure Elucidation

Compound 1 was obtained as a colorless oil with a molecular formula of C9H12O4, established by
(+)-HRESIMS m/z 185.0803 [M +H]+, corresponding to four degrees of unsaturation. The 1H NMR
spectrum (Table 1) showed two methyl doublets at δH 1.39 (d, J = 6.6 Hz, H3-1) and 1.88 (d, J = 7.4 Hz,
H3-8), one doublet at δH 4.47 (d, J = 5.4 Hz, H-3), and a multiplet at δH 4.36 (m, H-2), and one singlet at
δH 7.67 (s, H-5) and one quartet at δH 5.60 (q, J = 7.4 Hz, H-7) attributable to two olefinic protons. The 13C
NMR spectrum, along with distortionless enhancement by polarization transfer (DEPT) and HSQC data,
demonstrated the presence of two methyls at δC 19.7 (C-1) and 11.7 (C-8); four methines, including two
oxygenated sp3 at δC 59.3 (C-2) and 69.1 (C-3) and two sp2 at δC 140.4 (C-5) and 112.2 (C-7); and three
quaternary carbons, including two sp2 carbons at δC 132.1 (C-4) and 148.6 (C-6) and one carbonyl carbon
at δC 168.4 (C-9). The COSY correlations (Figure 2A) from H3-1 to H-2 and from H-2 to H-3, combined
with the downfield chemical shifts of C-2 (δC 59.3) and C-3 (δC 69.1), revealed a presence of a vic-diols
moiety. The key HMBC correlations from H-2 to C-4, H-3 to C-5, H-5 to C-3 and C-7, H3-8 to C-6, and
the COSY correlation of H-7 and H3-8 extended the fragment to C-4-C-8. The HMBC correlations
from H-3 and H-5 to C-9 located the carbonyl carbon C-9 linked to C-4. To satisfy the molecular
formula and a degree of unsaturation, C-9 should connect to C-6 by an ester linkage to form the
α,β-unsaturated γ-lactone ring. Hence, the planar structure of 1 was assigned. The key NOE correlation
(Supplementary Materials, Figure S6) between H-5 and H-7 assigned the Z configuration of the double
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bond between C-6 and C-7. According to the literature, the coupling constant between the H-2 and
H-3 is larger than 4 Hz in erythro isomers but smaller than 2 Hz in threo isomers in the α,β-unsaturated
γ-lactones [9]. Therefore, the coupling constant of 5.4 Hz between H-2 and H-3 indicated the erythro

relative configuration of 2,3-diol in 1 [10]. The absolute configuration of the erythro-2,3-diol in 1 was
determined by the dimolybdenum-induced circular dichroism (ICD) analysis [11]. In the ICD analyses
using Snatzke’s method with dimolybdenum tetraacetate [Mo2(OAc)4] in MeOH, the Mo2-complex of 1

gave a negative CD Cotton effect near 400 nm (Figure 2B). Using Snatzke’s helicity rule [11–13], the sign
of the O–C–C–O torsional angle in the favored conformation of the chiral Mo2-complex determines the
sign of the CD Cotton effect near 400 nm, and the conformation with an antiperiplanar orientation
of the OH and the methyl group, O–C–C–CH3, is a favored conformation of the Mo2-complex in
the erythro-diols closely resembling 1, as shown in Figure 2B. Furthermore, the TDDFT method was
employed at the CAM-B3LYP-SCRF/def2-SVP//B3LYP/6-31G(d) level to obtain the calculated ECD
spectra of 1. The experimental ECD spectrum of 1 was in good agreement with that of the calculated
for (2R, 3S)-1 at this level (Figure 3). Hence, the absolute configurations at C-2 and C-3 in 1 were finally
determined to be 2R, 3S, respectively.

Table 1. 1H (500 MHz) and 13C NMR (125 MHz) data of compounds 1-3 in DMSO-d6.

No.

Compound 1

No.

Compound 2 Compound 3

δH (Mult, J
in Hz)

δC, Type
δH (Mult, J

in Hz)
δC, Type

δH (Mult, J
in Hz)

δC, Type

1 1.39 (d, 6.6) 19.7, CH3 1 127.4, C 126.3, C

2 4.36 (m) 59.3, CH 2/6 7.14 (d, 8.3) 130.8, CH 7.15 (d, 8.6) 130.4, CH

3 4.47 (d, 5.4) 69.1, CH 3/5 6.86 (d, 8.3) 114.8, CH 6.88 (d, 8.6) 114.5, CH

4 132.1, C 4 157.8, C 157.6, C

5 7.67 (s) 140.4, CH 7 3.46 (br s) 40.2, CH2 3.58 (d, 5.3) 39.3, CH2

6 148.6, C 8 173.4, C 171.9, C

7 5.60 (q, 7.4) 112.2, CH 1’ 3.92 (dd, 9.9, 4.4)
3.84 (m) 71.3, CH2

3.93 (dd, 9.9, 4.5)
3.86 (dd, 9.9, 6.9) 70.9, CH2

8 1.88 (d, 7.4) 11.7, CH3 2’ 4.24 (t, 5.3) 72.7, CH 4.25 (m) 72.3, CH

9 168.4, C 3’ 145.8, C 145.4, C

4’ 4.86 (br s)
5.02 (br s) 112.1, CH2

4.87 (br s)
5.03 (br s) 111.7, CH2

5’ 1.72 (s) 18.9, CH3 1.73 (s) 18.5, CH3

8-OMe 3.58 (s) 51.6, CH3

2’-OH 5.23 (br s)

isomers in the α,β unsaturated γ

. In the ICD analyses using Snatzke’s method with dimolybdenum 

. Using Snatzke’s helicity rule – – – –

– – –

‒

δ δ δ δ δ δ

’

’
’

’

’

’

 

Figure 2. (A) COSY and key HMBC correlations in 1; (B) induced circular dichroism (ICD) spectra
from the Mo2-complex and inherent CD of 1.
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Figure 3. Experimental electronic circular dichroism (ECD) spectrum of 1 (blue solid);
calculated ECD spectrum of (2R, 3S)-1 (UV correction = −19 nm, red dash) at the
CAM-B3LYP-SCRF/def2-SVP//B3LYP/6-31G(d) level of theory in MeOH with IEFPCM solvent model
(Polarized Continuum Model using the Intergral Equation Formalism).

Compound 2 was acquired as colorless needles. The molecular formula C13H16O4 was established
on the basis of (+)-HRESIMS data at m/z 254.1389 ([M + NH4]+) and 259.0942 ([M + Na]+). The 1H
and 13C NMR data (Table 1), in combination with the HSQC spectrum, displayed signals that were
attributed to one methyl at δH 1.72 (s, H-5’) and δC 18.9 (C-5’); three methylenes, including one
oxygenated sp3 at δH 3.92 (dd, J = 9.9, 4.4 Hz, H-1’α), 3.84 (m, H-1’β), and δC 71.3 (C-1’), one sp3 at δH

3.46 (br s, H-7) and δC 40.2 (C-7), and one exocyclic sp2 at δH 4.86 (br s, H-4’α), 5.02 (br s, H-4’β) and
δC 112.1 (C-4’); five methines, including four sp2 at δH 7.14 (d, J = 8.3 Hz, H-2/6), 6.86 (d, J = 8.4 Hz,
H-3/5), δC 130.8 (C-2/6), 114.8 (C-3/5), and one sp3 at δH 4.24 (t, J = 5.3 Hz, H-2’) and δC 72.7 (C-2’);
three non-protonated sp2 carbons at δC 127.4 (C-1), 157.8 (C-4), 145.8 (C-3’), and one carbonyl carbon at
δC 173.4 (C-8). The above-mentioned spectroscopic features as well as the COSY correlation between
H-2/6 and H-3/5 (Figure 4A) were interpreted as characteristic for a para-substituted aromatic ring.
Besides, H2-1’ and H-2’ were coupled as evidenced by the COSY correlation (Figure 4A). The key
HMBC correlations from H3-5’ to C-2’, C-3’, and C-4’, from H2-1’ to C-3’, and from H-2’ to C-4’ and
C-5’ delineated an unsaturated and hydroxylated isoprene unit, (2-hydroxy-3-methylbut-3-en-1-yl)oxy
(Figure 4A). Additional HMBC correlation from H2-1’ to C-4 showed that the isoprene unit was
connected to the para-substituted aromatic ring via an oxygen atom. Furthermore, the interactive
HMBC correlations from H2-7 to C-2, C-6, and C-8 constructed the other group (C7-C8) linked to the
aromatic ring. The planar structure of 2 was therefore determined. A literature search revealed that
it possessed the same planar structure as stachyline B, a secondary metabolite previously isolated
from the sponge-derived fungus Stachylidium sp. [14]. The configuration at C-2′ of stachyline B was
determined as S by Mosher’s method [14]. Since 2 possessed the opposite sign of the optical rotation
when compared to that of stachyline B (+16.1 in 2 vs −12 in stachyline B), the R configuration was
proposed for C-2′ of 2. X-ray diffraction crystallographic analysis enabled us to undoubtedly confirm
its absolute configuration (Figure 4B).
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Figure 4. (A) COSY and key HMBC correlations of 2; (B) ORTEP (Oak Ridge Thermal-Ellipsoid Plot
Program) diagram for the single-crystal X-ray structure of 2.

Compound 3 was obtained as a white amorphous powder and possessed a molecular formula of
C14H18O4 by (+)-HRESIMS data m/z 268.1548 [M + NH4]+ and 273.1095 [M + Na]+. With compound 2

in hand, the structure elucidation of 3 was quite straightforward. The 1H and 13C NMR spectra of
3 (Table 1) closely resembled those of 2, except that 3 had one methyl group (δH/C 3.58/51.6, 8-OMe)
more than 2. Accordingly, 3 was elucidated as a methyl ester of 2. Because 3 is dextrorotatory, it was
concluded that 3 also has R-configuration at C-2’.

