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Scheme 1. Synthesis and structure of apratoxin S10 (61).

In 2015, Mahesh Sapkota [78] et al. reported bromo-honaucin A (62, Figure 18), which was first
isolated from marine cyanobacterium Leptolyngbya crossbyana and chemical synthesis was completed by
Hyukjae Choi and William H. Gerwick et al. [77]. Compound 62 inhibited AKt and ERK, and the authors
noted a potential use of this AKt and ERK inhibitor for the treatment of bone lysis due to the connection
between the particular kinase and disease. In 2015, Zhengyu Cao et al. [81] reported the discovery of
hoiamide A (63, Figure 18), which was first isolated from marine cyanobacterium Moorea producens
by Alban Pereira et al. [79] and found to stimulate and increase the hoiamide A-induced activation
of JNK. Compound 63 showed the inhibition of neurite outgrowth (IC50 = 4.89 nM). In 2016, Jeffrey
D. Serrill et al. [82] reported coibamide A (64, Figure 18) (first isolated from marine cyanobacterium
Leptolyngbya sp. [81]) inhibited VEGFA/VEGFR2 expression in mice and showed antitumor activities
against glioblastoma xenografts.

Figure 18. Structure of compounds 62–64.

2.1.6. Kinase Inhibitors from Marine Sponges

In the time period covered in this review, 42 new natural product kinase inhibitors (65–106) were
reported after being isolated from marine sponges. These are listed in Table 6, shown by structure in
Figures 19–26 and Schemes 2–5, and described in detail in the following paragraphs.
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In 2014, Fabien Plisson et al. reported some new bromopyrrole alkaloids including hymenialdisine
(65, Figure 19) that were isolated from Callyspongia sp. [84]. This interesting class of molecules has been
studied for several decades, owing to their peculiar structural skeleton and associated pharmacological
effects [85,86]. Compound 65 inhibited CK1, CDK5, GSK3β and SW620 (3.1 μM), KB-3-1 (2.0 μM),
which are targets for treating neurodegenerative diseases [84]. In 2014, the β-carboline alkaloids 66–68

(Figure 19), including hainanerectamines B and C, were isolated from the marine sponge Hyrtios erecta
after it was collected in Hainan, China [87]. These molecules have been shown to inhibit the dual
kinase Aurora A with relatively high IC50 values of 10 μg/mL–25 μg/mL [88]. In 2014, Mohamed R.
Akl et al. reported the isolation of sipholenol A from the sponge Callyspongia siphonella, collected in the
Red Sea [89]. A semisynthetic analogue of sipholenol A, sipholenol A-4-O-3′,4′-dichlorobenzoate (69,
Figure 19) was associated with the suppression of the Brk and FAK signaling pathway in vitro and
in vivo, also inhibited MDA-MB-231, MCF-7, BT-474 and T-47D breast cancer cells with IC50 values of
7.5 μM, 15.2 μM, 20.1 μM and 25.1 μM, respectively, making it a potentially interesting pro-drug for
sipholenol A [89].

Table 6. A summary of kinase inhibitors isolated from marine sponges, 2014–2019.

Compound Chemical Class Marine Source
Drug Targets/Inhibitory

Activity
References

65 bromopyrrole alkaloid Callyspongia sp. (CMB-01152). CK1, CK5, GSK3β [84]
66

indole alkaloids Hyrtios erecta
STK (24.5 μg/mL)

[88]67 STK (13.6 μg/mL)
68 STK (18.6 μg/mL)
69 sipholane triterpenoid Callyspongia siphonella. p-Brk, p-FAK [89]

70 indole alkaloid Geodia barretti
RIPK2 (8.0 μM)

CAMK1a (5.7 μM)
SIK2 (6.1 μM)

[90,92,93]

71 diarylpyrazine Hamacanthins PDGF-Rβ (0.02 μM) [93]
72 tryptoline analogues Fascaplysinopsis sp. CDK4/D1 (0.35 μM) [94–98]

73 a CDK4 (10 μM)
74 a alkaloid derivative Fascaplysinopsis sp. PI3K/Akt [99]
75

bisindole alkaloids Topsentia pachastrelloides
MRSA PK (60 nM)

