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Histone deacetylases (HDACSs) are key components of the epigenetic machinery controlling gene expression. They are
involved in chromatin remodeling events via post-translational histone modifications but may also act on nonhistone
proteins, influencing many fundamental cellular processes. Due to the key involvement of HDACs in serious human
pathologies, including cancer, HDAC inhibitors (HDACis) have received increased attention in recent years. It is known
that marine invertebrates produce significant amounts of secondary metabolites showing active pharmacological
properties and an extensive spectrum of biomedical applications. Some of these compounds possess HDACI properties.
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| 1. Histone Deacetylase Inhibitors

Histone deacetylases (HDACSs) are a key group of enzymes, highly conserved throughout evolution, involved in chromatin
remodeling events via post-translational histone modification by catalyzing the removal of acetyl groups from lysine
residues in their amino termini, thus determining chromatin condensation and transcriptional repression. These enzymes
ay also act on non-histone proteins, thereby influencing many fundamental cellular processes, including microtubule
dynamics and intracellular transport, metabolism, and aging W28 HDACs are involved in cancer-associated cell
hyperproliferation, invasion, and metastasis 4=,

Histone deacetylase inhibitors (HDACIs) belong to a large group of chemically different compounds, which includes
complex molecules such as hydroxamates, cyclic tetrapeptides/epoxides, and benzamides, and relatively simple short-
chain aliphatic acids, such as valproic acid and butyric acid EMZEMRAM This chemical heterogeneity implies a
difference in the precise molecular mechanism of action that, for several members, is still poorly understood and, also,
given that eighteen diverse HDACs exist in mammalian cells, in the differing intracellular localizations, interactions with
other proteins, and associations in multimolecular complexes.

HDACIis are well-known antineoplastic compounds, the most potent to date being trichostatin A, active in vitro at
nanomolar concentrations, which is a fermentation product of Streptomyces bacteria originally utilized as an antimycotic
agent and later found to restrain the proliferation of cultured tumor cells 22, The need for alternative HDACis, due to the
difficulties and costs related to trichostatin A production, determined the introduction of a number of other inhibitors, such
as butyrate, phenylbutyrate, depsipeptide, pyroxamide, suberoylanilide bishydroxyamide, valproic acid, and N-
acetyldinaline in the clinical trials for anticancer activity, thus expanding the opportunities for epigenetic therapies 31, In
addition to the antineoplastic mechanism based upon reprogramming of the gene expression that ultimately suppresses
cell proliferation and motility, HDACis have been proven to promote tumor cell death via apoptosis in a more powerful way
when used in combination with other agents, e.g., [M], and, also, to inhibit endothelial cell growth and tumor
angiogenesis 12181 Noteworthy, further applications of these compounds currently under study include the treatment of

fungal infections and human neurological pathologies, such as Rett syndrome, Friedrich’s ataxia, Huntington's chorea,
and spinal muscular atrophy [L7}-[18],[19],[20],[21]

Seas and oceans, which cover three-quarters of the globe, host an enormous diversity of organisms, many of which are
still unknown, and represent the underexploited richest source of bioactive marine natural products. Invertebrates, which
account for more than 50% of the species colonizing the aquatic environment in Europe, are important environmental
bioindicators [221231(241(25] They are known to produce significant amounts of secondary metabolites with unique chemical
skeletons as molecular cues addressed to regulate very disparate biological activities, e.g., feeding; inter- and
intraspecific signalizations; mating; predation; and defense from predators, competitors, pathogenic microorganisms, and
UV radiation damage. These products contribute to the adaptation mechanisms to the specific life conditions in the greatly
different marine ecosystems 28, A large proportion of invertebrate-derived extracts and isolated compounds has shown
active pharmacological properties, such as anticancer, antimicrobial, and anti-inflammatory, among others, with an



extensive spectrum of biomedical applications that makes them already approved or prospective drugs of marine origin
with promising results for different therapeutic purposes [ZZ112811291.1301[311.132] \within this scenario, the aim of this entry is
to summarize the information on the marine invertebrate-derived chemicals that possess HDACI properties that will be
dealt with according to the taxonomic hierarchy of the producing invertebrate species. In particular in some species of
invertebrates belonging to the phyla of Porifera, Cnidaria and Echinodermata, the presence of compounds with HDAC1
properties has been highlighted.