In addition, another five previously reported metabolites including bisabolane-type
sesquiterpenoids 4–6 and meroterpenoids 7 and 8 were also isolated in this study. They were
identified as (7S,11S)-(+)-12-acetoxysydonic acid (4) [15], (S)-(+)-11-dehydrosydonic acid (5) [15],
sydonic acid (6) [16], asperdemin (7) [17], and asperversin G (8) [18], respectively, by comparing their
NMR data with those from the literature.

2.2. Cytotoxicity of Compounds 1–8

The isolated compounds 1–8 were submitted to Cell Counting Kit-8 (CCK-8) colorimetric assays
toward six human carcinoma cell lines (human lung adenocarcinoma epithelial cell line A549, human
breast cancer cell line BT-549, human cervix carcinoma cell line HeLa, human liver carcinoma cell
line HepG2, human breast adenocarcinoma cell line MCF-7, and human monocytic cell line THP-1)
to estimate their cytotoxicities. Compound 3 exhibited cytotoxicity to the HepG2 cell line with an
IC50 value of 22.0 µM. Furthermore, 5 also showed considerable activities against the A549 and THP-1
cell lines with IC50 values of 21.2 and 18.2 µM, respectively (Table 2). To determine whether the
compounds could induce apoptosis, 4’,6-diamidino-2-phenylindole (DAPI) staining was conducted
using a confocal laser scanning microscope. We found that many cells had typical apoptotic features,
such as fragmented/condensed nucleus and apoptotic body formation (Figure 5). All staining results
indicated that 3 and 5 had apoptosis-inducing activity against the HepG2, A549, and THP-1 cell
lines, respectively.

Table 2. Cytotoxicity of 1–8 (IC50, µM, mean ± SD, n = 3).

Compound A549 BT-549 HeLa HepG2 MCF-7 THP-1

1 >100 >100 >100 >100 >100 >100
2 >100 87.3 ± 3.5 96.6 ± 1.5 >100 >100 >100
3 70.0 ± 1.2 >100 >100 22.0 ± 1.2 >100 >100
4 63.6 ± 2.6 >100 78.7 ± 2.9 >100 >100 78.7 ± 1.9
5 21.2 ± 2.3 >100 61.7 ± 2.2 >100 >100 18.2 ± 1.2
6 >100 >100 >100 >100 >100 >100
7 >100 >100 >100 >100 >100 >100
8 >100 >100 >100 >100 >100 >100

Epirubicin a 6.6 ± 0.5 4.4 ± 0.2 2.2 ± 0.3 3.7 ± 0.2 3.9 ± 0.1 4.8 ± 0.2
a Positive control.
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Figure 5. Apoptosis-related morphological changes were detected by staining cells with
4’,6-diamidino-2-phenylindole (DAPI). Apoptotic cells were defined as those with blue-stained cells
that exhibited a fragmented/condensed nucleus and apoptotic body (red arrow).

3. Materials and Methods

3.1. General Experimental Procedures

The UV spectra were measured using a Shimadzu UV-2700 spectrometer (Shimadzu Co., Ltd.,
Kyoto, Japan). The optical rotations were measured using a Jasco P-1020 automatic polarimeter (JASCO,
Tokyo, Japan). The NMR spectra were recorded on an Agilent DD2 500 MHz NMR spectrometer
(Agilent Technologies, Waldbronn, Germany) with tetramethylsilane (TMS) as an internal standard.
The HRESIMS data were obtained in the positive ion mode on a Waters Xevo G2-XS QTof mass
spectrometer (Waters, Milford, MA, USA). Commercially available silica gel (100–200 and 200–300 mesh,
Qingdao Marine Chemical Inc., Qingdao, China), Lobar LiChroprep RP-18 (40-60µm, Merck, Darmstadt,
Germany), and Sephadex LH-20 (Merck) were used for open column chromatography.

3.2. Fungal Material

The fungal strain LD-201810 was previously isolated from the marine red alga Grateloupia turuturu

collected in August 2016 from Qingdao, China. This strain was identified as P. chrysogenum according to
its morphological characteristics and sequencing of the ITS region (GenBank no. MT075873). The strain
was deposited in the Key Laboratory of Marine Biotechnology at the Universities of Shandong (Ludong
University), School of Life Sciences, Ludong University, Yantai, China.

3.3. Fermentation, Extraction, and Isolation

The fermentation was performed statically on sterilized solid rice medium (70 g of rice, 0.1 g of
corn flour, 0.3 g of peptone, 0.1 g of monosodium glutamate, and 100 mL of filtered seawater in each
1 L Erlenmeyer flask) at room temperature. After incubation for 30 days, a total of 50 flasks of cultured
mycelium were exhaustively extracted with EtOAc (3 × 10 L). Then, the organic phase was filtered
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and evaporated under reduced pressure to afford 40.6 g of EtOAc crude extract. Chromatographic
fractionation of the EtOAc crude extract was performed using an open silica gel vacuum liquid
chromatography (VLC) gradient system (bed 10 × 60 cm, silica gel 300 g, 100–200 mesh); the column
was eluted with mixtures of petroleum ether (PE)−EtOAc (from 5:1 to 1:1, v/v, collected 1 L for each
fraction) and dichloromethane (DCM)−methanol (MeOH) (from 20:1 to 5:1, v/v, collected 1 L for each
fraction). A total of eight fractions, i.e., fractions A (11.2 g), B (2.6 g), C (5.8 g), D (5.2 g), E (2.6 g), F
(6.0 g), G (2.1 g), and H (1.9 g), were obtained and concentrated under reduced pressure. Fraction
A (11.2 g), eluted with PE−EtOAc (5:1, v/v, collected 2 L eluent), was re-fractionated by a silica gel
column (bed 8 × 80 cm, silica gel 200 g, 200–300 mesh; PE−EtOAc gradient, from 10:1 to 1:1, v/v) to
yield subfractions A1 and A2. Fraction A1 (4.5 g, eluted with PE−EtOAc 5:1, v/v, collected 1 L eluent)
was subjected to a Sephadex LH-20 column (MeOH, bed 1.5 × 135 cm) to obtain 7 (23.6 mg). Fraction
A2 (3.2 g, eluted with PE−EtOAc 1:1, v/v, collected 1 L eluent) was purified using preparative thin layer
chromatography (PTLC, plate: 20 × 20 cm; developing solvents: DCM−MeOH, 20:1, v/v, 160 mL) to
obtain 8 (42.3 mg). Fraction C (5.8 g), eluted with PE−EtOAc (1:1, v/v, collected 1 L eluent), was further
re-fractionated by a silica gel column (bed 8 × 80 cm, silica gel 200 g, 200–300 mesh; DCM−MeOH, from
20:1 to 10:1, v/v) to yield subfractions C1 and C2. Fraction C1 (1.2 g, eluted with DCM−MeOH 20:1,
v/v, collected 500 mL eluent) was purified by a Sephadex LH-20 column (MeOH, bed 1.5 × 135 cm)
to obtain 1 (10.5 mg). Fraction E (2.6 g) was subjected to reversed-phase column chromatography
(bed 2 × 5 cm) over Lobar LiChroprep RP-18 with a MeOH−H2O gradient system (from 1:9 to 10:0,
v/v, collected 1.2 L for each fraction) to afford five subfractions (Fr.E1−E5). Fr.E1 (123 mg, eluted
with MeOH−H2O 3:7, v/v) was purified using prep-HPLC (SunFire® C18, 250 mm × 10 mm, 5 µm;
mobile phase: 50% MeOH−H2O; flow rate: 2 mL/min; UV detection: 235 nm) to afford 2 (8.5 mg, tR

12.6 min). Fr.E2 (89 mg, eluted with MeOH−H2O 2:3, v/v) was subjected to PTLC (plate: 20 × 20 cm;
developing solvents: DCM−acetone−acetic acid, 10:1:0.05, v/v, 80 mL) to afford 6 (9.5 mg). Fr.E3
(120 mg, eluted with MeOH−H2O 1:1, v/v) was chromatographed on a prep-HPLC column (SunFire®

C18, 250 mm × 10 mm, 5 µm; mobile phase: 60% MeOH−H2O; flow rate: 2 mL/min; UV detection:
235 nm) to obtain 3 (12.3 mg, tR 15.0 min). Fr.E4 (200 mg, eluted with MeOH−H2O 3:2, v/v) was
subjected to PTLC (plate: 20 × 20 cm; developing solvents: DCM−MeOH−CH3CO2H, 10:1:0.05, v/v,
4 × 40 mL) to afford 4 (11.3 mg) and 5 (26.3 mg).

Penilactonol A (1): colorless oil; [α]25
D +7.3◦ (c 0.20, MeOH); UV (MeOH) λmax (log ε) 207 (0.22) nm;

ECD (0.20 mg/mL, MeOH) λmax (∆ε) 224 (+1.80) nm; 1H and 13C NMR data, Table 1; (+)-HRESIMS m/z

185.0803 [M + H]+ (calcd for C9H13O4, 185.0808).

(2’R)-Stachyline B (2): colorless needles; mp 188–190 ◦C; [α]25
D +16.1◦ (c 0.25, MeOH); UV (MeOH) λmax

(log ε) 203 (3.37), 228 (3.81), 278 (3.12), 285 (2.79) nm; 1H and 13C NMR data, Table 1; (+)-HRESIMS m/z

254.1389 [M +NH4]+ (calcd for C13H20NO4, 254.1387) and 259.0942 [M +Na]+ (calcd for C13H16O4Na,
259.0941).

(2’R)-Westerdijkin A (3): white amorphous powder; [α]25
D +70.3◦ (c 0.30, MeOH); UV (MeOH) λmax

(log ε) 201 (3.33), 226 (3.79), 277 (3.06), 283 (2.80) nm; 1H and 13C NMR data, Table 1; (+)-HRESIMS m/z

268.1548 [M +NH4]+ (calcd for C14H22NO4, 268.1543) and 273.1095 [M +Na]+ (calcd for C14H18O4Na,
273.1097).