[100]76 MRSA PK (16 nM)
77 MRSA PK (1.4 nM)

78
macrocyclic

oxaquinolizidine alkaloid Xestospongia species. PI3K, Akt [101]

79–84 bromopyrrole alkaloids Stylissa massa and Stylissa
flabelliformis

GSK-3, DYRK1A, CK-1
(0.6–6.4 μM) [102]

85
adociaquinone derivatives Xestospongia sp.

inactive analogue
[108]86 CDK9/cyclin T (3 μM)

87–88 CDK5/p25 (6 μM)
89 cyclic peptide Amphibleptula GSK-3β [109]
90 polycyclic quinone Petrosia hexokinase II [110]
91 halogenated alkaloid Acanthostrongylophora ingens CK1δ/ε (6 μM) [111]

92
isomalabaricane

triterpenoid Jaspis stellifera PI3K, Akt [112]

93–95 guanidine alkaloids Smenospongia sp. CDK2/6 [113]

96–97
2-aminoimidazolone

alkaloids Leucetta and Clathrina DYRKs (0.17 ~ 0.88 μM)
CLKs (0.32 ~ 8.6 μM) [114]

98–103 manzamine alkaloids Acanthostrongylophora sp. MtSK [115,116]
104 bis-indole alkaloid Topsentia pach astrelloides MRSA PK [117]

105 sphingolipid Pachastrissa sp. SphK1 (7.5 μM)
SphK1 (20.1 μM) [118,119]

106 polyfused-benzofuran Aka coralliphaga PIK-α (100 nM) [122]
a This molecule is synthetic but designed based on a marine natural product.
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Figure 19. Structure of compounds 65–69.

In 2015, Karianne F. Lind et al. reported that barettin (70, Figure 20), which was first isolated and
described in 1986 [90], inhibited RIPK2 (IC50 = 8.0 μM), CAMK1a (IC50 = 5.7 μM), SIK2 (IC50 = 6.1 μM)
and produced anti-inflammatory effects in vitro [91,92]. In 2015, Rebecca Horbert et al. reported the
synthetic compound 71 (Figure 20) with a 3,5-diarylpyrazin-2-one core that was based on hamacanthins
A and B, which are sponge natural products of the bis-indole alkaloid class [93]. Compound 71 inhibited
PDGF-Rβ with good potency (IC50 = 0.02 μM), and was cytotoxic in vitro against PDGF-R dependent
cancer cells [93]. The accompanying structure-activity relationship indicated that the added 3′-methoxy
and 4′-hydroxyphenyl substituents led to an increase in the inhibitory activity against PDGF-Rβ, helping
to direct future related research studies [93]. Fascaplysin (72, Figure 20) previously was isolated from
the marine sponge Fascaplysinopsis species [94] and shown to inhibit CDK-4/D1 with moderate potency
(IC50 = 0.35 μM) and some selectivity amongst kinases [95]. This compound is known to have multiple
other mechanisms of action, including DNA binding. More recently, in 2015, S. Mahale et al. synthesized
a non-planar analogue of fascaplysin, N-(biphenyl-2-yl) tryptoline (73, Figure 20), and reported that this
retained some weak but selective inhibition of CDK-4/D1 (IC50 ~10 μM) [96]. Although this represents
a marked drop in potency, compound 73 was successfully designed to overcome DNA intercalation
that had been considered a liability of the more active 72 [96]. Compound 73 was validated as being a
preferable anticancer agent than 72, including the results from PK studies in mice [96]. It has been
further suggested that compound 73 constitutes a lead scaffold from which drug candidates could be
designed for the treatment of certain cancers [96–98]. The synthetic route of production for 73 is depicted
in Scheme 2 [96], which includes commercially available starting materials (biphenyl 2-carboxylic acid
and tetrahydro-β-carboline), commonly used reagents [hexafluorophosphate benzotriazole tetramethyl
uronium (HBTU) and N,N-diisopropylethylamine (DIEA)], and runs in good yield (~70%). The further
development of fascaplysin analogues and derivatives through medicinal chemistry will accordingly
help overcome the common “supply problem” of advancement of natural product drug candidates.
In 2017, Sonia Sharma et al. synthesized 4-chlorofascaplysin (74, Scheme 3; a marine sponge alkaloid
fascaplysin analogue) and found it to be cytotoxic to breast cancer cells in vitro (IC50 = 0.3 μM) and to
inhibit PI3K/AKt/mTOR in vitro and in vivo [99]. The synthetic route of 4-chloro fascaplysin is depicted
in Scheme 3, where the two-step synthesis includes low cost materials and high yield reactions [99].
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Figure 20. Structure of compounds 70–73.

