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There have been tremendous new discoveries and developments since 2010 in anticancer research based on
marine cyanobacteria. Marine cyanobacteria are prolific sources of anticancer natural products, including the
tubulin agents dolastatins 10 and 15 which were originally isolated from a mollusk that feeds on cyanobacteria.
Decades of research have culminated in the approval of six antibody-drug conjugates (ADCs) and many
ongoing clinical trials. Antibody conjugation has been enabling for several natural products, particularly
cyanobacterial cytotoxins. Targeting tubulin dynamics has been a major strategy, leading to the discovery
of the gatorbulin scaffold, acting on a new pharmacological site. Cyanobacterial compounds with different
mechanisms of action (MOA), targeting novel or validated targets in a range of organelles, also show
promise as anticancer agents. Important advances include the development of compounds with novel
MOA, including apratoxin and coibamide A analogues, modulating cotranslational translocation at the level
of Sec6l in the endoplasmic reticulum, largazole and santacruzamate A targeting class | histone
deacetylases, and proteasome inhibitors based on carmaphycins, resembling the approved drug
carfilzomib. The pipeline extends with SERCA inhibitors, mitochondrial cytotoxins and membrane-targeting
agents, which have not yet advanced clinically since the biology is less understood and selectivity
concerns remain to be addressed. In addition, efforts have also focused on the identification of
chemosensitizing and antimetastatic agents. The review covers the state of current knowledge of marine
cyanobacteria as anticancer agents with a focus on the mechanism, target identification and potential for
drug development. We highlight the importance of solving the supply problem through chemical synthesis
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1. Introduction

Natural products have played a key role in delivering drug
candidates or provided the inspiration for the development of
agents with new targets or new mechanisms of action, especially
for infectious diseases and cancer.”* Historically, roughly 50% of
all drugs are inspired by natural products and for cancer even
60%.? Critical to the continuous success of natural products is the
identification of biological sources with high biosynthetic poten-
tial and genetic diversity that translates into new chemical space
and therefore therapeutic space, which has been increasingly
realized by investigating marine sources that represent the
greatest biodiversity on the planet. Through advances in geno-
mics and target identification methodology, natural products are
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experiencing a renaissance, especially marine natural products
that suffered most from the drawbacks of supply issue, structural
complexity associated with difficulty in chemical synthesis and
target identification.*® However, we have learned that novel
biology exerted by these compounds justifies chemistry efforts,
exemplified by the FDA approval of the sponge natural product
(halichondrin B) inspired eribulin, requiring a 61-step synthesis.’
Requisites for successful drug development are the identification
of novel chemical scaffolds with biological functions, a scalable
total synthesis to solve the supply issue and explore structure—
activity relationships (SAR) for further optimization, and the
characterization of the mechanism of action (MOA) and the direct
biological targets. The latter tends to be highly rewarding, since
natural products point us to new ways to combat diseases, which
translates into first-in-class agents.

Among marine organisms, cyanobacteria have become a vali-
dated source of drug leads and perhaps most successful organ-
isms, with five current FDA approvals based on dolastatin 10 for
the treatment of various cancers, accounting for 33% of FDA-
approved marine drugs.® Marine cyanobacteria's genetic diversity
is associated with diverse and novel pharmacological space of the
encoded compounds that are mainly modified peptides or peptide-
polyketide hybrids. Cyanobacteria have also been demonstrated to
produce most-potent-in-class natural products.”™ Target discovery
and mechanisms of action have been the catalyst to drive focused
preclinical studies, to identify potential liabilities and rational
application, and even combination therapy. Our review focuses on
the recent progress in the discovery and development of anticancer
agents from marine cyanobacteria, which usually required that
structure determination was coupled with imperative chemical
synthesis and in-depth mechanistic studies to recognize and
maximize therapeutic opportunities. This review, covering the
period from 2010 to April 2024, represents an extension of our
group's 2015 review on general and representative biological
targets and mechanisms of action of marine cyanobacterial
compounds, now with an in-depth focus on anticancer activities
and critical developmental issues and status." In contrast to other
recent reviews focusing on structures and the vast array of bio-
logical activities,”*™® our review highlights promising anticancer
activities of marine cyanobacterial compounds through the lens of
potential drug development opportunities, with emphasis on
target identification and mechanism of action, in addition to
solving the supply issue. We present the most promising and well-
characterized cyanobacterial compounds with distinct activity
profiles, established synthetic strategies for obtaining material for
rigorous preclinical assessment, classified compounds based on
their MOA and target or target organelle, and application of
enabling technologies for their development as ADCs.

2 Tubulin agents and their
enablement as antibody-drug
conjugates (ADCs)

2.1. Target engagement and mechanism of action

Tubulin-targeted chemotherapy has been highly successful, and
the various marketed drugs are based on natural products

210 | Nat. Prod. Rep., 2025, 42, 208-256

View Article Online

Review
scaffold, including cyanobacterial compounds.””*® Tubulin
heterodimers, composed of a-and B-subunits, form polarized
polymers and these microtubules are involved in cellular
structure, cell division and proliferation, motility, and intra-
molecular trafficking.'”**** Binding of pharmacological agents
affects the tubulin dynamics and ultimately leads to anticancer
activity.”> Tubulin agents are categorized based on their binding
site at a/p-tubulin or the dimer interface and whether they
stabilize or destabilize microtubules. Eight distinct sites are
known (six of which lead to destabilization and two causing
stabilization), including one of the first marine derived tubulin
destabilizers, curacin A, which binds to the colchicine site
based off biochemical data*** and the discovery of the seventh
binding site targeted by the cyanobacterial microtubule-
destabilizing depsipeptide, gatorbulin-1 (Fig. 1).>* The eighth
binding site was recently discovered using computer-aided
molecular design to create the first rationally designed
tubulin binder to the interface between the maytansine site and
the end of the pironetin pocket.>* The most well-known cyano-
bacterial tubulin agents in clinical use and advanced develop-
ment include dolastatins 10 and 15 as well as the cryptophycins
(Fig. 1), all of which are known to target the vinca site to
interfere ~ with  tubulin  assembly and  destabilize
microtubules.”*° The recently discovered gatorbulins induce
depolymerization targeting tubulin near the colchicine binding
site at the interface between the a,B subunits.*®*' Target
engagement in all cases leads to interference with tubulin
dynamics, and one of the downstream effects is the disruption
of mitotic spindle, leading to G2/M cell cycle arrest.>* These
agents also produce a similar cytotoxicity profile in the NCI-60
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Fig. 1 Tubulin structure (PDBID: 5LA6) showing the known tubulin
binding sites: maytasine (PDBID: 4TV8), taxane (zampanolide, 414T),
laulimalide (404H), colchicine (plinabulin, 6S8K), gatorbulin (7ALR),
pironetin (5LA6), todalam (todalam 4, 5SB3) and vinca (dolastatin 10
analogue, 4X1l and cryptophycin-52, 7LXB). Sites are indicated by
a surface representation of the co-crystallized molecules (in paren-
thesis, when differing from the site name). Sites known to be targeted
by marine cyanobacterial compounds are in orange.
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cancer cell line screen, which indicates that they share a similar
mechanism of action.”** However, despite these and other
striking commonalities, the pharmacology appears to have left
a distinct fingerprint and unique intricacies include drug-like
properties. Targeting the gatorbulin site induces proteasome-
mediated tubulin degradation,** which is a unique character-
istic compared with tubulin agents against other pharmaco-
logical sites.>