3.4. Measurement of ICD Spectrum of 1 Using Mo2(OAc)4

The ICD spectrum was measured using spectroscopy-grade anhydrous MeOH. A mixture of
the ligand (1) and Mo2(OAc)4 in MeOH in an approximate 1:2 molar ratio was subjected to ICD
measurement. The first CD spectrum was recorded immediately after mixing, and its time evolution
was monitored until stationary ICD was reached about 10 min after mixing. After the inherent CD
data of the compound were subtracted, the ICD spectrum was normalized to a molar concentration of
1 and was presented as the ∆ε′ values. The observed signs of the Cotton effect near 400 nm in the ICD
were correlated to the absolute configuration of the 1,2-diol moiety [11].
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3.5. Computational Section

The conformational search was conducted via the conformer–rotamer ensemble sampling tool
(CREST) [19,20]. Density-functional theory (DFT) calculations were carried out using the Gaussian
16 program [21]. The conformers within an energy window of 4 kcal/mol were optimized with DFT
calculations at the B3LYP/6-31G(d) level of theory with Grimme’s D3 dispersion correction. Next,
energies of all optimized conformations were evaluated by M06-2X/6-311+g(2d,p) with D3 dispersion
correction. Those conformers accounting for over 98% of the population were subjected to TDDFT
ECD calculations at the CAM-B3LYP/def2-SVP level of theory in MeOH with the IEFPCM solvent
model, respectively. For each conformer, 30 excited states were calculated [22]. The calculated ECD
curves were generated using Multiwfn 3.6 software with a full width at half maximum (FWHM) for
each peak set to 0.4 eV [23].

3.6. X-ray Crystallographic Analysis of 2

Single-crystal X-ray diffraction data of 2 were obtained on an Agilent Xcalibur Eos Gemini
Charge Couple Device (CCD) plate diffractometer using graphite monochromatized Cu/Kα radiation
(λ = 1.54178 Å). The structures were solved by direct methods with the SHELXTL software package [24].
All non-hydrogen atoms were refined anisotropically. The H atoms were located using geometrical
calculations, and their positions and thermal parameters were fixed during the structure refinement.
The structure was refined using full-matrix least-squares techniques [25]. Crystallographic data of 2

have been deposited in the Cambridge Crystallographic Data Centre (CCDC) with the CCDC number
of 1999572. The data can be obtained free of charge via CCDC, 12 Union Road, Cambridge CB21EZ,
UK (e-mail: deposit@ccdc.cam.ac.uk).

Crystal data for compound 2: C13H16O4, F.W. = 236.26, monoclinic space group P2(1), unit cell
dimensions a = 5.8770(7) Å, b = 7.7029(13) Å, c = 27.763(4) Å, V = 1256.8(3) Å3, α = β = γ = 90◦, Z = 4,
dcalcd = 1.249 mg/m3, crystal dimensions 0.36 × 0.22 × 0.12 mm, µ = 0.762 mm–1, F(000) = 504. The 1774
measurements yielded 1500 independent reflections after equivalent data were averaged, and Lorentz
and polarization corrections were applied. The final refinement gave R1 = 0.0379 and wR2 = 0.1050
[I > 2σ(I)]. The Flack parameter was −0.2(3) in the final refinement for all 1774 reflections with 157
Friedel pairs.

3.7. Cytotoxic Assays

The CCK-8 colorimetric method and DAPI staining were used to determine the cytotoxicities
of compounds 1−8 against six human carcinoma cell lines (A549, BT-549, HeLa, HepG2, MCF-7,
and THP-1) [26]. For the DAPI staining, HepG2, A549, and THP-1 cells were initially incubated for 24 h
and then exposed to compounds for 48 h. Then, the cells were fixed with 70% ethanol. Subsequently,
the cells were stained with 4 ng/mL DAPI at 4 ◦C for 5–10 min. Stained cells in each group were
observed using a confocal laser scanning microscope.

3.8. Statistical Analysis

In this study, experiments were performed in triplicate and in parallel. For data analysis, the SPSS
21.0 software package (Chicago, IL, USA) was used to detect the half-maximal inhibitory concentration
(IC50) value.

4. Conclusions

Secondary metabolites produced by marine-derived fungi have gained remarkable attention
due to their intriguing structures and potential pharmacological applications. In this study, a new
pentaketide derivative, penilactonol A (1), and two previously unreported hydroxyphenylacetic acid
derivatives, (2’R)-stachyline B (2) and (2’R)-westerdijkin A (3), together with five known metabolites
including bisabolane-type sesquiterpenoids 4–6 and meroterpenoids 7 and 8, were isolated from the
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solid culture of marine alga-associated fungus P. chrysogenum LD-201810. It should be pointed out
that 2 and 3 adapt the 2’R-configuration as compared to known hydroxyphenylacetic acid-derived
and O-prenylated natural products. The cytotoxicities of the isolated compounds were evaluated.
Compound 3 exhibited cytotoxicity to the HepG2 cell line with an IC50 value of 22.0 µM, whereas
5 showed considerable activities against A549 and THP-1 cell lines with IC50 values of 21.2 and
18.2 µM, respectively. Moreover, DAPI staining indicated that 3 and 5 had apoptosis-inducing activity.
The present study may provide further proof that marine natural products are promising candidates
for the discovery of new lead compounds of antitumor drugs.

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/18/5/276/s1.
Figures S1–S19: 1H NMR, 13C NMR, HSQC, 1H-1H COSY, HMBC, NOESY, and HRESIMS spectra of compounds
1−3; Figures S20–S28: Cytotoxicity of 1–8 and epirubicin; Tables S1–S19: Gibbs free energies and equilibrium
populations of the calculated conformers.
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Abstract: Chemical examination from the cultured soft coral Sarcophyton digitatum resulted in the
isolation and structural identification of four new biscembranoidal metabolites, sardigitolides A–D
(1–4), along with three previously isolated biscembranoids, sarcophytolide L (5), glaucumolide A (6),
glaucumolide B (7), and two known cembranoids (8 and 9). The chemical structures of all isolates were
elucidated on the basis of 1D and 2D NMR spectroscopic analyses. Additionally, in order to discover
bioactivity of marine natural products, 1–8 were examined in terms of their inhibitory potential
against the upregulation of inflammatory factor production in lipopolysaccharide (LPS)-stimulated
murine macrophage J774A.1 cells and their cytotoxicities against a limited panel of cancer cells.
The anti-inflammatory results showed that at a concentration of 10 µg/mL, 6 and 8 inhibited the
production of IL-1β to 68 ± 1 and 56 ± 1%, respectively, in LPS-stimulated murine macrophages
J774A.1. Furthermore, sardigitolide B (2) displayed cytotoxicities toward MCF-7 and MDA-MB-231
cancer cell lines with the IC50 values of 9.6 ± 3.0 and 14.8 ± 4.0 µg/mL, respectively.

Keywords: Sarcophyton digitatum; biscembranoid-type metabolites; cytotoxicity; inflammatory factor
production; LPS-stimulated murine macrophage
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1. Introduction

Cembrane diterpenoids and their derivatives are an abundant and structurally diverse group of
secondary metabolites of soft corals and gorgonians. The 14-membered ring structures of cembranoids
are biosynthetically formed by cyclization of a geranylgeranyl pyrophosphate precursor between
carbons 1 and 14 [1]. These compounds possess a defense mechanism against their natural predators
and protect corals against viral infections [2]. Cembranoids exhibit various useful biological properties,
such as antitumor [3–8] and anti-inflammatory activities [7,9–12].

Previous studies indicated that species of Sarcophyton are rich sources of compounds, such as
cembranoids [13–16], biscembranoids [17–21], and steroids [22]. Until now, more than 500 marine
natural objects have been found from the soft corals of the genus Sarcophyton [23]. It is worth mentioning
that biscembranoid-type metabolites are mainly biosynthetically rationalized by a Diels–Alder reaction
of two monocembranoidal members, a 1,3-diene cembranoid unit, and a dienophile cembranoid
unit. The diene unit forms new trisubstituted conjugated double bonds at C-34/C-35. Normally,
most biscembranoids are biosynthesized by the endo-type cyclization of a Diels–Alder reaction [21].
Although many specimens of Sarcophyton genus have been chemically studied, there is only one
chemical investigation of the soft coral Sarcophyton digitatum that has been reported by Zeng et al.
in 2000, which led to the isolation of a polyhydroxylated sterol, sardisterol, from this species [24].
Due to the structure diversity and attracting bioactivities of natural products from soft corals, it is
well worth further investigating for the discovery of new metabolites from S. digitatum. As part of
our continuing investigations of discovering bioactive compounds from soft corals, herein is reported
the chemical examination of a cultured S. digitatum, which resulted in the isolation and structure
identification of four new biscembranoidal metabolites, sardigitolides A–D (1–4), along with five
known compounds, sarcophytolide L (5) [25], glaucumolide A (6) [18], glaucumolide B (7) [18],
isosarcophytonolide D (8) [26], and (4Z,8S,9S,12Z,14E)-9-hydroxy-1-isopropyl-8,12-dimethyloxabicyclo
[9.3.2]-hexadeca-4,12,14-trien-18-one (9) [27]. Lipopolysaccharide (LPS), a known endotoxin, is the main
component of the outer membrane of gram-negative bacteria, which could induce an inflammatory
response in mammalian tissues. In most cases, the inflammatory response helps the organism to clear
the LPS or pathogen. However, the violent inflammation caused by overproduced LPS could lead
to tissue damage [28]. In the present study, the inhibitory effect of isolates 1–8 against the enhanced
production of inflammatory factors in LPS-treated murine macrophage J774A.1 cells was examined.
Furthermore, the in vitro cytotoxicities toward MCF-7, MDA-MB-231, HepG2, and HeLa cells of
compounds 1–8 were investigated.

2. Results and Discussion

Soft coral Sarcophyton digitatum was cultured in the National Museum of Marine Biology &
Aquarium. A frozen sample was initially extracted with n-hexane and subsequently by ethyl acetate.
The ethyl acetate layer was concentrated and repeatedly chromatographed to isolate compounds 1–9

(Figure 1), and structure of new compounds 1–4 were established based on spectroscopic analyses
(Supplementary Materials S1–S40).