Scheme 2. Synthetic preparation of the fascaplysin derivative, compound 73.

Scheme 3. Synthesis of 4-chloro fascaplysin (74).

In 2015, Clinton G. L. Veale et al. created a series of synthetic bisindole compounds including
75 and 76 (Figure 21), based on deoxytopsentin that was isolated from marine sponge Topsentia
pachastrelloides [100]. Compounds 75 and 76 inhibit PK from methicillin resistant S. aureus (IC50 = 60 and
16 nM, respectively), and had good in vitro antibacterial activity (MIC ~ 10 μg/mL) [100]. Compound 77

(Figure 21) is among the series of synthetic analogues based on 75 and 76, and it had enhanced inhibitory
activity against MRSA PK (IC50 = 1.4 nM) [100]. Additionally in 2015, Mohamed R. Akl et al. reported
an RTK inhibitor, araguspongine C (compound 78, Figure 22), was isolated from the marine sponge
Xestospongia sp. [101]. Sherif S. Ebada et al. reported the productive discovery of 25 bromopyrrole
alkaloids in 2015, from the Indonesian marine sponges Stylissa massa and Stylissa flabelliformis [102].
This sample set included dispacamide E (compound 79) [103], the brominated aldisines 80–82 [103,104],
(–)-mukanadin C (83) [105,106] and (–)-longamide (84) [107], these compounds, shown in Figure 22,
were moderate inhibitors of GSK-3, DYRK1A and CK-1 (IC50 0.6 ~ 6.4 μM), and may have future
development potential for treating various diseases [102]. In 2015, Fei He et al. reported seven new
derivatives of adociaquinone that were isolated from a marine sponge, Xestospongia sp., collected in
Indonesia [108]. Among these, compounds 85 and 86 (Figure 22) moderately but selectively inhibited
CDK9/cyclin T and CDK5/p25 at 3–6 μM IC50, while 87 and 88 (also Figure 22) moderately inhibited
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most protein kinases without selectivity (IC50 = 0.5 ~ 7.5 μM) and compound 88 showed marginal
activity against DYRK1A [108].

Figure 21. Synthetic analogues (75–77) of the marine bisindole alkaloid deoxytopsentin.

Figure 22. Structure of compounds 78–88.

In 2015, Esther A. Guzmán et al. [109] reported microsclerodermin A (89, Figure 23), from the
marine sponge Amphibleptula cf. madrepora, and this compound inhibited GSK3β and pancreatic cancer
cell viability in vitro (IC50 = 2.4 μM). In 2015, Shou-Ping Shih et al. isolated a marine polycyclic quinone
called halenaquinone (compound 90, Figure 23) from the marine sponge Petrosia sp. [110]. This molecule
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is a broad spectrum tyrosine kinase inhibitor, as well as in vitro cytotoxin against multiple cell types
(IC50 = 0.18 ~ 8.0 μg/mL) [110]. In 2016, Germana Esposito et al. reported chloromethylhalicyclamine
B (91, Figure 23) after it was isolated from the sponge Acanthostrongylophora sp., and suggested that
it “can efficiently interact with the ATP-binding site of CK1δ (IC50 = 6 μM) in spite of its globular
structure, very different from the planar structure of known inhibitors of CK1δ [111]. As the authors
also suggested, this molecule can be a lead molecule for the creation of new CK1δ/ε inhibitors. In 2016,
Ran Wang et al. discovered stellettin B (92, Figure 23) from the marine sponge Jaspis stellifera, and it
inhibited phosphorylation of PI3K and Akt [112]. Moreover, compound 92 exhibited potent activitivity
against human glioblastoma cancer SF295 cells (IC50 = 0.01 μM).