2.2. Dolastatin 10

Dolastatin 10 (1a, Fig. 2) was originally isolated from the Indian
Ocean sea hare Dolabella auricularia,®® but in 2001 the true
producer was identified as a marine cyanobacterium, taxo-
nomically classified in 2015 as a new genus Caldora
penicillata.*>¢ The compound (1a) has been isolated from cya-
nobacteria collected from Micronesia, Hawaii and Florida.?*3>%”
Dolastatin 10 (1a) showed exquisite potency at the cellular level
against cancer cells in the picomolar range (10-100 pM),
notably with an ICs, of 0.03 nM for L1210 leukemia, 0.059 nM
for small cell lung cancer NCI-H169, and 0.5 nM for human
prostate cancer DU-145 cell lines.”****° Dolastatin 10 reached
Phase II clinical trials but was discontinued due to gran-
ulocytopenia and neutropenia at dose-limiting toxicities.** The
synthesis was achieved in various ways but always following
a sequential elongation approach that was amenable to struc-
ture diversification, leading to TZT-1027 (1b) and monomethyl
auristatin E (MMAE, 2a), which advanced to clinical trials
(Fig. 2).**** Dolastatin 10 analogues did not progress further in
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clinical trials due to non-selectivity, but MMAE (2a) and mon-
omethyl auristatin F (MMAF, 2b) were developed into the cyto-
toxic payload for antibody-drug conjugates (ADCs, 3a-3e, 3f)
with tremendous success (Fig. 2).*>

MMAE linked to the CD30 antibody via a protease-cleavable
linker led to brentuximab vedotin (3a), approved in 2011 for the
treatment of Hodgkin's lymphoma and anaplastic large cell
lymphoma.*® (Fig. 2) The same cathepsin B-cleavable mal-
eimidocaproyl-valyl-citrulline-p-aminobenzyl-carbamate linker
((mc-val-Cit-PABC)-citrulline) was pivoted for polatuzumab
vedotin (3b), where MMAE was linked to a CD79B-directed ADC
that was approved in 2019 to treat non-Hodgkin lymphoma,
chronic lymphocytic leukemia and refractory B-cell
lymphoma.* By utilizing an anti-nectin-4 monoclonal anti-
body, the ADC enfortumab vedotin (3c¢) (using the same payload
and linker) was approved in 2019 to effectively target metastatic
urothelial cancer.*

The success of these drugs prompted the launching of
similar ADCs with the same payload and proven linker, differing
only by the antibody, to target different cancers.”® In some
instances, linkers were changed with the advances of linker
technologies. MMAE-based tisotumab vedotin-tftv was the most
recent FDA approved ADC (2021) with implications for recurrent
or metastatic cervical cancer possessing disease progression
during or post chemotherapeutic treatment.”” Belantamab
mafodotin-blmf (3f) was the only MMAF-based FDA approved
ADC (2020) as the first anti-B-cell maturation antigen therapy
for patients with released or refractory multiple myeloma.****
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Fig. 2 Structures of dolastatin 10 (1a), and the synthetic analogues of monomethyl auristatins developed as ADCs approved by FDA for clinical

use. The MMAF-based ADC has been withdrawn.
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The ADC contains a non-cleavable linker and an afucosylated
Fc-engineered antibody.*® Later, approval was withdrawn due to
inferior efficacy in progression-free survival of the patient.*®
Table 1 shows ADCs with dolastatin 10 analogues as the cyto-
toxic payload.®

Requisite for the success of the dolastatin 10-based ADC
development was both the understanding of the biological and
clinical relevance, as well as solving the supply issue by total
synthesis.

The total synthesis of dolastatin 10 (1a) always followed the
sequential elongation approach using the five subunits. The
difference between each method is the construct of the three
key units, i.e., dolaisoleuine (Dil), dolaproine (Dap) and (S)-
dolaphenine (Doe).** The earlier synthesis of unit Dil and Dap
was effected by using an Aldol reaction.*” A B-ketone ester
approach was developed for the synthesis of the Dil fragment
(Fig. 3a): the imidazole intermediate of isoleucine was reacted
with magnesium enolate of ethyl hydrogen malonate to provide
B-ketone ester.**** Sequential asymmetric reduction and meth-
ylation then gave the Dil fragment (Fig. 3a). Similarly, Genet
followed the B-ketone ester approach to construct the Dap
fragment.®* Wei developed a straightforward chiral N-sulfinyl
imine method to generate both Dil and Doe fragments (Fig. 3b
and c).* However, when the Doe fragment was synthesized

View Article Online
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through a benzyl thiazolyl ketone, more than six steps were
required (Fig. 3d).** With the five subunits in hand, the
synthesis of the final target started from Doe, and other units
were installed in a stepwise manner by standard peptide
coupling protocols (Fig. 3e). However, the general strategy of the
total synthesis of MMAE (2a) is a little different: two subunits
Dap-Anp and MeVal-Val-Dil were pre-synthesized and then
coupled together to yield the final product MMAE (2a,
Fig. 3f).*%% The different strategies resulted from the different
polarity of Dov and N-MeVal: the N,N-diMeVal is a polar moiety
and its attachment at late-stage could avoid additional side
reactions and a harsh purification process, while Fmoc pro-
tected MeVal does not face similar issues. Therefore a conver-
gent approach was adopted in the synthesis of MMAE.*

Nishio synthesized a series of dolastatin 10 derivatives with
the replacement of Doe for versatile conjugations, and Men-
delsohn modified the pyrrolidine ring (Dap unit) and synthe-
sized a series of linear and macrocyclic dolastatin 10
analogues.®*

2.3. Dolastatin 15

Dolastatin 15 (26a) was also first discovered from the shell-less
mollusk D. auricularia by the Pettit group and only in 2020
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Fig. 3 Synthesis steps (a—e) for dolastatin 10 (1a) and (f) MMAE (2a).
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Analogues of dolastatin 15 Tasidotin: R = NHt-Bu (26b)
Cemadotin: R = NHBn (26¢)

H
I(NQJ\ I(Q“/q( }{\/\b’s Trastuzumab or MN—Trastuzumab
o

Tasidotin-based ADCs (C-terminus)

27b

Fig. 4 Dolastatin 15 (26a) and clinically evaluated analogues, including relevant ADCs that advanced to clinical trials.

Table 2 Dolastatin 15 (26a) ADCs advanced to clinical trials

ADC (other names) Company Target  Clinical phase Indication Ref.
Tasidotin (26b, ILX651) Genzyme (Massachusetts, U.S.) Tubulin Phase I Advanced solid malignancies 94
Cemadotin (26c) Hu and Hang Tubulin  Phase I Solid tumors 95
LU 103793 BASF (Massachusetts, U.S.) Tubulin Phase II, discontinued Non-small cell lung cancer, breast 96-98

published to be of proven cyanobacterial origin with its direct
isolation from the marine cyanobacterium Symploca sp. by the
Luesch group® (Fig. 4). Dolastatin 15 possesses lower potency
than dolastatin 10 in the nanomolar range (ICs, 3-5 nM), and
has been heavily investigated due to its action on tubulin.****
Dolastatin 15 is believed to target the vinca site, similar to
dolastatin 10, although biochemical and cellular data also
indicated differences.”**>** The dolastatin 15 analogues tasi-
dotin (26b) and cemadotin (26¢) (Fig. 4) have shown promising
activity against solid tumors in preclinical models, and conju-
gation to trastuzumab on N- and C-terminus led to its evalua-
tion as an ADC against human epidermal growth factor receptor
(HER) 2+ ovarian cancer (Table 2).°° Only the ADCs derived from
C-terminus maintained anti-tubulin activity (Fig. 4); the ones
derived from N-terminus lost activity.'”® Cemadotin (26c),
a dolastatin 15 pentapeptide synthetic analogue, has been

a) H 0 _
Dolastatin 15 (26a) ——— ~N N\)J\N N OPglresin 4
o Al o 0

cancer, malignant melanoma

shown to cause tumor growth delays in vitro when conjugated
through a thiazolidine linker to the fibronectin antibody
(Fig‘ 4)‘81,82,101