Sardigitolide A (1) was isolated as a white amorphous powder. High-resolution electron spray
ionization mass spectroscopy (HRESIMS) showed a molecular ion peak at m/z 721.4287 [M + Na]+

corresponding to the molecular formula C41H62O9 and implying 11 degrees of unsaturation. In the IR
spectrum, a characteristic absorption at 3433 cm−1 indicated the presence of a hydroxy group. The 13C
spectrum (Table 1) showed 41 carbon signals, including 9 methyl groups, 11 methylene, 10 methines,
and 11 quaternary carbons. Its 1H (Table 2) and 13C NMR spectra revealed signals of three olefinic
methyl groups (δH 1.89, s; 1.86, s; 1.70, s and δC 26.6; 19.3; 17.9, respectively), two methyl groups linked
to oxygen-bearing quaternary carbons (δH 1.16, s; 1.13, s and δC 23.7; 25.3, respectively), one methoxy
group (δH 3.55, s; δC 51.3), an isopropyl group (δH 2.19, m; 0.95, d, J = 6.8 Hz; 0.76, d, J = 6.8 Hz and
δC 29.1, CH; 21.1, CH3; 18.3, CH3, respectively), two trisubstituted double bond (δH 6.44, s; δC 126.0,
CH; 160.9, C and δH 5.06, d, J = 10.0 Hz; 125.2, CH; 138.4, C, respectively), one tetrasubstituted double
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bond (δC 131.7, C and 130.6, C), three oxygen-bearing methines (δH 4.86, t, J = 6.4 Hz; 3.49, m; 3.44, dd,
J = 4.0, 12.0 Hz and δC 67.8, CH; 81.7, CH; 73.8, CH, respectively), two oxygen-bearing quaternary
carbons (δC 73.8, C and 70.4, C), and four carbonyl carbons (δC 214.2, C; 210.0, C; 202.5, C; and 174.9, C).
All of the above evidence suggested that 1 contained a biscembranoid skeleton. The planar structure
of 1 was further determined. The correlations spectroscopy (COSY) signals revealed eight different
structural units from H-2 to H2-36; H2-6 via H2-7 and H2-8; H-9 to H3-18; isopropyl protons H3-16 and
H3-17 via H-15, H-12, and H-11; H-21 to H-22; H2-24 via H2-25 and H2-26; H2-28 via H2-29 and H-30;
and H2-32 to H-33. These units were assembled by heteronuclear multiple bond correlations (HMBCs)
of H3-16 to C-12, C-15, and C-17; H3-18 to C-8, C-9, and C-10; H3-19 to C-4, C-5, and C-6; H3-37 to C-34,
C-35, and C-36; H3-38 to C-22, C-23, and C-24; H3-39 to C-27, C-28, and C-29; H3-40 to C-30, C-31, and
C-32; H-2 to C-1, C-3, and C-14; H2-11 to C-10; H-12 to C-13; H2-14 to C-1 and C-20; and H-33 to C-34
and C-35. Accordingly, compound 1 had an additional degree of unsaturation, which was suggested
to be of an ether ring between C-26 and C-30 established via an HMBC from H-26 to C-30. The gross
structure of 1 was thus confirmed as shown in Figure 2 which possesses a biscembranoid skeleton
similar to ximaolides E and F [29].
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Figure 1. Structures of compounds 1–9.
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Table 1. 13C NMR spectroscopic data of 1–4.

Position 1 α 2 3 4 b

1 50.2 (C) 48.7 (C) 49.8 (C) 49.4 (C)
2 46.0 (CH) c 47.3 (CH) 45.8 (CH) 44.0 (CH)
3 202.5 (C) 203.8 (C) 210.3 (C) 201.5 (C)
4 126.0 (CH) 126.0 (CH) 51.0 (CH2) 124.7 (CH)
5 160.9 (C) 159.8 (C) 143.2 (C) 159.4 (C)
6 32.3 (CH2) 39.8 (CH2) 36.5 (CH2) 34.0 (CH2)
7 24.7 (CH2) 24.1 (CH2) 25.7 (CH2) 25.2 (CH2)
8 31.0 (CH2) 31.1 (CH2) 33.8 (CH2) 33.6 (CH2)
9 44.6 (CH) 45.7 (CH) 47.7 (CH) 44.7 (CH)

10 214.2 (C) 213.3 (C) 213.6 (C) 213.6 (C)
11 34.7 (CH2) 35.1 (CH2) 34.2 (CH2) 37.1 (CH2)
12 52.6 (CH) 52.1 (CH) 51.1 (CH) 52.3 (CH)
13 210.0 (C) 211.2 (C) 211.6 (C) 207.6 (C)
14 46.6 (CH2) 47.7 (CH2) 46.8 (CH2) 45.2 (CH2)
15 29.1 (CH) 29.4 (CH) 29.2 (CH) 28.3 (CH)
16 18.3 (CH3) 17.9 (CH3) 18.4 (CH3) 17.3 (CH3)
17 21.1 (CH3) 20.8 (CH3) 21.0 (CH3) 21.0 (CH3)
18 17.2 (CH3) 16.3 (CH3) 17.6 (CH3) 18.3 (CH3)
19 26.6 (CH3) 20.3 (CH3) 114.9 (CH2) 26.4 (CH3)
20 174.9 (C) 174.4 (C) 175.0 (C) 174.1 (C)
21 42.9 (CH) 40.8 (CH) 42.5 (CH) 41.7 (CH)
22 125.2 (CH) 124.0 (CH) 124.5 (CH) 126.8 (CH)
23 138.4 (C) 140.2 (C) 139.3 (C) 134.9 (C)
24 36.7 (CH2) 38.5 (CH2) 37.6 (CH2) 34.9 (CH2)
25 25.8 (CH2) 26.8 (CH2) 26.3 (CH2) 24.4 (CH2)
26 81.7 (CH) 84.8 (CH) 82.7 (CH) 79.8 (CH)
27 70.4 (C) 70.1 (C) 70.4 (C) 69.0 (C)
28 33.6 (CH2) 32.0 (CH2) 33.2 (CH2) 33.6 (CH2)
29 19.5 (CH2) 19.8 (CH2) 19.9 (CH2) 19.2 (CH2)
30 73.8 (CH) 74.0 (CH) 73.9 (CH) 72.8 (CH)
31 73.8 (C) 74.0 (C) 73.9 (C) 72.8 (C)
32 40.2 (CH2) 41.2 (CH2) 40.6 (CH2) 39.8 (CH2)
33 67.8 (CH) 69.9 (CH) 68.5 (CH) 64.9 (CH)
34 131.7 (C) 131.5 (C) 132.8 (C) 132.7 (C)
35 130.6 (C) 130.2 (C) 130.1 (C) 125.2 (C)
36 34.0 (CH2) 34.0 (CH2) 34.2 (CH2) 32.9 (CH2)
37 19.3 (CH3) 19.8 (CH3) 19.6 (CH3) 16.8 (CH3)
38 17.9 (CH3) 18.9 (CH3) 18.5 (CH3) 17.2 (CH3)
39 25.3 (CH3) 25.4 (CH3) 25.4 (CH3) 26.2 (CH3)
40 23.7 (CH3) 22.9 (CH3) 23.4 (CH3) 24.7 (CH3)
41 51.3 (CH3) 51.6 (CH3) 51.3 (CH3) 50.6 (CH3)

α Spectroscopic data of 1–3 were recorded at 100 MHz in CDCl3. b Spectroscopic data of 4 was recorded at 125 MHz
in DMSO- d6. c Attached protons were deduced by DEPT experiments.

The relative configuration of 1 was determined by the analysis of correlations recorded by nuclear
Overhauser effect spectroscopy (NOESY). As shown in Figure 3, the NOE correlations of H-4 (δH 6.44,
s) with H3-19 (δH 1.89, s), together with the obviously downfield-shifted methyl group at C-19 (δC 26.6,
CH3), suggested a cis geometry of C-4/C-5 trisubstituted double bond. Assuming the β-orientations of
H3-41 as previously reported [30], NOE correlations of H3-41 with both of H3-16 (δH 0.76, d, J = 6.8 Hz)
and H3-17 (δH 0.95, d, J = 6.8 Hz), and all of H3-16, H3-17 and H3-18 (δH 1.08, d, J = 7.2 Hz) with H-11
(δH 2.13, m) suggested the β-orientations of H3-18 and C-1 carbomethoxy groups, on the basis that
metabolites of this type with absolute configurations determined previously all possessed 1S and 2S

configurations [30]. Furthermore, the correlations of H-2 with H-22 (δH 5.06, d, J = 10.0 Hz); H-22
with H-24β (δH 2.43, m); and H-24β with H-25β (δH 1.84, m); H-25β with H3-39 (δH 1.13, s); H3-39 with
H-28β (δH 1.52, m); H-28βwith H-30 (δH 3.44, dd, J = 4.0, 12.0 Hz) reflected the β-orientation of H-30
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and H3-39. In contrast, the α-orientations of H-9 and H-12 were confirmed by the NOE correlations of
H-11α (δH 2.76, m) with both H-9 (δH 2.71, m) and H-12 (δH 2.97, m). The α-orientation of H-26 was
determined by the NOE correlations of H-21 (δH 3.37, m) with H3-38 (δH 1.70, s); H3-38 with H-24α (δH

1.98, m); H-24αwith H-25α (δH 1.64, m); H-25αwith H-26 (δH 3.49, m). Also, the α-orientations of H-33
and H3-40 were determined by the NOE correlations of H-33 (δH 4.86, t, J = 6.4 Hz) with both H3-37
(δH 1.86, s) and H3-40 (δH 1.16, s). Moreover, the 13C NMR signals of C-37 (δC 19.3, CH3) and C-38 (δC

17.9, CH3) indicated the E geometry of the trisubstituted C-22/C-23 and tetrasubstituted C-34/C-35
double bonds. According to the above described evidence, and since compounds of this type are likely
biosynthesized from the same or similar precursors and pathway, the absolute configuration of 1 was
proposed as 1S,2S,9R,12S,21S,26S,27R,30R,31S,33S.