| 2. Porifera

Porifera is the oldest still-existing metazoan group, which comprises sponges, sessile aquatic organisms endowed with a
very simple pattern of body organization constituted by a skin covering a collagenous matrix crossed by canals and
microscopic chambers. Several species of porifera have been useful for isolating and characterizing compounds with
HDACI activities such as: Aplysinella rhax (Laubenfels, 1954; Demospongiae, Verongiida: Aplysinellidae), originally
described as Dysidea rhax B3 Psammaplysilla purpurea, currently Pseudoceratina purpurea (Carter, 1880;
Demospongiae, Verongiida: Pseudoceratinidae); Dendrilla lacunosa, currently Ernstilla lacunosa (Hentschel, 1912;
Demospongiae, Dendroceratida: Darwinellidae); Theonella swinhoei (Gray, 1868; Demospongiae, Tetractinellida:
Theonellidae); Petrosia alfiani (de Voogd and van Soest, 2002; Demospongiae, Haplosclerida: Petrosiidae) and some
species of the genus Jaspis (Gray, 1867; Demospongiae, Tetractinellida: Ancorinidae) Halichondria (Fleming, 1828;
Demospongiae, Suberitida: Halichondriidae); Haliclona (Demospongiae, Haplosclerida: Chalinidae) and Xestospongia
(Demospongiae, Haplosclerida: Petrosiidae), in particular Xestospongia vansoesti (Bakus and Nishiyama, 2000)

2.1. Psammaplins

The Porifera have been proven to be good producers of psammaplins, a family of phenolic compounds whose HDAC
inhibitory activity has been shown by experimental assays on different model systems in vitro. The first member isolated
was the brominated tyrosine-derived psammaplin A (Figure 1A), initially described as an antimicrobial and antifungal
agent acting through the impairment of DNA synthesis and chitinase enzymatic activity and then revealed as a HDACi
acting via the coordination of a zinc ion in the catalytic pocket of HDAC, with a sulfhydryl group activated by a reducing
agent [341[35],[36}.[37],

Other members of the psammaplin group, i.e., psammaplin B-J and bisaprasin, were subsequently isolated and
characterized, but only psammaplins A and F, the latter differing for a C,H,NO3 terminal group, a carboxylic acid moiety, a
secondary amide functional group, and an N-substituted oxalamic acid group, and bisaprasin (Figure 1B) were proven to
have HDACI properties when incubated with the 3H-acetylated human histone H4 peptide substrate [3[38],

Figure 1. Structures of psammaplin A (A) and bisaprasin (B)

In the following lines, the effects of psammaplins on neoplastic cell model systems are recapitulated.

Psammaplins and breast cancer cells: In light of molecular modeling data identifying several potential-binding sites for

psammaplin A within the peroxisome proliferator-activated receptor y (PPARY) ligand-binding pocket, Mora et al. B2
demonstrated the psammaplin-induced activation of the receptor in a MCF-7 breast tumor cell-based reporter assay,
followed by the promotion of apoptotic death at least in part mediated by the switch-on of the PPARy-regulated gene
expression. In 2012, Baud et al. 4% demonstrated the HDAC isoform selectivity of psammaplin A, which appeared to be
360-fold selective for HDAC1 over HDAC6 and more than 1000-fold less powerful towards HDAC7 and HDACS, being the
same selectivity profile maintained in MCF-7 cells as an in vitro model system. More recently, Zhou et al. ¥ exposed both
the estrogen-dependent T47D cells and different genetically characterized metastatic subclones of triple-negative MDA-
MB231 cells specific to lung, bone, and brain to different psammaplins. They found a powerful inhibitory activity of the
proliferation and three-dimensional invasive growth of tumor cells, except for the brain metastatic subclone, by the stereo
isomers (e,z)-psammaplin A and (e,e)-psammaplin A compared to bisaprasin and psammaplins E and K. From a
molecular point of view, psammaplin A was proven to trigger the activity of the hypoxia-inducible factor (HIF) and the



upregulation of HIF target genes, such as cyclin-dependent kinase inhibitor 1A (CDKN1A) and vascular endothelial growth
factor A (VEGFA,; this only by the e,e isomer) and the downregulation of sirtuin-1 (SIRT1), the latter leading to the
increased p53 acetylation and autophagy-related gene expression and, ultimately, to autophagic cell death.

Psammaplin A and endometrial cancer cells: Ahn et al. 42 reported the inhibitory effect of the compound on Ishikawa
endometrial cancer cells via cell cycle arrest at the G; and G,/M phases and apoptosis promotion. Molecular events
associated with the impairment of the cell cycle and the induction of apoptosis were the downregulation of cyclin D1,
cyclin E, and CDK4 (involved in the block of G; phase progression); cyclin A, cyclin B1, and CDK2 (involved in the block
of G,/M phase progression); and the upregulation of p21WAFL along with a decrease in the level of hyperphosphorylated
pRb.