Figure 23. Structure of compounds 89–92.

In 2016, María Roel et al. reported that crambescidins 816, 830, and 800 (compounds 93–95,
Figure 24) were isolated from the marine sponge Smenospongia sp. [113]. These compounds inhibited
tumor cell proliferation by suppressing CDK 2/6 expression and activated the cell CDK inhibitors -2A,
-2D and -1A, suggesting some potential as anticancer agents [113]. In 2017, Nadège Loaëc et al.
reported polyandrocarpamines A and B (96 and 97, Figure 24) as synthetic analogues of the
2-aminoimidazolin-4-one scaffold previously isolated from marine calcareous sponges Leucetta
and Clathrina [114]. Compounds 96 and 97 were found to be nM potency inhibitors of DYRKs
(IC50 = 0.17 ~ 0.88 μM) and CLKs (IC50 = 0.32 ~ 8.6 μM), and the 2-aminoimidazolone scaffold was
accordingly proposed as having promise for developing new kinase inhibitors [114].
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Figure 24. Structures of compounds 92–97.

In 2018, the manzamine alkaloids were isolated from Indo-Pacific marine sponges
Acanthostrongylophora sp., including manzamine A (98), 8-hydroxymanzamine A (99), manzamine
E (100), manzamine F (101), 6-deoxymanzamine X (102), and the synthetic analogue 6-
cyclohexamidomanzamine A (103) was also generated [115,116]. These compounds (Figure 25)
showed mixed noncompetitive inhibition of MtSK, and the synthetic compound 103 takes advantage
of the structural features to pursue applications of anti-inflammatory, antiparasitic, insecticidal,
and antibacterial activities with potential for development against malaria and tuberculosis [115,116].
In 2014, Nag S. Kumar et al. reported the discovery of a series of bis-indole alkaloids based on the
structure of a marine alkaloid isolated from the marine sponge Topsentia pachastrelloides, of which
compound 104 (Figure 26) is a promising PK inhibitor [117].

Figure 25. Structures of compounds 98–103.
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Figure 26. Structure of the bis-indole compound, 104.

In 2015, Yongseok Kwon et al. synthesized compound 105 (Scheme 4) as a synthetic analogue of
pachastrissamine (first reported in 2002 from the marine sponge Pachastrissa sp.), and it has in vitro
cytotoxicity along with sphingosine kinase inhibitory activity that was deemed superior to the natural
lead compound [118,119]. The IC50 of compound 105 and pachastrissamine in the inhibition of SphK1
and SphK2 were 7.5 μM and 12.0 μM, 20.1 μM and 41.8 μM, respectively, suggesting that compound
105 could have preferable usage in related pharmaceutical applications [118,119]. The synthetic route
of the pachastrissamine carbocyclic analogue 105 is depicted in Scheme 4. The compound (+)-liphagal
(106, Scheme 5) was first isolated in 2006 from a marine sponge by Frederick and Andersen et al. [120]
and in 2015 the chemical synthesis was completed by Markwell-Heys et al. [121]. This compound
inhibited PIK-α (IC50 = 100 nM), and was also found to be cytotoxic to several tumor cell lines with IC50

≈ 1 μM. It has been suggested that 106 has potential application as a new type of kinase inhibitor or
even cancer drug [122]. The synthetic route of (+)-liphagal is depicted in Scheme 5, which initiates with
(+)-sclareolide (commercially available) and generates the final product in ~10% yield after 13 reaction
steps [122].

Scheme 4. Synthetic route and structure of pachastrissamine carbocyclic analogue 105.
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Scheme 5. Synthesis and structure of (+)-liphagal (106).