The pseudomolecular ion peak of sardigitolide B (2) [M + Na]+ at m/z = 721.4283 indicated the
same molecular formula of 2, C41H62O9, as that of 1. The 13C NMR spectrum of 2 showed similar
signals to those of 1. Also, it displayed carbon signals of 9 methyls, 11 methylenes, 10 methines,
and 11 quaternary carbons. By detailed analysis of the 2D NMR spectral data of 2, a similar gross
structure to that of 1 was deduced. However, it was found that 2 possesses a remarkably upfield-shifted
signal of H-4 (δH 5.85, s), while 1 displayed a downfield-shifted resonance for H-4 (δH 6.44, s). Also,
the 13C NMR spectroscopy data were found to be quite similar to those of 1, with the exception of
CH3-19 at δC 26.6 in 1 and δC 20.3 in 2, suggesting the presence of a trans geometry of 4,5-double bond.

Table 2. 1H NMR spectroscopic data of 1–4.

Position 1 α 2 3 4 b

2 3.59, m 3.73, m 3.74, t (7.6) c 3.37, m
4 6.44, s 5.85, s 3.20, m; 3.64 m 6.30, s
6 1.68, m; 3.30, m 1.99, m; 2.21, m 1.80, m; 2.16 m 2.11, m
7 1.34, m; 1.52, m 1.51, m; 1.60, m 1.27, m 1.10, m; 1.30, m
8 1.34, m; 1.64, m 1.49, m 1.52, m; 1.63 m 1.23, m; 1.54, m
9 2.71, m 2.24, m 2.43, m 2.73, m
11 2.13, m; 2.76, m 2.09, m; 2.98, m 2.04, m; 3.0, m 2.05, m; 3.01, m
12 2.97, m 2.82, m 3.05, m 2.99, m
14 2.84, m; 3.11, m 2.58, m; 3.23, m 3.10, m 2.58, m; 2.82, m
15 2.19, m 2.07, m 2.03, m 2.03, m
16 0.76, d (6.8) 0.77, d (6.8) 0.79, d (6.8) 0.59, d (7.0)
17 0.95, d (6.8) 0.94, d (6.8) 0.95, d (6.4) 0.90, d (6.5)
18 1.08, d (7.2) 1.13, d (6.8) 1.13, d (7.2) 0.96, (7.0)
19 1.89, s 2.12, s 4.72, 4.88, brs 1.84, s
21 3.37, m 3.73, d (10.8) 3.50, m 3.36, m
22 5.06, d (10.0) 5.25, d (10.8) 5.17, d (10.4) 4.99, d (10.5)
24 1.98, m; 2.43, m 1.94, m; 2.52, m 1.94, m; 2.50 m 1.82, m; 2.24, m
25 1.64, m; 1.84, m 1.61, m; 1.99, m 1.63, m; 1.94 m 1.58, m; 1.64, m
26 3.49, m 3.60, m 3.54, d (9.6) 3.28, d (10.5)
28 1.52, m; 1.72, m 1.52, m; 1.71, m 1.58, m; 1.72 m 1.62, m; 2.16, m
29 1.57, m; 1.70, m 1.70, m; 1.63, m; 1.71 m 1.29, m; 1.64, m
30 3.44, dd (4.0; 12.0) 3.63, m 3.52, m 3.15, dd (4.0; 12.0)
32 1.55, m; 2.19 m 1.71, m; 1.92, m 1.60, m; 2.03 m 2.19, m
33 4.86, t (6.4) 4.80, t (6.4) 4.83, t (6.4) 4.78, d (10.5)
36 2.26, m 2.26 m; 2.56 m 2.15, m; 2.40, m 1.92, m
37 1.86, s 1.91, s 1.89, s 1.66, s
38 1.70, s 1.77, s 1.75, s 1.57, s
39 1.13, s 1.13, s 1.14, s 0.96, s
40 1.16, s 1.14, s 1.15, s 1.01, s
41 3.55, s 3.58, s 3.58, s 3.40, s

α Spectroscopic data of 1–3 were recorded at 400 MHz in CDCl3. b Spectroscopic data of 4 was recorded at 500 MHz
in DMSO-d6. c J values (in Hz) in parentheses.
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Figure 3. Key NOE correlations of compound 1.

The relative configurations of the stereogenic centers in 2 were determined from the NOESY
spectrum, which also showed similar NOE correlations to those of 1. In contrast, H-4 (δH 5.85, s)
showed an NOE correlation with H-2 (δH 3.73, m), but not with H3-19 (δH 2.12, s), confirming the E

geometry of the double bond at C-4 and C-5 again. These results determined 2 to be the 4E isomer of 1.
Sardigitolide C (3) exhibited a protonated molecular peak at m/z 721.4281 [M + Na]+ in

the HR-ESI-MS spectrum, establishing the same molecular formula, C41H62O9, and 11 degrees
of unsaturation as those of 1 and 2. The 13C NMR spectroscopy data also showed 41 carbon signals,
including 8 methyl groups, 13 methylene, 9 methines, and 11 quaternary carbons. Analyzing the 2D
NMR spectral data of 3 in detail showed a similar gross structure of 3 to that of 1, except that the
chemical shifts of CH2-19 (δH 4.72, 4.88, brs; δC 114.9) in 3 indicated the presence of 1,1-disubstituted
double bond at C-5/C-19. The relative configuration of 3 was also determined from NOESY spectrum,
which showed similar NOE correlations among the corresponding protons to those of 1. This is the
first ximaolide-type compound containing a disubstituted double bond at C-5.

Sardigitolide D (4) was isolated as a white amorphous solid. The HR-ESI-MS of 4 showed a
pseudomolecular ion peak at 721.4268 [M + Na]+, indicating the molecular formula C41H62O9 and
implying 11 degrees of unsaturation. In the 13C and DEPT-135 spectra, 4 showed 41 carbon signals
resembling those of 1 including 9 methyls, 11 methylenes, 10 methines, and 11 quaternary carbons.
Also, 4 had the same gross structure as 1 according to the detailed analyses of 1D and 2D NMR (COSY
and HMBC) spectra. However, it was found that H-33 of 4 showed a different coupling constant
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(J = 10.5 Hz) to that of H-33 (J = 6.4 Hz) in 1. Furthermore, 4 did not show NOE correlation between
H-22 (δH 4.99, d, J = 10.5 Hz) and H-33 (δH 4.78, d, J = 10.5 Hz), while 1–3 exhibited NOE interactions
between H-22 and H-33, revealing the 33R configuration. On the basis of the above findings, the
molecular structure of 4 was determined unambiguously to be the 33-epimer of 1.

It is known that IL-1β, the cytokine family member of interleukin-1 produced by activated
macrophages, can lead to a strong immune response, and many studies have shown that IL-1β is related
to various diseases, such as rheumatoid arthritis [31,32], neuropathic pain [33], and cardiovascular
disease [34]. Furthermore, IL-1β has been suggested as a therapeutic target for the treatment of diabetic
retinopathy [35,36]. In this study, we also attempted to screen the bioactivity of isolates with potential
anti-inflammatory and cytotoxic abilities. Therefore, 1–8 were screened for their inhibitory potential
against the upregulation of proinflammatory cytokine IL-1β in LPS-stimulated murine macrophage
J774A.1 cells. The results showed that, at a concentration of 10 µg/mL, 6 and 8 potently inhibited
LPS-induced IL-1β production to 68 ± 1 and 56 ± 1%, respectively, with IC50 values of 10.7 ± 2.7 and
14.9 ± 5.1 µg/mL, respectively. In addition, compounds 1–8 were assayed for their cytotoxicities toward
MCF-7, MDA-MB-231, HepG2, and HeLa carcinoma cell lines. The results (Table 3) showed that
sardigitolide B (2) exhibited inhibitory activity toward MCF-7and MDA-MB-231 cells with IC50 values
of 9.6 ± 3.0 and 14.8 ± 4.0 µg/mL, respectively, and glacumolide A (6) showed cytotoxicity toward
MCF-7, HepG2, and HeLa cell lines with IC50 values of 10.1 ± 3.3, 14.9 ± 3.5, and 17.1 ± 4.5 µg/mL,
respectively. Glacumolide B (7) also was found to display cytotoxicity toward MCF-7, MDA-MB-231,
and HepG2 cell lines, with IC50 values of 9.4 ± 3.0, 17.8 ± 4.5, and 14.9 ± 4.2 µg/mL, respectively.
The monocembranoid 8 (molecular weight 374) showed cytotoxicity against the growth of MCF-7
cancer cell line with IC50 value of 10.9 ± 4.3 µg/mL (29.1 ± 11.4 µM). The remaining compounds did
not show any effective cytotoxic and anti-inflammatory activities.

Table 3. Cytotoxicities of compounds 1–8. IC50 (µg/mL) values are the mean ± SEM (n = 3).

Compound MCF-7 MDA-MB-231 HepG2 HeLa

1 – a – – –

2 9.6 ± 3.0 14.8 ± 4.0 – –

3 – – – –

4 – – – –

5 – – – –

6 10.1 ± 3.3 – 14.9 ± 3.5 17.1 ± 4.5

7 9.4 ± 3.0 17.8 ± 4.5 14.9 ± 4.2 –

8 10.9 ± 4.3 – – –

Doxorubicin 0.7 ± 0.1 1.3 ± 0.2 1.2 ± 0.4 0.4 ± 0.1
a—> 20 µg/mL.

Methyl tortuosoate, also called methyl tetrahydrosarcoate (10) (Figure 4), has been frequently
discovered to be the dienophile monomeric cembranoid in the Diels–Alder reaction to biosynthesize
relevant biscembranoid, while methyl sarcoate (11) has been found to be the dienophile part of this series
biscembranoids for only one time [37]. Biscembranoids 1 and 4 are the Diels–Alder reaction products
using (7Z,8)-dehydromethyl tortuosoate (12), 2 using (7E,8)-dehydromethyl tortuosoate (13), and 3

using (7,19)-dehydromethyl tortuosoate (14), respectively, as the dienophiles in the biscembranoids
biosynthesis. Cembranoids 12–14 are waiting for discovery in future investigations.