There are two main strategies published for the synthesis of
dolastatin 15 (Fig. 5). Pettit's group used the [1 + 1] strategy
through liquid solution method (Fig. 5a), first synthesizing the
fragments Dov-Val-MeVal-Pro (28) and Pro-Hiva-Py (29), then
fusing the two fragments aided by a coupling reagent to obtain
the final product that was identical to the natural product.’*>'*®
Akaji's group applied a similar strategy but used solid phase
peptide synthesis (SPPS) to synthesize the same two fragments, in
which a new coupling reagent, 2-chloro- 1,3-dimethylimidazoli-
nium hexafluorophosphate (CIP), was utilized in multiple
steps.'® However, the Jouin group applied a slightly different
strategy (Fig. 5b), first synthesizing two fragments 2Val-MeVal-
2Pro (30) and Hiva-Py (32), then fusing these two fragments

e

(e}
b)  HCHO || Pa/C/H, val Meval Pro 7~
Pro Hiva
If JLI(%%oQL é — ZHNI( \)LIVQVVQVOBM H\)L

Val Val MeVal Pro Pro Hiva

30

Val Val MeVal Pro Pro

Hiva
31 32

Fig. 5 Synthetic strategies (a and b) for dolastatin 15 (26a) that is also applicable to tasidotin (26b) and cemadotin (26¢).
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into the linear peptide (Val to Py)."** The methylation of the end
Val of the linear peptide with reductive hydrogenation using the
system Pd/C/H,/HCHO provided the proposed product. However,
their product did not match the synthesized natural product from
Pettit's group but was comparable to the isolated natural product
dolastatin 15 (26a). The Jouin group proposed the discrepancies
were due to the lack of purity from the originally isolated
compound and the lack of diastereomeric purity of an interme-
diate from Pettit's synthesis of dolastatin 15.'* The more purified
synthetic product had slightly better activity than the isolated
dolastatin 15 against the U.S. National Cancer Institute's P388
lymphocytic leukemia cell line (EDs, of 0.48 ng mL™" vs. 2.4 ng
mL™").* Tasidotin (26b) and cemadotin (26¢) are simplified
analogues of dolastatin 15 (26a) and their total synthesis was
straightforward, starting from its proline precursor.**'*

2.4. Cryptophycins

The super potent microtubule disruptors cryptophycins were
originally isolated from terrestrial cyanobacteria as antifungal

Unit A (red)

o
O 0,  HN cl

L \C[ Unit B (blue)
~
Unit D (black) O%N 0 0

Unit C (pink)
Cryptophycin-1(CP1, 33a): R' = H
Cryptophycin-52 (CP52, 33b): R' = Me

Unit D (black)
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agents in 1990, and later characterized as anticancer agents by
the Moore group in 1997.>7'7 Subsequently, hundreds of
analogues were either isolated or synthesized, many from the
Moore group.’®™° Cryptophycins are presumably also
produced by marine cyanobacteria, evidenced by cryptophycin-
24 (arenastatin A) that was isolated from the cyanobacteria-
harboring marine sponge Dysidea arenaria.”***** The most
abundant naturally occurring cryptophycin-1, demonstrated
spectacular potency with ICs, values ranging from low-
nanomolar to picomolar against many cancer cell lines (ICs,
4.58 pM, KB cells; 7.63 pM, LoVo; 0.4 nM, C6 glioma; and
0.8 nM, HepG2) and was an ineffective substrate of P-
glycoprotein (Pgp) in multidrug resistant cell lines.'%0%114113
Cryptophycin-52 (HeLa ICs, 0.011 nM) was selected as a clinical
candidate but failed in Phase II clinical trials due to neurolog-
ical toxicity (DLT 1.5 mg m ?) and limited efficacy.'*s"8
However, due to the exquisite potency, cryptophycins were
predestined to be recognized as an attractive cytotoxic payload
for ADCs, which led to their resurrection"'**** (Fig. 6). Met-Val-
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Fig. 6 Selected structures and units of cryptophycins (33a—d), including unit A precursors (34a,b) and ADCs (35, 36).
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Cit-PABC was used as the linker to thiomab and trastuzumab as
antibodies for cryptophycins-52 and -55 based ADCs, respec-
tively.'*®11*12¢ Cryptophycin-55-based ADC exhibited nanomolar
cytotoxicity in HER2+ tumor cells (IC5o 0.58-1.19 nM) and anti-
tumor activity in xenograft models at 10 mg kg~ * (SKOV3 and
NCIeN87).'*

Natural cryptophycins are composed of four units A-D
(Fig. 6). Epoxide-containing (e.g., CP1, 33a or CP52, 33b) and
chlorohydrin-containing (e.g., CP8, 33c or CP55, 33d) analogues
represent two types of the most cytotoxic analogues. Unit A is
the key fragment with respect to synthetic accessibility and
bioactivity, i.e., it represents the most complex part for synthesis
and the most important part in the determination of activity.
The synthesis of unit A is challenging because it possesses four
chiral centers, a labile epoxide and an unsaturated amide. Since
the chlorohydrin could be readily obtained from the epoxide by
transformation using acid-mediated ring opening (HCI), we
here discuss the synthesis of epoxide-containing cryptophy-
cins.”” The epoxide could be introduced at a late-stage by
oxidation of the styrene moiety or at an early stage via protection
by an acetonide that would be cleaved at a late-stage."*

A scalable and economically feasible synthesis was the key
for rigorous biological evaluation in preclinical and clinical
trials. Over 300 cryptophycins have been generated and tested,
and, more recently, the biosynthesis was effectively constituted
and chemoenzymatic synthesis were performed.'*>'** However,
the development of cryptophycin is attributed to its total
synthesis.

There are many published methods for the synthesis of unit
A. Generally, there are two strategies for the generation of the
epoxide moiety, using both the styrene moiety approach and the
acetonide moiety approach, as shown in Fig. 7."****” In the
former approach, styrene was designed as the precursor for the
epoxide moiety, which was generated by oxidation of styrene at
a late-stage, while in the latter approach acetonide was designed
as the precursor of epoxide moiety, generated by the
deprotection-epoxidation = sequence of the acetonide
moiety.'”>'** However, lower stereoselectivity was observed
using the styrene approach (34a), i.e., the product was a mixture
of diastereomers and the ratio of (R,R) and (S,S) varied from 1: 1
to 2.5:1. This method is straightforward, as the diastereomers
could be separated by HPLC but is only suitable for small-scale

a) UnitA+ UnitB IEIIDEZP A-B .
DMF boc. | 5 ropp 7‘
DMAP DIEA
D—<C D
Unit D + Unit C LCP, D-C pmF P C
i unitA A
b) Unit D + UnitC DETD/iP» D-C &f, T ‘ T
ED EDC
D—C pwap P~ €
HATU 'T *T
DIEA
oM P

Fig.7 Two strategies (a and b), for macrocyclization in the synthesis of
cryptophycins.

This journal is © The Royal Society of Chemistry 2025
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Fig. 8 Linker-antibody attachment sites for cryptophycin-based
ADCs for (a) 35 and (b) 36 (R: derived moieties, R": H or Me).

preparation.’” In the acetonide approach, the stereocenters
were generated first and masked as acetonide and unmasked at
a late-stage to produce an epoxide through another step.
Though there are three more steps, this method could generate
the (R,R) configuration, rendering it suitable for a scalable
preparation of cryptophycins.”® In 2011, Sherman developed
a novel chemoenzymatic approach to synthesize cryptophycin
using the enzyme CrpD-M2 to incorporate a 2-hydroxy acid
moiety (unit D) into cryptophycin analogues.’*® The carboxy or
amino terminus of 4-O-Me-phenylalanine (unit B) was
frequently selected as the site of macrocyclization.