2.2. Preclinical and Clinical Candidates

The US FDA has already approved more than 34 small molecule kinase inhibitors for human
use [123]. Many of these have been used for the treatment of cancers, although toxicity is of great concern.
A number of marine-derived kinase inhibitors have entered clinic trials, and some are already in later
pre-approval stages or have been recently approved (Figures 27 and 28 and Table 7). For example,
plitidepsin (aplidin) is a marine natural product that was developed by the Spanish company
PharmaMar as an inhibitor of EGPR, Src, JNK and p38 MAPK and, although there were dose-limiting
toxicities in some cases, it was not fully withdrawn from clinical trials during phase II [124–126].
Later, it was approved for clinical use in Australia in 2018 for the treatment of relapsed/refractory
multiple myeloma patients. Midostaurin is among the important drugs for aggressive systemic
mastocytosis (ASM) treatment as a multi-target protein kinase inhibitor, and it was FDA-approved in
2017 [124,127–129]. Protein kinase inhibitors from the marine origin that have entered clinical trials
include three kinase inhibitors (lestaurtinib [130], enzastaurin [131], CEP-1347 [14,124,127]) in phase III,
three kinase inhibitors (kahalalide F [132,133], 7-hydroxystaurosporine [134,135], staurosporine [136])
in phase II and two kinase inhibitors (CEP-2563 [14,124,127], isokahalalide F [14,124,127]) in phase
I clinical studies. Somewhat related, bryostatin 1 entered phase II clinical trials for testing in the
treatment of Alzheimer’s Disease as a PKC activator, after it was also experimentally used in phase I
trials for various forms of cancer [137–139]. It will be interesting to see the future developments of this
marine natural product drug candidate and others.

Figure 27. Structures of marine-derived kinase inhibitors in clinical use (107–108).
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Figure 28. Structures of marine-derived kinase inhibitors, 109–117, currently in clinical trials.
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3. Conclusions

A wide variety of kinase inhibitors have been recently published from marine-derived sources,
including bacteria and cyanobacteria, fungi, animals, algae, soft corals and sponges. More than
100 kinase inhibitors of marine origin have been systematically documented for facile examination
and comparison. An evaluation of the number of compounds reported during the period of this
review, separated by the class of source organism, shows that there is a vast opportunity area for a
kinase inhibitor research on the natural product chemistry of marine soft corals, especially (Figure 29).
However, it should also be considered that from the overwhelming 58 kinase inhibitors reported from
marine animals, soft corals, and sponges during this period, many are likely produced by symbiotic
microorganisms. It is equally important to realize, however, that those symbionts may be difficult or
impossible to cultivate in laboratory conditions. It is thus of increasing importance that the development
of selective kinase inhibitors from marine natural product drug discovery leads has utilized active
fragment (pharmacophore) based medicinal chemistry to overcome supply limitations of natural
product drug leads, and further optimize the drug-like properties of these molecules. In this way,
each newly reported compound may provide marine-derived scaffolds and bioactivity information for
drug screening, and many have been found to have significant biological properties that could be used
in the treatment of different conditions such as cancers, inflammation, and neurodegenerative diseases,
for example.

Figure 29. A breakdown by class of the reported producing organism for the marine derived natural
product kinase inhibitors covered in this review period, from January, 2014 to February, 2019.

The noted structural differences and diversity of the marine natural products and their derivatives
are important for chemical properties, conferring pharmacological effects, and of late-stage interest,
intellectual property management. Some recent marine drug approvals include plitidepsin (aplidin),
an ascidian natural product, and midostaurin, which is a synthetic derivative of the marine and
terrestrial microbial molecule, staurosporine. There is also a pipeline of clinical trial candidates and
preclinical development projects behind these drugs.

In recent years, new techniques including deep sea sampling, advanced methods in chemical
synthesis, more efficient target-based isolation [140], along with computational database mining
strategies and high-throughput screenings have been widely helpful for drug candidate discovery
and design. These all improve the efficiency and success rate of the drug development process.
Since kinases are directly implicated in so many aspects of disease development and progression in
growth, successful targeting of these proteins has resulted in a number of novel drugs for cancer
and neurodegenerative diseases and is expected to continue to do so. Nevertheless, while most of
the approved kinase inhibitors are ATP binding site competitors, there is a dire need to overcome
the toxicity associated with this liability. Hence, marine-derived natural product kinase inhibitors
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could serve as lead compounds for development by medicinal chemistry. These diverse compounds
greatly improve the chemical space covered during screening for new kinase inhibitors, with the goal
of eventually providing new clinical candidates for unmet medical needs.
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