Our previous investigation of secondary metabolites from the soft coral Sarcophyton glacum led to
the discovery of two biscembranoid-type compounds, glaucumolide A (6) and glaucumolide B (7) [19].
The absolute configurations of 6, 7, and analogs have been confirmed in 2019 by Wen et al. from the X-ray
single crystal diffraction of the same compound 6, isolated from the soft coral S. trocheliophorum [20].
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Recently, with the development of molecular phylogenetic analysis technology, McFadden et al.
suggested that S. glacum contained more than seven genetically distinct clades which might be the
reason for the continuous discovery of high chemical diversity of secondary metabolites of the soft
coral S. glacum [38]. For the same reason, it is possible that the corals of Sarcophyton genus could
generate similar structure biscembranoids as our present study.

 

 

−

μ

Figure 4. Structures of dienophiles 10–14.

3. Materials and Methods

3.1. General Experimental Procedures

Optical rotations and IR spectra were recorded on a JASCO P-1020 polarimeter and FR/IR-4100
infrared spectrophotometer (Jasco Corporation, Tokyo, Japan), respectively. NMR spectra were
acquired on a Varian Unity Inova 500 FT-NMR (Varian Inc., Palo Alto, CA, USA) at 500 and 125 MHz
for 1H and 13C, respectively; or on Varian 400 MR FT-NMR instrument at 400 MHz and 100 MHz
for 1H and 13C, respectively. The data of low-resolution electron spray ionization mass spectroscopy
(LRESIMS) were measured by Bruker APEX II mass spectrometer. The data of HRESIMS were
obtained by Bruker Apex-Qe 9.4T mass spectrometer. Silica gel 60 and reverse-phased silica gel (RP-18;
230–400 mesh) were used for normal-phase and reverse-phased column chromatography. Precoated
silica gel plates (Kieselgel 60 F254, 0.2 mm) (Merck, Darmstadt, Germany) were used for analytical
TLC. High-performance liquid chromatography was performed on a Hitachi L-2455 HPLC apparatus
with a Supelco C18 column (ODS-3, 5 µm, 250 × 20 mm; Sciences Inc., Tokyo, Japan).

3.2. Soft Coral Material

The cultured soft coral Sarcophyton digitatum of this study was originally collected from the wild
in an 80-ton cultivation tank (height 1.6 m) located in the National Museum of Marine Biology and
Aquarium, Taiwan. The tank was designed to simulate the fringing reefs in southern Taiwan [39].
The bottom of the tank was covered by a 3–5 cm layer of coral sand, and artificial rocks were
distributed on the sand. Sand-filtered seawater pumped directly from the adjacent reef coast and
added to the tank at an exchange rate of 10% per day of the total volume. The tank was a semiclosed
recirculating aquaculture system and did not require deliberate feeding [40]. The water temperatures
were maintained between 24 and 27 ◦C via a heat-exchanger cooling system. The soft coral S. digitatum

was harvested in the National Museum of Marine Biology & Aquarium, Pingtung, in 2014. The coral
was identified by one of the authors of this study (C.-F.D.). The animal sample was stored at the
Department of Marine Biotechnology and Marine Resources, National Sun Yat-Sen University.
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3.3. Extraction and Isolation

A sample of S. digitatum (0.9 kg) was sliced and exhaustively extracted with ethyl acetate
(1 L × 5), and the solvent-free residue was sequentially partitioned between water and n-hexane, ethyl
acetate, and n-butanol to yield three samples from the above solvents. The resulted EtOAc extract
(1.098 g) was purified over silica gel by column chromatography and eluted with acetone in n-hexane
(10–100%, stepwise), and then with methanol in acetone (0–100%, stepwise) to yield 13 fractions.
Fraction 2 was eluted with the solvent system of acetone–n-hexane (6:1) to obtain 4 subfractions (A–D).
Subfraction 2-B was purified by RP-HPLC using MeOH/H2O (3:1) at a flow rate of 5 mL/min to afford
8 (2.1 mg). Fraction 3 was eluted with acetone–n-hexane (1:5) followed by isolation over a silica gel
column to yield 5 subfractions (A–E). Subfraction 3-D was also purified by RP-HPLC with the solvent
system of MeOH/H2O (4:1) at a flow rate of 5 mL/min to obtain 9 (3.4 mg). Fraction 10 was eluted
with acetone–n-hexane (1:3) and rechromatographed over RP-18 gel to obtain 6 subfractions (A–F).
Subfraction 10-F was exhaustively purified by RP-HPLC using MeOH/H2O (2:1) at a flow rate of
5 mL/min to yield 6 (20.2 mg) and 7 (13.5 mg). Fraction 11, eluting with acetone–n-hexane (1:2), was
carefully isolated by a reverse-phase silica gel column to yield 6 subfractions (A−F). Subfraction 11-C
was further purified by RP-HPLC using MeOH/H2O (2:1) at a flow rate of 5 mL/min to obtain 1 (8.6 mg),
2 (4.0 mg), 3 (2.5 mg), 4 (2.0 mg), and 5 (23.3 mg).

Compound 1: white powder; [α]25
D = +48 (c 1.3, CHCl3), IR (KBr) vmax 3433, 2958, 1705, 1603, 1436,

1373, 1205, 1135, 1061, 1029 cm−1, 13C and 1H NMR data, Tables 1 and 2; ESIMS m/z 721 [M + Na]+;
HRESIMS m/z 721.4287 [M + Na]+(calcd for C41H62O9Na, 721.4292)

Compound 2: white powder; [α]25
D = +88 (c 0.1, CHCl3), IR (KBr) vmax 3398, 2927, 1704, 1607, 1372,

1204, 1135, 1070 cm−1, 13C and 1H NMR data, Tables 1 and 2; ESIMS m/z 721 [M + Na]+; HRESIMS
m/z 721.4283 [M + Na]+(calcd for C41H62O9Na, 721.4292)

Compound 3: white powder; [α]25
D = +39 (c 0.8, CHCl3), IR (KBr) vmax 3445, 2959, 1703, 1435, 1372,

1206, 1061 cm−1, 13C and 1H NMR data, Tables 1 and 2; ESIMS m/z 721 [M + Na]+; HRESIMS m/z

721.4281 [M + Na]+(calcd for C41H62O9Na, 721.4292)

Compound 4: white powder; [α]25
D = +76 (c 0.5, CHCl3), IR (KBr) vmax 3446, 2957, 2925, 1706, 1603, 1435,

1375, 1206, 1061 cm−1, 13C and 1H NMR data, Tables 1 and 2; ESIMS m/z 721 [M + Na]+; HRESIMS
m/z 721.4268 [M + Na]+(calcd for C41H62O9Na, 721.4292)

3.4. Cytotoxicity Assay

Cell lines were purchased from the American Type Culture Collection (Rockville, MD). Cytotoxicity
assays were carried out using the MTT assays [41]. MCF-7, MDA-MB-231, and HepG2, and HeLa cell
lines were cultured and then exposed to various concentrations of 1–8 in dimethyl sulfoxide (DMSO)
for 72 h to screen cytotoxicity. Doxorubicin, the positive control of the MTT assay, showed cytotoxicity
towards MCF-7, MDA-MB-231, HepG2, and HeLa cancer cell lines, with IC50 values of, 0.7 ± 0.1,
1.3 ± 0.2, 1.2 ± 0.4, and 0.4 ± 0.1 (µg/mL), respectively.

3.5. Anti-Inflammatory Assay

Murine macrophage cell line J774A.1 was purchased from the American Type Culture Collection
(Rockville, MD). J774A.1 cells were cultured in 96-well plates at a concentration of 5 × 104 cells/mL
and allowed to grow overnight. The cell cultures were added to the DMSO as control or different
concentrations of compounds 1–8, followed by treatment with LPS 1 µg/mL for 24 h. Determination of
the cytokine concentration was performed by ELISA according to the manufacturer’s protocol and
previously reported method [42].
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4. Conclusions

Investigation of Sarcophyton digitatum led to the purification of four new biscembranoids 1–4, along
with five known compounds 5–9. With regards to biological activities, compounds 2, 6, and 7 displayed
inhibitory activities against the proliferation of a limited panel of cancer cell lines in a cytotoxic assay.
Furthermore, compounds 6 and 8 showed anti-inflammatory activity, which inhibited LPS-induced
enhanced IL-1β production. The soft coral Sarcophyton sp. has been shown to produce various
biscembranoid metabolites. Up to date, more than 60 biscembranoids biosynthesized via Diels–Alder
reaction were isolated. Interestingly, these biscembranoids and their biosynthetic monocembranoid
precursors are often found in Sarcophyton species [17–21,30,43–46]. The results of this study suggest
that aquaculture of Sarcophyton species might produce structurally diversified bioactive compounds
that could be beneficial for future drug development. Furthermore, the three dienophiles 12–14 are
waiting for discovery as new cembranoids in future studies.
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spectrum of 3, Figure S24: 1H NMR spectrum of 3 in CDCl3 at 400 MHz, Figure S25: 13C NMR spectrum of 3
in CDCl3 at 100 MHz, Figure S26: DEPT spectrum of 2, Figure S27: HSQC spectrum of 3, Figure S28: COSY
spectrum of 3, Figure S29: HMBC spectrum of 3, Figure S30: NOESY spectrum of 3, Figure S31: IR spectrum of 4,
Figure S32. ESIMS spectrum of 3, Figure S33: HRESIMS spectrum of 4, Figure S34: 1H NMR spectrum of 4 in
DMSO-d6 at 500 MHz, Figure S35: 13C NMR spectrum of 4 in DMSO-d6 at 125 MHz, Figure S36: DEPT spectrum
of 4, Figure S37: HSQC spectrum of 4, Figure S38: COSY spectrum of 4, Figure S39: HMBC spectrum of 4, Figure
S40: NOESY spectrum of 4. Figure S41: ESIMS spectrum of 5, Figure S42: 1H NMR spectrum of 5 in CDCl3 at
400 MHz, Figure S43: 13C NMR spectrum of 5 in CDCl3 at 100 MHz, Figure S44: ESIMS spectrum of 6, Figure
S45: 1H NMR spectrum of 6 in CDCl3 at 400 MHz, Figure S46: 13C NMR spectrum of 6 in CDCl3 at 100 MHz,
Figure S47: ESIMS spectrum of 7, Figure S48: 1H NMR spectrum of 7 in CDCl3 at 400 MHz, Figure S49: 13C NMR
spectrum of 7 in CDCl3 at 100 MHz, Figure S50: ESIMS spectrum of 8, Figure S51: 1H NMR spectrum of 8 in
CDCl3 at 500 MHz, Figure S52: 13C NMR spectrum of 8 in CDCl3 at 125 MHz.
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Abstract: We have accomplished a 10-step (longest linear) total synthesis of nannocystin A on a four
hundred milligram scale. The previously reported Kobayashi vinylogous Mukaiyama aldol reaction
to connect C4 and C5 was unreproducible during the scaling up process. A more convenient and cost-
efficient Keck asymmetric vinylogous aldol reaction was employed to improve this transformation.