Due to the failure of cryptophycin-52 (33b) in Phase II clinical
studies, ADCs have emerged as an important direction in the
field of cryptophycin research (35, 36, Fig. 6)."'%'2*'2° For the
epoxide analogues (Fig. 8a), three sites were frequently chosen
as a modification site, being the para-position of the aromatic
ring of unit A, the OH site of unit B, and the methyl group of
unit C. For the chlorohydrin analogue (Fig. 8b), the OH was
derivatized to obtain ADCs."*’

Recently, Sewald comprehensively reviewed the cryptophy-
cins, including the fluorinated analogues and conjugates, bio-
logical activities, and SAR.'*®

2.5. Gatorbulins

The gatorbulin family is the most recent addition to the
microtubule-destabilizing agents derived from marine cyano-
bacteria. Gatorbulin-1 (GB1, 37a, Fig. 9) was described in 2021
from a Floridian Lyngbya confervoides by the Luesch group.*®
The structure determination was achieved through standard 2D
NMR coupled with >N NMR, pinpointing the presence of
a primary, secondary and tertiary amide as well as a hydrox-
amate group that was critical for the antiproliferative effects.>
This distinct cyclodepsipeptide of comparatively low molecular
weight is a modified pentapeptide that displayed unique phar-
macology, targeting a seventh tubulin pharmacological site, as
revealed through multidimensional characterization in
complementary mechanistic and phenotypic assays.”® Using
fluorescent bona fide probes, it was found that GB1 could not
displace fluorescent probes of eribulin (vinca site) or
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Gatorbulin-2 (GB2, 37b)

Pro175

Fig. 9 (a) Structures of gatorbulin-1 (37a) and gatorbulin-2 (37b) and
(b) crystal structure of the tubulin—gatorbulin-1 complex (PDBID:
7ALR). Purple: tubulin a-1B chain. Salmon: tubulin -3 chain. Gator-
bulin-1 carbons atoms are highlighted in green.

maytansine (maytansine/tip site) but competed successfully
with a fluorescent probe for the colchicine site.’® This data
initially suggested that GB1 might be the first peptide targeting
the colchicine site; however, both the pharmacological data and
mechanistic probing indicated that GB1 may not target the
classic colchicine pocket.”® This hypothesis was successfully
probed using macromolecular crystallography, culminating in
the high-resolution structure determination of the a/p-tubulin-
GB1 complex to reveal a new tubulin regulatory site near the
colchicine site to modulate tubulin dynamics (Fig. 9).>**' The
tubulin-colchicine and tubulin-GB1 showed main differences in
the B-tubulin loop T7 and a-tubulin loop T5, which imperatively
change their conformations upon colchicine binding.** GB1
binding precludes the concurrent ligand binding at the
colchicine site, rationalizing the competition assay results and
underscoring the distinct pharmacology of GB1.>>%"

GB1 exhibited GI5, of 800 nM and ICs, of 300 nM in the
primary screen against HCT116 colorectal cancer cells, without
significantly affecting the cell viability of normal colon cells
(IC50 > 10 uM).>® Of the cancer cells tested, GB1 was the most
cytotoxic to colon cancer cells COLO205 (GI5, 92 nM) and had
strong activity in other cell lines, including melanoma (SK-MEL-
5), ovarian (OVCAR-3), and prostate (DU-145).>® However, the
activity of GB1 in Pgp and PIlI-expressing HeLa cell lines was
strongly attenuated, initially suggesting room for optimiza-
tion.”® However, subsequent studies with MDCK cells stably
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transduced with the human efflux transporter MDR1/Pgp,
showing similar permeability with and against transporter
gradient, indicated that GB1 (44a) is a poor Pgp substrate.*

The co-isolated gatorbulin-2 (GB2, 37b), the N-deoxy deriva-
tive of GBI, lacked antiproliferative activity and provided
preliminary SAR information. The structure of the o/B-tubulin-
GB1 complex underscored that the N-hydroxy group shows
wide-ranging interactions with loop 5's a- and B-tubulins.” The
synthesis of GB1 (37a) was achieved in 5.6% overall yield over 20
steps, solving the supply issue and established the basis for the
synthesis of gatorbulins with simplified structures, GB2-7.*

The presence of almost exclusively unusual moieties (N-OH-
Ala, DhAla, 4-MePro, OH-Asn) posed challenges for the total
synthesis (Fig. 10a). Starting from trans-2,3-epoxysuccinic acid,
the fully masked acid 38 was efficiently synthesized. Amidation
of 38 by allyloxyamine 39 is a key step in this total synthesis,
which was accomplished using the acid chloride method with
AgCN as base. Fmoc-Fm pair was designed as the protection
groups of amino and carboxy termini, respectively and Sec (Ph)
was proposed as the precursor unit of DhAla. The PyBOP-
mediated macrocyclization proceeded with good yield (60%).
The Luesch group also synthesized six analogues (GB2-7, 37b-
37g, Fig. 10b) applying a similar synthetic strategy.*

GB1 (37a) has drug-like properties, including low molecular
weight (<500 g mol ™), and is amenable to rapid synthetic
modification. These characteristics increase the translational
potential of gatorbulin-based, pharmacologically novel micro-
tubule agents to not just become chemical probes but also drug
candidates that complement the arsenal of current clinical and
preclinical microtubule agents.

The SAR was systematically investigated (GB2-7, 37b-37g) at
the biochemical and cellular level using GB1 (37a)-susceptible
ovarian and cervical cancer cells.** The hydroxamate moiety in
the N-methyl-alanine residue is critical for activity. All other
structural modifications present in GB1, including C-
hydroxylation of asparagine, methylation at C-4 of proline,
and sp® hybridization in dehydro-alanine, were proven to be
functionally relevant.*' Replacement of the primary amide with
a methyl ester also resulted in reduced activity, indicating the
intricate scaffold optimization by the GB1-producing cyano-
bacterium. Inhibition of tubulin polymerization in vitro and
binding affinities correlated very well, translating into differ-
ential cellular efficacy. Using docking and molecular dynamics
to evaluate the effects of the chemical simplification at the
structural level, any changes resulted in loss of target interac-
tions, although energetically modest. Similar to cevipabulin
that targets two different sites on the tubulin dimer,* *** GB1
promotes proteasome-mediated tubulin degradation but by an
unknown mechanism, presumably distinct from that of cevi-
pabulin.>” Comparison with GB1 (37a) indicated that cevipa-
bulin binds to the same tubulin region although the binding
mode is distinct.”** Cevipabulin almost exclusively interacts
with a-tubulin, including nonexchangeable GTP."* In contrast,
GB1 (37a) makes extensive contact and hydrogen bonding with
both o- and B-chains of tubulin.?> GB1-7 (37a-37g) showed
excellent solubility and much higher than that of paclitaxel.>
Hepatic microsome stability was shown to be excellent, while

This journal is © The Royal Society of Chemistry 2025
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a) Total synthesis of GB1 (37a)
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Fig. 10 Abbreviated synthesis (a) of GB1 (37a) and (b) the structures of gatorbulin analogues (GB2-7, 37b—37g) highlighting the structural

modifications to the parent molecule.

human cytochrome P450s were not inhibited, and plasma
binding was minimal with high free fractions.** Passive
permeability was predicted to be high based on parallel artificial
membrane permeability assay (PAMPA) for GB1-6.*"