Psammaplin A and C and glioblastoma cells: psammaplin C (Figure 2) is a powerful inhibitor of carbonic anhydrase XII

(431 whose activity is required to ensure an efficient efflux of chemotherapeutics by a P-glycoprotein pump in tumor cells.
Salaroglio et al. 4 reported that carbonic anhydrase XlI is overexpressed in glioblastoma stem cells and that a
combination of psammaplin C and temozolomide, the latter being the first-line drug in glioblastoma treatment, rescues its
efficacy against the highly chemorefractory stem component of the glioblastoma cell population. More recent data 42!
demonstrated an even greater efficacy, in the order of subnanomolar carbonic anhydrase XII inhibitory activity, by a
variant of the molecule endowed with a thiadiazole sulfonamide moiety replacing the ethyl sulfonamide one, which was
able to inhibit also carbonic anhydrase IX, the other cancer-associated isozyme.

Figure 2. Structure of psammaplin C

Dealing with psammaplin A, a molecular study performed by Ratovitski 48 on U87-MG glioblastoma cells demonstrated
the ability of the compound to induce the expression and phosphorylation of TP53 family members instrumental for the
transcriptional activation of downstream target genes such as those involved in autophagy signaling, i.e., coding for the
Autophagy-Related 5 protein and UVRAG coding for the UV Radiation Resistance-Associated protein. Confirmation of the
autophagy flux-promoting activity was obtained by an electrophoretic analysis of the LC3B-I/LC3B-II shift.

It must be mentioned that a number of experimental investigations, such as that of Mujumdar et al. ¥3! referenced above,
have been focused on the synthesis and characterization of a series of psammaplin derivatives that might show a greater
HDAC inhibitory efficacy and cytotoxic potential, although they provided mixed results. Among the most successful ones,
the studies of Baud et al. ¥4 demonstrated the particularly potent activity of the (2E,2'E)-N,N'-(2,2-Disulfanediylbis
(ethane-2,1-diyl))bis(3-(3-bromo-4-methoxyphenyl)-2-(hydroxyimino)propanamide) variant towards MCF-7 breast cancer
and A549 lung cancer cells. In addition, Byun et al. 27 reported the significant in vitro and in vivo anti-breast tumor and
antimetastatic activity of psammaplin A-3091 (Figure 3), a heteromonomeric-structured analog with a tertiary butyl
functional group able to specifically target DOT1L, coding for the disruptor of Telomeric silencing 1-like protein, involved in
the regulation of both the epithelial-mesenchymal transition and the stem cell properties of breast cancer cells.



Figure 3. Structure of psammaplin A-3091 [47]

2.2. Yakushinamides

From the demosponge Theonella swinhoei (Gray, 1868; Demospongiae, Tetractinellida: Theonellidae, Figure 4) Takada et
al. 8l jsolated two prolyl amides of polyoxygenated fatty acid, i.e., yakushinamide A and B (Figure 4), which displayed a
moderate inhibitory effect on HDACs and sirtuins. In particular, yakushinamide A inhibited HDAC1, SIRT1, and -3 at 26,
16, and 79 uM, respectively, whereas yakushinamide B at 29, 75, 52, 34, 150, and 78 uM, respectively.
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Figure 4. Structures of yakushinamide A and B
2.3. Halistanol sulphates

In the search for new SIRT inhibitors from marine sponges, from the species of the genus Halichondria (Fleming, 1828;
Demospongiae, Suberitida: Halichondriidae) Nakamura et al. 49 isolated the highly sulphated steroid halistanol sulphate
(Figure 5) and two novel analogs, i.e., halistanol sulphate | and -J, differing from the parental molecule for methylene
protons and the cyclopropyl ring in the side chain, respectively. When submitted to an in vitro SIRT1-3 inhibitory assay,
these compounds were shown to be active, with ICsq values of 45.9-67.9, 18.9-21.1, and 21.8-37.5 yM, respectively. On
the other hand, they exerted no cytotoxic effects on HelLa cervical adenocarcinoma and P388 mouse leukemia cells at the
concentration of 100 uM. Studies on the crystal structure of the SIRT3-halistanol sulphate complex indicated the existence
of an allosteric site for enzyme inhibition far from the SIRT active site, substrate-binding site, and NAD* cofactor-binding
site, thus suggesting that steroid sulphates may be endowed with a good motif for the allosteric regulation of enzymes.