Keywords: total synthesis; natural product; nannocystin; anti-cancer; gram-scale

1. Introduction

Marine myxobacteria are prolific producers of secondary metabolites owning unique
structures and exhibiting multiple biological activities ranging from antibiotic to anti-
cancer [1,2]. The discovery of epothilones [3] from myxobacteria and their metabolic stable
analogue Ixabepilone [4,5] (approved for the treatment of aggressive breast cancer) for clin-
ical use highlight the powerful potential of myxobacteria as resources for drug discovery.
More importantly, novel modes of action [6] were also identified during the pharmaco-
logical study of these myxobacteria-derived natural products, and hereby proceeded the
target-oriented drug discovery.

Nannocystin A (1) and its natural congener (2–6) (Figure 1) are myxobacterial sec-
ondary metabolites isolated by Hoepfner [7] and BrÖnstrup [8] independently from Nan-
nocystis sp. They exhibit significant inhibitory activity against a broad variety of human
cancer cells at nanomolar concentrations [7,8]. This anti-neoplastic activity is attributed to
the binding affinity with elongation factor 1A (eEF1A) [7]. Since this mechanism is shared
by plitidepsin [9,10] (isolated from the marine tunicate Aplidium albicans, Figure 1) which
has recently been approved by the Australia Therapeutic Goods Administration for clinical
use against multiple myeloma, it is obvious that nannocystins might be a promising lead
for anti-cancer drug discovery.

Figure 1. Structure of nannocystins and plitidepsin.
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Structurally, nannocystins share a rigid 21-membered macroskeleton bearing nine
chiral centers (7 chiral centers for 6), an N-methyl α,β-epoxy amide (for 1–5) and two
conjugated E-alkenes. Its novel macroskeleton, strong antineoplastic activity and unusual
mechanism attracted the interests of the chemical community. Thus far, seven total synthe-
ses [11–20] of 1 and 6 have been finished. For efficiency, all synthetic routes fully utilized
the principle of convergency, endowing freedom of structural modification of individual
moieties, which help to uncover the preliminary of structure-activity relationship of the
macroskeleton [17,21–24]. However, the quantities of nannocystins obtained from previ-
ously reported studies are insufficient for multipronged biological testing. Only Liu and Ye
reported 75 mg and 20 mg-scaled synthesis of nannocystins, respectively, whereas others
(including us) reported it on a milligram scale. This might be an explanation that the bio-
logical testing of nannocystin A is stagnant at the in vitro level, and tardily cannot advance
to the in vivo level. To address the supply issue for in vivo study, we enlarged the synthetic
procedures we previously reported. Herein, we describe the details of our efforts in the
optimization of some procedures. The key improvement is that a Keck asymmetric vinylo-
gous Mukaiyanma aldol reaction was employed to construct the carbon bond between C4
and C5. We finally obtained 420 mg of nannocystin A for future biological testing.

2. Results

Chemistry

In our previous paper [13], we provided a concise route in 10 steps (longest linear
sequence) featuring an intramolecular Heck cross-coupling for the final macrocyclization.
Connections of building blocks (7–11, Figure 2) via well-established esterification, amida-
tion and the Mitsunobu reaction succeeded in providing the penultimate linear precursor
19 (Figure 3). Considering that five chiral centers (C2, C3, C5, C10, C11) were built on our
own and the other four were innate in commercially available amino acid-derived starting
materials, we paid key attention to these five chiral centers during the amplification process.

We first amplified the synthesis of 18 (structure shown in Figure 3). The Mitsunobu re-
action between anti-homoallylic alcohol 10 and N-Boc-3-hydroxy-D-valine 9 went smoothly
according to a previously reported procedure to give 18 in 70% yield, with 12 g obtained
for the current batch.

As for the establishment of the C5 chiral center, all seven reported synthetic routes
deployed nucleophilic attack of carbon anions towards carbonyl groups, five of which
including us employed an asymmetric vinylous Mukaiyama-type aldol reaction (Figure 4).
Kobayashi et al. [25] first developed this type aldol reaction of an aldehyde with vinylketene
silyl N,O-acetal, and the enantio-selectivity was controlled by the remote Evans auxiliary.
By employing this methodology, we produced 14 (Figure 4) in an acceptable yield with a
d.r. value > 10:1, and 8.1 g of product 14 was obtained for the previous batch. However,
when we reperformed this reaction, we found it was capricious because upon scale-up to 5
g, the yield dropped considerably to 10%. Strictly following the previous operation, we
repeated this reaction several times; the yield can occasionally reach up to 50% but it was
unreproducible. In most cases, the yield ranged from 5% to 20%. Then, we carefully checked
the details of this reaction such as the purity of reactants and solvent, the equivalents and
concentrations of reactants, the reaction time and temperature, the stirring speed, the
method of quench, etc., but still failed in furnishing 14 in a stable yield more than 20%.
Meanwhile, Liu et al. [20] also reported the fruitlessness during the synthesis of nannocystin
Ax utilizing 20 and aldehyde 23 (Figure 4). They found both reactants decomposed rapidly
under treatment with Lewis acid such as TiCl4. In addition, considering the potential
hazards of TiCl4 in the amplification process, we set out for an alternative method to
achieve this transformation.
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Figure 2. Retrosynthetic analysis of our route.

Figure 3. Previously reported synthetic route towards 1, scaled up synthesis for the current batch
was marked red.

Ti(OiPr)4 is a mild reagent compared to TiCl4, and its combination with BINOL can also
mediate the asymmetric Mukaiyama-type aldol reaction between aldehyde and vinylketene
silyl acetal [26]. By employing the chiral BINOL reagents, this reaction can proceed in an
enantio-selective manner with high e.e. value evidenced by our recent synthetic work of
ovatodiolide [27]. Besides, the external addition of BINOL can save the installation and
removal of auxiliaries on reactants compared to Evans auxiliary methodology, and BINOL
can be recovered after the reaction is completed. Then, we chose economical material 24

(Figure 5) to form 25 as the coupling partner on a milligram scale. The reaction between
aldehyde 21 and 25 with the addition of Ti(OiPr)4 and (R)-BINOL went smoothly to provide
26 in a stable >55% yield with an e.e. value = 85% [13]. The temperature was maintained
at −78 ◦C only for 30 min after the reaction began and was allowed to warm to 0 oC for
another 10 h stirring. By far, the biggest batch we preformed was 20 g for compound 21
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without any erosion of yield (for a complete comparison between two vinylous Mukaiyama
aldol reactions, see Figure 5). Since the two produced enantiomers could not be easily
separated, purification was deferred to later steps. Compound 26 was then converted to 27

under treatment with Ag2O and CH3I. The reduction of the methyl ester group with DIBAL-
H afforded us 3.6 g of allylic alcohol 28. With the aid of Sharpless’ conditions, epoxidation
proceeded stereoselectively and we obtained 29 as a mixture of two diastereomers. Next,
building block 11 was obtained via two successive oxidations on a gram scale according to
previous procedures. The compound with an undesired configuration at C5 disappeared
after condensation with amine 15 according to the 1H-NMR of isolated product 17.

Figure 4. The methods of C4–C5 carbon bond construction using Mukaiyama aldol reaction and the
quantities of the natural products previously obtained by other researchers.

To shorten steps, we also attempted direct epoxidation using vinyl ester 27 to give
31 (see the Supporting Information) [28–30], which could simply hydrolyze to provide
building block 11. However, after testing several conditions, we found this transformation
was unsuccessful, with only a trace amount of the desired product obtained. Thus, we
gave it up and turned our emphasis to the amplification of other moieties.

As shown in Figure 3, following previous procedures, 15 g of compound 14 was
obtained unimpededly. However, the removal of the Fmoc group with Et2NH was problem-
atic when scaled up to 1 g. The t-butyldimethylsilyl (TBS) group could be simultaneously
cleaved partially. We extended the reaction time and increased the equiv. of Et2NH, but still
TBS could not be cleaved entirely and two products (15 and 16) were detectable through
thin-layer chromatography (TLC) analysis. The isolation process was cumbersome because
the secondary amine was hard to remove. Therefore, we employed circuitous tactics. First,
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the treatment of 14 with 1,5-diazabicyclo[4.3.0]non-5-ene (DBU) rapidly delivered us 16.
With the concern that the phenol might make an impact on the following coupling, we
unmasked it with a TBS group again to obtain 15.

The subsequent transformation from 15 to the penultimate linear precursor proceeded
smoothly to give rise to 980 mg of 19 for the current batch. By subjecting 19 to the
intramolecular Heck macrocyclization, we finally obtained 420 mg of 1 in 50% yield (brsm).
It was noteworthy that no cis/trans isomers were detected during this transformation.

Figure 5. The optimization of vinylous Mukaiyama aldol reaction.

3. Materials and Methods

3.1. General Information

Reagents were purchased from commercial suppliers and used without purification
unless otherwise stated: lithium diisopropylamide (LDA), 1-(3-dimethylaminopropyl)-3-
ethylcarbodiimide (EDC), N-chlorosuccinimide (NCS), Nhydroxybenzotrizole (HOBt), 1-(2-
hydroxynaphthalen-1-yl)naphthalen-2-ol (BINOL), dichloromethane (DCM), Dess-Martin
periodinane (DMP), 1-(bis(dimethylamino)methylene)-1H-1,2,3-triazolo(4,5-b)pyridinium
3-oxid hexafluorophosphate (HATU), and N,N-Diisopropy-lethylamine (DIPEA), t-butyldi
methylchlorosilane (TBSCl), diisobutyl aluminium hydride (DIBAL-H).