2.6. Repurposing as HIF inhibitors

Dolastatins 10 (1a) and 15 (26a) as well as gatorbulin-1 (37a)
were discovered (or re-discovered) as agents with differential
antiproliferative activity against hypoxia-inducible factor 1 (HIF-
1) containing HCT116 cells, following deconvolution of initial
differential selectivity for parental HCT116 cells versus dual
HCT116MF t*~/~HIF=22=/= hockouts.>*3!  The screening
system, described in 2016 to aid early-stage drug discovery by
providing selectivity already in primary assays, enables the
prioritization of agents that have a higher likelihood of activity
and selectivity against solid tumors driven and characterized by
oncogenic KRAS and hyperactivation of HIF (Fig. 11)."*" It was
demonstrated that microtubule agents belonged to the
compounds with greatest differential, which was later proven
for dolastatin 15 (26a) and gatorbulin-1 (37a).>>°* HIF inhibition
appears to be a common downstream effect of tubulin-targeting
agents as exemplified by multiple studies.”>***3**3* The dual
effect of tubulin-binding to interfere with tumor vascularization
largely in endothelial cells, and HIF-inhibition to downregulate
target genes such as VEGFA in growth factor secreting cells
suggests that these compounds are also promising anti-
angiogenic agents, in addition to its primary utility as antimi-
totic agents.’**"** Downregulation of the HIF-target gene, VEGFA

This journal is © The Royal Society of Chemistry 2025

in parental HCT116 cells was observed in cancer cells for
dolastatin 15 (26a) and gatorbulin-1 (37a) and both were effec-
tive in angiogenesis assay in vitro model systems using endo-
thelial cells. Further, validation of HIF-regulated
downstream effects by tubulin agents was demonstrated in
vivo using a zebrafish model specifically in vhl mutants with
activated (constitutively active) HIF signaling.®* Dolastatin 15
showed strong in vivo antiangiogenic effects concomitant with
HIF target gene downregulation (Vegf and Egin3) that was
revealed by in situ hybridization.”

25,91

Differentiation

Oncogenic Screening System
Pharmacology

|

In vitro: Isogenic panel
containing parental HCT116,

1o Gatorbulin-1
HCT116MFra/HF2a/- and
HCT116WT*RAs

PYTYTTYTY
sosscece
0000000

In vitro: Gene expression |
using RNA-seq N

In vitro: Angiogenesis
model

l i

Dolastatin 15

Dolastatin 10 ==

Fig. 11 A multidimensional screening platform designed to identify
preferential activity against cells with oncogenic KRAS mutations and
downstream HIF hyperactivation in cellular and in vivo models.
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The specific in vitro and in vivo effects on HIF signaling
provided supportive rationale that these agents are expected to
possess activity against solid tumors.*****” As described above,
dolastatin 10-based ADCs were originally approved for
lymphomas but later also for bladder cancer (enfortumab
vedotin).*® Tisotumab vedotin was designed to target tissue
factor (TF) which is highly expressed in many solid tumors
(ovarian, prostate, bladder, lung) for cervical and ovarian
cancers.*® Ladiratuzumab vedotin was designed for metastatic
triple negative/HR+/HER2-breast cancers are in different phases
of clinical trials, while dolastatin 10-based ADCs undergo trials
for ovarian cancer and other solid tumors (3a-3e, Table 1).”*

3. Inhibitors of cotranslational
translocation: Sec61 inhibitors

3.1. Mechanism of action

Cancer cells are usually characterized by overexpression and/or
mutation of certain membrane proteins that function as pro-
growth signaling receptors, depending on the tissue and cell
type, and increased levels of secretion of ligands that act on
these receptors.”**'** Both types of proteins, including receptor
tyrosine kinases (RTKs) and growth factors, rely on a functional
secretory pathway for proper localization on the cell membrane
and extracellular milieu, respectively."***** Synthesis of proteins
destined for secretion starts at cytosolic ribosomes and the
firstly synthesized N-hydrophobic sequence (signal peptide) is
recognized by the signal recognition particle (SRP) for subse-
quent docking at the SRP receptor in the endoplasmic retic-
ulum (ER), where protein synthesis continues (Fig. 12)."*
Cotranslational translocation is the first step in the secretory
pathway and is initiated by protein insertion into the lumen of
the ER.* Insertion of the signal peptide is controlled by Sec61,
the central protein translocation channel in the ER (Fig. 12)."*
Targeting Sec61 may ultimately prevent ER translocation of all
or a subset of proteins, depending on the specific compound
and cellular context, which produces a potent antiproliferative
effect.’*® Two anticancer natural product classes from marine

Normal
Translocation

Fig. 12 Cotranslational translocation inhibition into the endoplasmic
reticulum using Sec61 inhibitors.
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cyanobacteria, apratoxins™*'*” and coibamides,***'** have been
demonstrated to act via this mechanism, by targeting
Sec61."°** The different binding sites are hypothesized based
on differential resistance to Sec61 mutants cells to apratoxin
(45a) and coibamide A (52).*** (Fig. 13) Recently, high-resolution
cryo-EM structures of seven inhibitors bound to chimeric
human-yeast Sec61, including apratoxin F (45d), were charac-
terized to bind to the lateral gate.'*® These inhibitors have
shown to induce different pharmacological fingerprints in the
NCI-60 cell line screens.'13>15%162,163

3.2. Apratoxins

Following the discovery of natural apratoxin A (45a) the total
synthesis was completed before the isolation of subsequent
apratoxins, including apratoxins B and C Moore and co-
workers,"* and subsequently apratoxins D-G****** by Gerwick
and Luesch groups from Moorena bouillonii (recently reclassi-
fied as such).****'®* The total synthesis of its oxazoline
analogues have been described.'®*'¢*'%1%¢ So far nine natural
analogues have been discovered, with various SAR campaigns
conducted to increase potency (Fig. 13). In 2015, Coltart
reviewed the isolation, structure determination, and asym-
metric total synthesis of natural apratoxins.**” The real interest
in this compound class emerged after the mechanism of action
was revealed, demonstrating apratoxin A an inhibitor of
cotranslational translocation, a novel strategy to inhibit cancer
cell growth at low nanomolar concentrations.*® The translocon
Sec61 was shown to be the direct protein target of apratoxins,
exemplified by using apratoxins A (45a) and F (45d) binding
near the luminal plug domain (Fig. 12)."*>'"*” The cryo-EM
structure with F (45d) and other (non-cyanobacterial) Sec61
inhibitors suggested a common binding pocket for those Sec61
inhibitors (Fig. 14)."*

Invivo studies with apratoxin S4 (45e) showed potent activity
in a HCT116 colorectal cancer xenograft model.**® Daily dosing
with 0.25 mg kg ' produced a pronounced antitumor effect in
mice with certain RTKs as pharmacodynamic markers shown to
be selectively downregulated in the tumors.** Pharmacokinetic
studies for apratoxins A and S10 both showed enrichment in the
pancreas and a favorable PK profile."*”'*® Apratoxin S10 (45g),
like apratoxin S4, lacked irreversible toxicity and at low doses
apratoxin S10 showed efficacy in an orthotopic patient-derived
xenograft (PDX) model for pancreatic cancer, which is the
gold standard in the field."*® At a dosing schedule of 0.25 mg
kg~ " every other day, apratoxin S10 inhibited the proliferation
of pancreatic cancer cells in vivo, without inducing cytotoxicity,
thus separating antiproliferative from cytotoxic activity.**® This
effect may in part be attributed to the inhibition of growth
factor and cytokine secretion from tumor-associated stromal
cells that drives pancreatic cancer cell growth, suggesting that
apratoxin S10 has an additional indirect effect on pancreatic
cancer cells and therefore address a resistance mecha-
nism.'**'* This finding on other cell types, coupled with the
novel mechanism of action, opened up avenues for application
beyond cancer.'*®'*® Apratoxin S10 was shown to inhibit the
secretion of proangiogenic factors, VEGF-A and IL-6, and

This journal is © The Royal Society of Chemistry 2025
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Fig. 13 Structures of selected natural apratoxins A (45a), E (45b), and F (45d), and other synthetic analogues (45C, 45e—45h).