Figure 5. Structure of halistanol sulphate

2.4. Azumamides

From the species Mycale izuensis, Nakao et al. 59 isolated five cyclic tetrapeptides named azumamides A-E endowed
with HDACI activity in enzymatic assays (Figure 6).
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Figure 6. Structures of azumamides A-E. (a) Yield of azumamide isolated by extraction from a marine sponge. (b) Against
the crude enzymes extracted from K562 cells. (c) Yield based on wet weight (from[22),

Azumamide A was initially also tested at the cell level, showing a moderate cytostatic effect on K562 cells and a significant
antiangiogenic effect on mouse vascular progenitor cells. Subsequently, a total synthesis was reported for the sole
azumamides A and E, and research interest was mainly focused on the greater HDACI efficacy of azumamide E, which
appeared able to inhibit total HDACs from HeLa cell extracts with a much lesser IC5q (110 + 33 nM) with respect to that of
azumamide A (5800 + 1200 nM) and showed selectivity for HDAC1-4. In particular, from a biological point of view, the
compound proved to be a strong inhibitor of in vitro angiogenesis by mouse-induced pluripotent stem cells [511[52].[53],
More recently, the total synthesis of all five natural azumamides, as well as their profiling towards the whole panel of
HDACSs, has been reported. The data obtained revealed that azumamide C was a two-fold more potent inhibitor than
azumamide E on the majority of HDAC isozymes. The observed discrepancy among the various evaluations of HDACI
inhibitory activities was ascribed to the assay conditions largely affecting the results, underlining the need of their
confirmation through parallel biological (e.g., antiproliferative or antiangiogenic) assays. On the other hand, surprisingly,
given that the in vitro HDACI activity of azumamides B, C, and E were confirmed, no compound was able to reverse the
chemoresistance caused by silencing of the proapoptotic Bim gene and, therefore, influence the growth of the
Epstein—Barr virus (EBV)-infected human Burkitt's lymphoma EB-3 cells differently from what was achieved upon
treatment with HDACi SAHA 241 551, This prompts a future investigation on azumamide analogs designed on the original
scaffold but endowed with a more potent and selective ligand activity.

2.5. Cyclostellettamines and dehydrocyclostellettamines

The species of the Haliclona and Xestospongia genus have proven to be good sources of natural HDACIs. In 2004, Oku
et al. B8 jsolated cyclostellettamine A and three new cyclostellettamine alkaloids, i.e., cyclostellettamine G and
dehydrocyclostellettamines D and E (Figure 7), from species of the genus Xestospongia, all displaying inhibitory activity
with ICsq values in the range between 17 and 80 uM on HDAC preparations partially purified from K562 cells and exerting
a moderate cytotoxic effect on HeLa human cervix carcinoma, P388 mouse leukemia, and 3Y1 rat fibroblastic cells.
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Figure 7. Structures of cyclostellettamine G (1), dehydrocyclostellettamine D (2), dehydrocyclostellettamine E, (3) and
cyclostellettamine A (4) (from[=8l)



More recently, Lee et al. B4 isolated eight novel cyclic bis-1,3-dialkylpyridinium compounds, as well as the two
cyclostellettamines N and Q, from a species of the genus Haliclona (Figure 8), which exhibited a moderate doxorubicin-
comparable cytotoxicity towards A549 lung cancer cells and, also, a diverse range of antimicrobial activity specifically
directed against Gram-positive bacterial strains.
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Figure 8. Structures of cyclostellettamine N (1), cyclostellettamine Q (2), and the other eight bis-1,3-dialkylpyridinium
compounds (3—-10) extracted from species of the genus Haliclona.

2.6. Halenaquinone

X. vansoesti and P. alfiani produce the polycyclic quinone-type metabolite halenaquinone (Figure 9) found to induce the
inhibition of pan-HDACs and, in addition, also, topoisomerase lla expression, the latter resulting in the switching-off of
DNA replication.