All reactions were carried out under an argon atmosphere with dry solvents under
anhydrous conditions, unless otherwise noted. Tetrahydrofuran (THF) was distilled im-
mediately before use from sodium-benzophenone ketyl. Solvents for chromatography
were used as supplied by Tianjin Reagents Chemical (Tianjin, China). Reactions were
monitored by thin-layer chromatography (TLC) carried out on silica gel plates, using
UV light as the visualizing agent and aqueous phosphomolybdic acid or basic aqueous
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potassium permanganate as the developing agent. A 200–300 mesh silica gel was used for
column chromatography.

Optical rotations were recorded on an Insmark IP 120 digital polarimeter (Insmark,
Shanghai, China). IR spectra were recorded on a Bruker Tensor 27 instrument (Ettlingen,
Germany). Only the strongest and/or most structurally important absorptions of IR spectra
were reported in wavenumbers (cm−1). 1H NMR, 13C NMR, and 2D NMR were recorded
on Bruker AV 400 and calibrated by using internal references and solvent signals CDCl3 (δH
= 7.26 ppm, δC = 77.16 ppm) and CD3OD (δH =3.31 ppm, δC = 49.0 ppm), unless otherwise
noted. 1H NMR data are reported as follows: chemical shift, multiplicity (s = singlet,
d = doublet, t = triplet, q = quartet, p = quintet, br = broad, m = multiplet), coupling
constants and integration. High-resolution mass spectra (HRMS) were detected on an
IonSpec Fourier transform ion cyclotron resonance mass spectrometer by Varian 7.0T FTMS
(Kuala Lumpur, Malaysia).

3.2. Chemistry

Compounds 8, 12, 17, 18, 19, 1, 29, 30, and 11 were obtained following the procedure
reported previously.

Methyl-(2R)-3-(3,5-dichloro-4-hydroxyphenyl)-2-((3S)-3-methyl-2-(methylamino)pentanamido)
propanoate (16)

To a solution of compound 14 (5.0 g, 6.9 mmol) in dry DCM (100 mL), DBU (5 mL,
33.4 mmol) was added. The reaction mixture was stirred for 30 min at room tempera-
ture. The reaction was quenched by silica gel, then purified by column chromatography
(DCM:MeOH=50:1) to give the product 16 (2.7 g, crude) as a colorless oil.

Methyl-(2R)-3-(4-((tert-butyldimethylsilyl)oxy)-3,5-dichlorophenyl)-2-((3S)-3-methyl-2-(met hy-
lamino)pentanamido)propanoate (15)

To a solution of 16 (2.7 g, 6.9 mmol) in dry DCM (30 mL), triethylamine (1.9 mL,
13.8 mmol) was added, followed by TBSCl (1.6 g, 10.4 mmol) under ice bath. The reaction
was stirred for 2 h at room temperature. Then, the reaction was quenched by water
(10 mL), extracted with DCM (15 mL × 3). The combined organic layers were dried over
MgSO4, filtered and concentrated to give the crude. The crude was purified by column
chromatography (DCM:MeOH, 100:1–70:1) to give the product 15 (2.6 g, 75% for two steps)
as a colorless oil. The spectroscopic data are consistent with those reported in the literature.

(Z)-((1-methoxy-2-methylbuta-1,3-dien-1-yl)oxy)trimethylsilane (25)

To a solution of diisopropylamine (67 g, 0.66 mol) in dry THF (250 mL), n-BuLi
(266 mL, 2.5 M in hexane) was added at −78 ◦C. The reaction mixture was warmed to
0 ◦C for 30 min, then cooled to −65 ◦C. Methyl tiglate 24 (68 g, 0.60 mol) in THF (30 mL)
was added dropwise. The reaction mixture was stirred for 2 h, and after that, TMSCl
(78 g, 0.72 mol) in THF (30 mL) was added dropwise. Then, the reaction was warmed to
room temperature at a period of 4 h, diluted by hexane (1000 mL), and then filtered and
concentrated to give a crude. The crude was distilled at 80 ◦C under reduced pressure to
give the compound 25 as a light yellow liquid (89 g, 79%), which was directly used in the
next step.

Methyl-(2E,6E)-5-hydroxy-7-iodo-2,6-dimethylhepta-2,6-dienoate (26)

To a solution of R-BINOL (15.2 g, 53 mmol) and CaH2 (2.2 g) in dry THF (200 mL),
Ti(OiPr)4 (15.1 g, 53 mmol) was added at room temperature. The mixture turned orange
while adding it. Then, the mixture was cooled to −78 ◦C after stirring at room temperature
for 30 min, and then aldehyde 21 (21 g, 107 mmol) in THF (20 mL) was added dropwise,
followed by dropwise addition of a solution of 25 (20 g, 107 mmol) in THF (20 mL). The
mixture was then stirred at −78 ◦C for 30 min, and warmed to 0 ◦C for 10 h of stirring.
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Then, the reaction was quenched by saturated aqueous NaHCO3 (20 mL) and Rochelle
salt (20 mL), extracted with EtOAc (80 mL × 3). The combined organic layers were dried
over Na2SO4, filtered, and concentrated to give a crude. The crude was purified by column
chromatography (PE:EA = 10:1), then redissolved by hexane, filtered, and concentrated
to give the product 26 (20 g, 61%) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 6.72 (td,
J = 7.2, 1.7 Hz, 1H), 6.31 (s, 1H), 4.29 (t, J = 6.5 Hz, 1H), 3.72 (s, 3H), 3.57 (d, J = 29.5 Hz, 1H),
2.44 (t, J = 6.9 Hz, 2H), 1.83 (d, J = 2.4 Hz, 6H). 13C NMR (101 MHz, CDCl3) δ 168.55, 149.18,
137.84, 129.46, 78.94, 75.11, 51.97, 34.55, 20.03, 12.72. IR(KBr)νmax: 3445, 2936, 1699, 1437,
1275, 1084, 795, 661 cm−1 [M + Na] calculated 332.9964 found 332.9969.

Methyl-(2E,6E)-7-iodo-5-methoxy-2,6-dimethylhepta-2,6-dienoate (27)

To a solution of 26 (20 g, 64.5 mmol) in dry MeCN (120 mL), Ag2O (37 g, 161 mmol)
was added at room temperature, followed by methyl iodide (91 g, 645 mmol). Then, the
reaction was stirred for 12 h at room temperature in a dark place. The reaction mixture was
filtered through celite and concentrated to give a crude. The crude was purified by column
chromatography (PE:EA = 20:1) to give methyl ether 27 (16 g, 49 mmol, 76%) as a yellow
oil. 1H NMR (400 MHz, CDCl3) δ 6.69 (td, J = 7.2, 1.5 Hz, 1H), 6.27 (dd, J = 1.9, 1.0 Hz,
1H), 3.75 (dd, J = 7.6, 5.9 Hz, 1H), 3.74 (s, 3H), 3.21 (s, 3H), 2.53–2.42 (m, 1H), 2.41–2.31 (m,
1H), 1.83 (d, J = 1.4 Hz, 3H), 1.77 (d, J = 1.2 Hz, 3H). 13C NMR (101 MHz, CDCl3) δ 168.32,
147.10, 137.35, 129.45, 84.82, 79.73, 56.59, 51.82, 33.37, 29.71, 18.83, 12.70. IR(KBr)νmax: 2949,
1715, 1435, 1273, 1099, 797, 744, 660 cm−1 [M + Na] calculated 347.0120 found 347.0124.

(2E,6E)-7-iodo-5-methoxy-2,6-dimethylhepta-2,6-dien-1-ol (28)

To a solution of methyl ether 27 (4.8 g, 14.8 mmol) in dry DCM (40 mL), DIBAL-H
(20 mL, 1 M in DCM) was added at −20 ◦C dropwise. After stirring for 30 min, the reaction
was quenched by water (0.8 mL) and 15% aqueous NaOH (0.8 mL). The temperature was
allowed to warm to room temperature. After that, water (2 mL) and MgSO4 (10 g) were
added to the mixture, and it was stirred for 30 min and filtered through celite to give
a crude. The crude was purified by column chromatography (PE:EA = 6:1) to give the
product 28 (3.6 g, 82%) as a yellow oil. 1H NMR (400 MHz, CDCl3) δ 6.19 (s, 1H), 5.39–5.27
(m, 1H), 3.98 (s, 2H), 3.73–3.60 (m, 1H), 3.20 (d, J = 1.5 Hz, 3H), 2.36 (dt, J = 14.5, 7.1 Hz,
1H), 2.24 (dt, J = 14.6, 6.9 Hz, 1H), 1.94 (s, 1H), 1.76 (d, J = 1.4 Hz, 3H), 1.65 (s, 3H). 13C
NMR (101 MHz, CDCl3) δ 147.49, 137.18, 120.77, 85.77, 79.20, 68.52, 56.46, 32.10, 18.83, 13.94.
IR(KBr)νmax: 3675, 2950, 1473, 1261, 1094, 1030, 801 cm−1 [M + Na] calculated 319.0171
found 319.0170.

4. Conclusions

In summary, we have achieved a 10-step (longest linear) total synthesis of nannocystin
A on a four hundred milligram scale. Two steps were found problematic when scaled up,
especially for the difficulty we met when we scaled up with the Kobayashi Mukaiyama
aldol reaction to construct the carbon bond between C4 and C5. In order to overcome it, we
employed a more convenient and cost-efficient Keck asymmetric vinylogous aldol reaction,
and we finally obtained four hundred milligrams of nannocystin A. By starting from the
synthesis of nannocystin A on a large scale, it should be possible, at least at the outset, to
scale the production of any synthetic nannocystin analogue for further lead optimization
and preclinical development.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/md19040198/s1, S1: conditions of direct epoxidation of compound 27, S2: 1H and13C NMR
spectra for synthesized new compounds. S3. The e.e. value of Mukaiyama aldol reaction is > 66%
shown in 1H NMR of compound 29 and chiral HPLC data of compound 26. S4. The determination of
the absolute configuration by Mosher esters of compound 26. S5. 1H NMR for compound 17; 1H
NMR and 13C NMR for nannocystin A.
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