Fig. 14 Cryo-EM structure of apratoxin F (45d) with Sec61 in blue
(alpha), salmon (gamma) and gold (beta subunit) and apratoxin F in
green (PDBID: 8DNZ).

consequently evaluated for activity against cancer cells derived
from highly vascularized tumors (renal, colon, neuroendo-
crine), where the compound showed 2000- to 5000-fold greater
activity than FDA approved RTK inhibitors.'® The dual activity
as inherent anticancer and antiangiogenic is particularly
intriguing, as the compound may also address the resistance to
antiangiogenic therapy through the inhibition of multiple
proangiogenic pathways and inhibiting cancer cell growth
simultaneously. The antiangiogenic activity in vitro has been
determined for apratoxins A, S4 and $10 using human umbilical
vein endothelial cells (HUVECs).'>>16316

To extend the scope of cancers that may be targeted by this
compound class, apratoxin S4 (45e) was profiled against panels
of cancer cells characterized by differential sensitivity to RTK
inhibitors due to receptor mutations, oncogenic KRAS muta-
tions, or activation of compensatory pathways.'®* Apratoxin S4
(45e) was active at low-nanomolar to sub-nanomolar concen-
trations against panels of lung, head and neck, bladder, and

This journal is © The Royal Society of Chemistry 2025

pancreatic cancer cells, concomitant with downregulation of
EGFR and other RTKs.'® Interestingly, the compound shows
a differential substrate selectivity in cellular settings that was
not anticipated based on biochemical studies.” The selectivity
was most pronounced in breast cancer cells, where apratoxin S4
preferentially downregulated HER3 over HER2. The activity of
apratoxin S4 was also greater against estrogen receptor positive
(ER+) and triple negative breast cancer (TNBC) cells than HER2+
breast cancer cells. The substrate selectivity appears to depend
on the cellular context, since apratoxin A was shown previously
to strongly downregulate HER2 in U20S osteosarcoma cells.'®*
This apparent coupling or interplay of substrate selectivity and
biological context is highly intriguing, and the molecular basis
remains to be determined. Importantly, in contrast to known
EGFR inhibitors, apratoxin S4 (45e) showed antiproliferative
activity in mutant KRAS background, extending the application
to addressing resistance to these selective targeted therapies.'®

Apratoxins also differentially modulate cancer-related
membrane proteins other than RTKs, including CUB-domain
containing protein (CDCP1), a transmembrane protein linked
to metastasis and invasion, forming a complex with EGFR to
decrease cell adhesion.'®* CDCP1 is also activated by KRAS but
strongly downregulated by apratoxin S4 in a breast cancer cell
type dependent manner. The fate of CDCP1 was monitored
through pulldown experiments followed by proteomics,
revealing the expected block in glycosylation by preventing
cotranslational translocation and concomitant increase of the
chaperone HSP70, presumably recruited due to misfolding of
nonglycosylated CDCP1.'*® Additionally, CDCP1 association
with HUWE1 was increased in response to apratoxin S4 treat-
ment. HUWEL1 functions as an E3 ubiquitin ligase known to
target many proteins, including BCL2-related MCL1, histones
and DNA polymerases.'”® Apratoxin S4 treatment presumably
leads to HUWE1-mediated proteasomal degradation.'®
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SAR studies by alanine scanning pinpointed key amino acid
residues, including the Tyr moiety and that the Pro can be
replaced by N-Me-Ala, and that configurational changes of the
Pro (1 to p) are detrimental to the activity.*® Total synthesis led
to the reassignment of the thiazoline configuration in apratoxin
E (45b instead of 45¢), which is different from all other natural
apratoxins (Fig. 13). The significantly reduced activity of apra-
toxin E and dehydrated apratoxin A, indicated the importance
of the hydroxy group in the Dtena unit. Importantly, re-
engineering of the scaffold to remove the Michael acceptor in
the modified cysteine (moCys) unit, further improved potency
(apratoxin S4, 45e), indicating that the conjugated system was
not involved in the mechanism of action.'* Furthermore, the
unsaturated amide in apratoxin A was shown by mass spec-
trometry to be able to undergo conjugate (Michael) addition
with thiol nucleophiles, presenting one potential liability and
reason for the irreversible toxicity observed for apratoxin A.'*°
Collectively, these studies led to the prioritization of apratoxin
A/E hybrids S4 (45e) and S9 (45f), with S9 being slightly more

a) Synthesis of typical analogues Apratoxins S4 (45e) and S10 (45g)

View Article Online
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active. To avoid deactivation by dehydration and to improve
stability, a gem-dimethyl was installed at C34 leading to the
apratoxin S8 and S10 (45g, Fig. 13).*°>'%* All of these synthetic
apratoxins demonstrated excellent in vivo activity and toxicity
was managed through a carefully designed dosing schedule.
However, the cytotoxicity of the oxazole analogue (45h) is much
weaker than that of thiazoline analog.”®

Among the synthetic analogues, apratoxin S4 and S10 are the
promising candidates that have undergone most extensive
biological evaluation.'*****"* Their synthetic strategy is depic-
ted in Fig. 15.

The moCys precursor units 48a, 48b were synthesized from
cysteine through the amino aldehyde, Wittig reaction and
reduction by NaBH,. However, the product was obtained in only
35% yield."™ An alternative method to construct moCys frag-
ment was established, starting from glutamic acid derivative,
and applied to the total synthesis of apratoxin E and its
epimer.**® This method is straightforward and more efficient.
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Fig. 15 Abbreviated synthesis (a) of apratoxin S4 (45e), S10 (45g), and
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(b) biosynthesis pathway for apratoxin polyketide unit Dtena (51).
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Aldehyde 46 was a common intermediate for all analogues. It
was synthesized from pivalaldehyde by p-proline catalyzed aldol
reaction in ten steps.'®® The chiral center of acid 47a was con-
structed by crotylation of aldehyde 46 using commercially
available material by Leighton's silica (S,5)-18."”> The product
was easily obtained in high yields with excellent enantiomeric
selectivity by simple mixing of both starting materials and
keeping the mixture at —20 °C for some time.'*® However, the
gem-dimethyl acids 47b were synthesized using Kiyooka reac-
tion through a boron auxiliary, oxazaborolidine.'*”* The
formation of the thiazoline ring in 49a, and 49b from its open-
chain precursor was a key step and for the mono-methyl (S4) or
non-methyl analogues (57)."° Kelly method (Ph;P(O)/Tf,0)
provided products in 90% yield, but for gem-dimethyl analogues
(S8 and S10) were only provided in low yield (5-10%).'*°
However, modified Kelly method (TiCl,/1,2-dichloroethane/
heating) resulted in satisfactory yields (50-60%). PyAOP was
selected as the coupling reagent of acid 49 with tripeptide 50.
PyAOP also was used for final step macrocyclization, and good
yields were obtained for all final targets. Other analogues were
synthesized by parallel strategy of the total synthesis of apra-
toxin S4/S10. Each analogue can be synthesized from two frag-
ments, tripeptide 50 and thiazole-containing carboxylic acid 49.
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An additional series of apratoxins by replacing the moCys unit
with amino acids, has also been described without in-depth
biological studies.””® Towards establishing a convenient
hybrid chemistry-synthetic biology to access apratoxins, the key
moiety of the apratoxin skeleton, Dtena (51, Fig. 15), was
heterologously expressed in high yield (9.7 mg L™%).7