Figure 9. Structure of halenaquinone

Dealing with the biological aspects, Shih et al. [28] demonstrated its cytotoxic activity on a number of cancer cell lines,
being particularly remarkable against Molt 4 leukemia cells, in which viability suppression and apoptosis promotion
following reactive oxygen species (ROS)-induced mitochondrial dysfunction was observed. The molecular signatures
associated to the exposure of leukemia cells to the molecule were the upregulation of cytochrome c of the proapoptotic
protein Bax, of the cytosolic hexokinase |, and of the active forms of caspase 8 and -9 and the downregulation of the
antiapoptotic proteins Bcl-2, Bid, and cytosolic hexokinase Il and of the phosphorylated (activated) forms of Akt,
phosphatase and tensin homolog (PTEN), glycogen synthase kinase 3 3 (GSK3p), and phosphoinositide-dependent
kinase-1 (PDK1). Of note, halenaquinone exhibited also a potent in vivo antileukemic effect in mice xenograft assays,
reducing the weight and size of the tumor mass without affecting the total mice weight. In addition, Takaku et al. 22!
demonstrated the inhibitory activity of the compound on DNA homologous pairing by direct binding to RAD51 enzyme,
involved in the repair of DNA double-strand breaks, and subsequent likely competition with the double-strand DNA in the
secondary DNA-binding site within the RAD51-single-strand DNA filament complex. More recently, Tsukamoto et al. [
identified halenaquinone as an inhibitor of the receptor activator of nuclear factor-kB ligand (RANKL)-induced upregulation
of tartrate-resistant acid phosphatase (TRAP), which is involved in cell fusion, leading to the formation of multinucleated
osteoclasts.

| 3. Cnidaria

Xenia elongata (Dana, 1846; Anthozoa, Alcyonacea: Xeniidae) belongs to the cnidarians. This animal group constitutes
the first metazoan phylum endowed with a well-developed degree of tissue organization and gathers polymorphic aquatic
animals displaying radial or biradial symmetry and a single central body cavity (the “coelenteron”) with a mouth and
tentacles but lacking an anus.



Andrianasolo et al. [l isolated a new diterpene from X. elongata (Figure 10), which promoted the programmed death of
immortalized apoptosis-competent W2 cells at a 1.2-uM concentration. Further enzymatic inhibition tests against the class
I, -1l A, and the -Il B HDACs demonstrated that the compound specifically inhibited class Il B HDAC6 with an ICsq of about
80 pM. In light of the data obtained, this molecule represents a new model structure of selective HDAC inhibitor that may
be used for the development of novel HDAC isoform-targeting drugs.

Figure 10. Structure of the diterpene extracted from X. elongata 611,

| 4. Echinodermata

Holopus rangii (Orbigny, 1837; Crinoidea, Cyrtocrinida: Holopodidae) belonging to the Echinoderms is a marine
invertebrate endowed with a hard, spiny covering or skin. From this species Kemami Wangun et al. (62 isolated a novel
member of the phenanthrol perylenequinone family of natural products denominated gymnochrome E (Figure 11) that
showed an inhibitory activity towards purified HDAC-1 with an I1Csq of 10.9 uM and selectively restrained the growth of the
multidrug-resistant NCI/ADRRes ovarian cancer cell line with an ICsq value of 3.5 pM while exerting no effect on PANC-1
pancreatic carcinoma and DLD-1 human colorectal adenocarcinoma cell lines. Moreover, the compound appeared
endowed with an antimicrobic activity against Staphylococcus aureus and its methicillin-resistant strain with a minimum
inhibitory concentration of 25 pg/mL but not against Pseudomonas aeruginosa and Candida albicans.

Figure 11. Structure of gymnochrome E.

| 5. Conclusions

It is widely acknowledged that the enormous biodiversity of the marine habitats represents a source of immeasurable
value for the isolation of very disparate bioactive secondary metabolites from bacteria, plants, and animals whose number
is expected to increase rapidly, e.g., 3. Among the enzymatic inhibitors searched in extracts from marine organisms, a
focus has been put on HDACIs for their wide range of biomedical applications. Natural inhibitors have been isolated from
aquatic microorganisms 4651 and, as documented by the studies presented in this review, also, marine invertebrates
have contributed with a number of compounds displaying impairing properties of various potency towards HDACS,
demosponges being the most investigated to date. It is worth mentioning that some marine species-derived molecules
showing structural similarities with known HDACIs failed to exert HDACi-referable cellular and molecular effects, as in the
case of SAHA- and trichostatin A-resembling N-(4-guanidinobutyl)-2-(4-hydroxy phenyl)-2-oxo-acetamide isolated from



the cnidarian hydroid Campanularia sp. (€8, Therefore, a thorough biological characterization of the novel compounds
identified in the future, including the identification of the specific, if any, target cytotype(s), appears to be a necessary
aspect for the subsequent development of efficacious prevention and/or treatment agents against different pathological
states—among them, cancers. On the other hand, the unique and peculiar chemical scaffolds presented by the marine-
derived HDACis may be successfully utilized for the design of analogs with increased bioavailability and efficacy, less
toxicity, and, also, very interestingly, higher isoform selectivity.
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