3.3. Coibamides

In 2008, Gerwick and McPhail isolated coibamide A (52, revised
structure) a potent cytotoxin with antiproliferative activity
against the NCI-60 cancer cell line panel, from the filamentous
cyanobacterium Leptolyngbya sp.**® Coibamide A showed cell
loss within S phase and increase in the G; phase with little
change in G,/M phase of the cell cycle.**® In 2013, the Ishmael
group described coibamide A to possibly induce mTOR-
independent autophagy in both mouse embryonic fibroblasts
(MEFs) and human glioblastoma cell types, with morphological
and biological characteristics of cell death in various cell
lines."”® Coibamide A was more recently found to have a similar
mechanism of action as apratoxins and the same molecular
target, Sec61. Like apratoxins, coibamide A inhibits VEGFA and
decreases expression of VEGFR2, as indicative of Sec61

Tyr(Me)'®
_O
|_-MeA|a11 \<MeLeu9
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Me,Val' )ﬁ Al
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H L— macro-
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HN Prodrug of coibamide (53)

Fig. 16 Synthetic strategies (a and b) for proposed coibamide A (52) and (c) for its RGD conjugate, and Su's structure revision as shown in (b): red

represents the original assignment and blue the reassignment.
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inhibitors.”” However, as discussed above, comparative anal-
ysis of resistance mutations indicated differences in binding
and pharmacological consequences, including cell type sensi-
tivities."”*"”” Coibamide A, originally, demonstrated potent
cytotoxicity against MDA-MB-231 (G5, 2.8 nM), SNB-75 (GI5, 7.6
nM), HL-60(TB) (G5, 7.4 nM), and LOX IMVI (G5, 7.4 nM) with
good selectivity for breast, CNS, colon, and ovarian cancer
cells."® In a more recent study, these lariat depsipeptides
demonstrated excellent inhibition of cell growth of six breast
cancer cell lines in the nanomolar ECs, range, with MDA-MB-
231 being the most sensitive (ECs, 7.42 nM)."*® In an effort to
further define the sensitivity of coibamide A to breast cancer
types, including triple negative breast cancer, HER and ErbB
proteins indicated the depsipeptide suppressed all four HER
protein expression and EGFR, exhibiting cell death as a func-
tion of exposure and concentration.*® However, endogenous
HER?2 was partially resistant to coibamide A (similarly shown for
apratoxins)'®®* within the same concentrations of all HER
proteins, indicating broad acting Sec61 inhibitors are not
equally effective across all HER proteins,"**'”® consistent with
data for apratoxins.**®

Yao group completed the total synthesis of the proposed
structure in 2014.”° Using a liquid-phase and [(4 + 1) + 3 + 3]
strategy, they constructed each fragment (Fig. 16a), fusing
fragments 1, 2 and 3 sequentially, then preforming macro-
cyclization between N-Me-lle and Ala to obtain the macrocyclic
core. Appending fragment 4 to the cyclic core provided the final
target molecule. Unfortunately, the NMR spectra of synthetic
coibamide were inconsistent with those of natural coibamide A,
prompting a structural reassignment. Adopting Fmoc-based
SPPS (Fig. 16b), the Su group also synthesized the originally
proposed structure of coibamide A, substantiating Yao's result
of the mismatch.'®® Synthesis of two diastereomers with highest
likelihood of representing natural coibamide A led to the
unambiguous structural revision at MeAla (to p-MeAla) and
Hiva (to p-Hiva) (Fig. 16b).*** In Su's SPPS method, the same site
between N-Me-lle and Ala was chosen for macrocyclization.
Starting from N-Me-lle on aryl hydrazide resin, they assembled
amino acids via the sequence as shown in Fig. 16b, starting
from N-Me-lle to Hiva, then MeAla to Ala to obtain linear
precursors. Macrocyclization between N-Me-lle and Ala
provided final targets.

Su's group accessed a series of coibamide A analogues, as
well as the MeAla3-MeAla6 coibamide, replacing Ser hydroxy
and amino acids, respectively (Fig. 16c). The MeAla3-MeAla6
coibamide showed almost equal cytotoxicity against breast
cancer cell line MDA-MB-231 compared with that of coibamide
A*®* Furthermore, the MeAla3-MeAla6 coibamide exhibited
better efficacy against tumor growth than coibamide A in vivo.'**
Based on this slightly simplified analogue, authors designed
and synthesized a stimuli-responsive peptide-drug conjugate
(PDC) RGD-SS-CA as a prodrug (RGD: arginyl-glycyl-aspartic
acid), which showed desirable drug release under stimuli and
greater or similar cytotoxicity than coibamide A both in vitro and
in vivo."®" In 2022, Oishi group generated series of analogues of
coibamide A at MeThr’-MeAla' site and Tyr(Me)" site using
a similar Fmoc-SPPS method and synthetic sequence as Su's
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method but the amide between Tyr(Me)'" and MeLeu® was
selected as the site for macrocyclization.”®> A biphenyl (Bph)
mimetic substituting Tyr(Me) was the most potent for the
growth inhibition of A549 cells (IC5, 0.06 uM).**2

4. SERCA inhibitors

4.1. Mechanism of action

Calcium regulation intersects various cellular processes,
including cancer metastasis and proliferation, and directly
induces and regulates cell death.'® Thus the modulation of
organelle Ca** homeostasis is a key target for treatment against
cancer progression.’®® The sarcoplasmic reticulum calcium
ATPase (SERCA) is an endoplasmic reticulum 10 trans-
membrane calcium transporter protein found in all eukaryotic
cells.”® The transporter family consists of SERCA1-3, with
SERCA1la being the best characterized, and transfers calcium
from the cytosol of the cell to the lumen of the ER.®** SERCA
maintains the majority of calcium homeostasis, therefore
potential therapeutic target development is advantageous for
diseases with calcium dysregulation.® The calcium cascade
within the cell is initiated with the entry of calcium into the cell
via a voltage-gated calcium channel or other calcium trans-
porter, releasing calcium into the cytoplasm. SERCA then
uptakes the calcium into the ER in an ATP-dependent manner
to regulate the concentration of calcium in the membrane.*®*
Calcium concentration is regulated via small endogenous
molecules and leak channels.®® When SERCA is inhibited, the
concentration of calcium in the ER drops below 500 uM, initi-
ating mitochondrial unfolded protein response (UPR) with the
uptake of calcium into the mitochondria. Thus prolonged Ca**
exposure leading to ER stress and subsequent mitochondrial
calcium uptake leads to activation of pro-apoptotic signaling as
shown (Fig. 17)."*” The two marine natural products, iezoside
(54a) (IC5o 6.7 nM in HeLa; K; 7.1 nM) and biselyngbyaside (62a)
(ICs0 0.1 pg mL™" in HeLa; K; 19 nM), were isolated and char-
acterized as potent SERCA1la inhibitors.'®*"%°
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Fig. 17 Mechanism of action of sarcoplasmic reticulum calcium
ATPase (SERCA) leading proapoptotic signaling.
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4.2. Iezosides

Iezoside (54a, Fig. 18) was recently isolated and characterized
as a rare peptide-polyketide hybrid glycoside from Ie Island,
Okinawa, Japan and identified from the marine cyanobacte-
rium Leptochromothrix valpauliae by the Suenaga group.'®®
Iezoside features a sugar moiety and multiple double bonds
and it also showed strong inhibitory activity against SERCA
with comparable Japanese Foundation for Cancer Research 39
(JFCR39) cell lines profiles to the most well-known SERCA
inhibitor thapsigargin from Thapsia plants and a calcium
transporter ionophore A23187 also known as calcimycin.**"*%?
Validation of the target was conducted using the morpholog-
ical changes that thapsigargin and cyclopiazonic (CA) induced
upon HeLa cells, as well as the effect of the glycoside on the
concentration of cytosolic Ca®>" in Fura-2-treated HeLa cells.'®®
SERCAla was confirmed as the target, with K; of 7.1 nM,
making it the most potent marine natural product SERCAla
inhibitor to date.'®® Iezoside (54a) exhibited potent anti-
proliferative activity against HeLa cells in cytotoxicity studies
(ICs0 6.8 + 0.3 nM vs. 650 + 82 nM) with an increase in G,
phase and a decrease in S phase cells at 10 nM, reflecting a cell
cycle delay rather than cell cycle arrest due to moderate cell
cycle distribution variation.'®® More recently, iezoside (54a)
and the demethylated analogue iezoside B (54b), were isolated
by the Luesch group from Loggerhead Key in Florida from
a marine cyanobacteria mixture composed of mainly Dicho-
thrix sp. and Lyngbya sp.'®* Additional validation of the
bioactivity of iezoside and biological characterization of iezo-
side B were conducted showing cytotoxicity against non-small
cell lung cancer cell line A549 (ICs, 1.5 and 3.0 uM) and cervical
cancer cell line HeLa (ICs, 1.0 and 2.4 uM), providing prelim-
inary SAR."®

The synthetic strategy of iezoside (54a) is depicted in Fig. 18,
in which it was detached into two primary building blocks 55
and 56. Amine 55 is a thiazole-containing dipeptide. The
alcohol 57 was glycosylated to afford 56 successfully in the
presence of carbonyl group. From known aldehyde 56, via
a series of sequential reactions including Wittig reaction, aldol
reaction, Grignard reactions, oxidative rearrangement, and
Horner-Wadsworth-Emmons (HWE) reaction, compound 57
was synthesized.*®®

lezoside (54a): R = Me
lezoside B (54b): R = H

w

HWE Oxidative
reactlon OTES rearrangement \HO OTE/S
_
59

N
o~ S j(LNBoc o~
RO, _A_.OH o _0,, A _OTBDPS girect
) 55 ] glycosylation
o7 N0~ o)
NF
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4.3. Biselyngbyasides

Biselyngbyaside (62a, BLS), an 18-membered ring macrolide,
was isolated from Lyngbya sp. in 2009 by the Suenaga group.™®
Similar to iezosides, structural features include sugar moieties
and multiple double bonds. The macrolide exhibited cytotox-
icity against HeLa S; (ICso 100 ng mL ") and an average Gl5, of
600 nM against the JFCR39 human cancer cell line panel, with
specific selectivity to glioblastoma SNB-78 cell line (GI5, 36 nM)
and the non-small cell lung cancer cell line NCI H522 (Gls, 67
nM)."*>"** The JFCR39 profile was similar to that of known
SERCA inhibitors, with enzyme assays against SERCA1 and 2
confirming biselyngbyaside strongly inhibited SERCAla (K; ~
10 nM)."® Later studies described the isolation and biological
activity of biselyngbyaside B (62b), which is less potent than
BLS."* Additional natural analogues (C-F) were isolated from
the Lyngbya sp. and tested for potency against HeLa and HL60
cell lines.">%

The Suenaga group reported the first total synthesis of BLS
(62a, Fig. 19) in 2017 based on their successful total synthesis of
biselyngbyolide (63) in 2016."'** They found that direct
glycosylation of biselyngbyolide (63) at a late-stage failed to
produce BLS (62) and proposed to install the sugar moiety
before the carbonyl group was formed (Fig. 19). For the mac-
rocycle formation, building blocks 64 and 65 were conjoined via
Mitsunobu reaction, and then a Stille coupling between stan-
nane of 65 and vinyl iodide of 64 closed the linear precursor.
The glycosylation of free sec-OH of 66 was completed by
trichloroacetimidate-activated glycoside donor, differing from
the installation of a sugar moiety of iezoside. Further two-step
oxidation of primary alcohol of 66 provided 64. The coupling
reaction of 67 with 68, and then stereoselective reduction with
BH;-SMe in the presence of chiral boron auxiliary (R)-Me-CBS
(Corey-Bakshi-Shibata), followed by oxidation and Takai olefi-
nation to provide 66. Wittig reaction and Aldol reaction were
involved when used building blocks 73, 72, and 71 to construct
67. For the construction of building block 65, the Ando's type
phosphonate 70 with nitrile group was selected for HWE olefi-
nation, which afforded good yield and selectivity for E-
configuration.

While SERCA inhibitors may have gained momentum as
potential agents against cancer, the major practical concern has

Two Grignard O OTES IR . (0]

reactions o H P i) Wittig reaction

s " °N - = — H =
[ i) Aldol reaction

60 61

Fig. 18 The structures of iezoside (54a) and iezoside B (54b), and synthetic strategy for iezoside.

This journal is © The Royal Society of Chemistry 2025
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Fig. 19 The synthetic strategy for biselyngbyaside (62a).

been the difficulties associated with the synthesis of their
complex structures for large scale synthesis. The synthesis of
BLS still remains a laborious multistep methodology, while the
lack of diversity in the structure scaffold with target specific
inhibitory activity remains a challenge. The recent discovery of
the potent cyanobacterial iezosides provides more feasibility in
addressing both of these challenges.

5. Mitochondrial cytotoxins and
extrinsic apoptosis inducers

5.1. Mechanism of action

As the mitochondria are responsible for several critical cell
functions, such as apoptosis regulation and oxidative phos-
phorylation, cancer pathology involving the organelle is a prime
target for therapeutics."®?**® Mitochondrial cytotoxins target
functional pathways resulting in the induction of tumor cell

Extracellular Space IMitochondrial Respiratory Chain

’ Caldorazole

SomocyshnamldeA ATERR"
W \......-q il W
Caspase 8 (i v
/ Intrinsic
Apoptosis [ ¥ b
Extingle Mltochondrlal Matrix
Apoptosis
=)
e
/ \\ \\
'

— 2 ~',‘f'. N\ / Apoptosis
G e S —————"
s B

Intercellular Space

Fig. 20 Mitochondrial cytotoxins within the cell and the downstream
affects, including the caspases of the intrinsic apoptotic pathways and
various signaling proteins to induce arrest or oxidative stress.
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apoptosis (Fig. 20). Apoptosis is guided by the intrinsic and
extrinsic pathways, both involving the activation of caspases.””*
The intrinsic pathway is mediated by intracellular signals from
an array of positive or negative non-receptor-mediated catalysts,
producing a cascade effect to lose mitochondrial membrane
potential and initiate the release of pro-apoptotic enzymes to
execute the caspase cascade.’®*?** Oxidative stress through
various enhancers, like lagunamides (75a-e), increases
signaling to induce an accelerated effect on caspase cascade
induction.”® In contrast, the extrinsic pathway often involves
pro-death signaling from outside of the cell via CD8-positive
cytotoxic T or Natural Killer lymphocytes to death receptors
on the cell membrane, including TNF-related apoptosis-
inducing ligand (TRAIL), tumor necrosis factor (TNF), and Fas
receptors.”” Caspase-8 is a gateway inducer of both intrinsic
and extrinsic apoptotic pathways as a mediator of cell death and
inflammation, which is targeted by the somocystinamide
compound class (106b).2°*>” Caspase-mediated mitochondrial
cytotoxins can disrupt the membrane potential and cause
overexpression of radical oxygen species, as well as upregulate/
downregulate pro/anti-apoptotic signaling.>®® This includes
respiratory chain inhibitors targeting oxidative phosphorylation
via interrupting glycolysis, terminating the austerity of tumor
cell lines, such as caldorazole (90).2>>"* Targeting apoptosis is
one of the most successful non-surgical remedies and recog-
nized as an effective universal target for treatment.””*

5.2. Lagunamides and odoamide

The lagunamides are cyclic dipeptides that were isolated from
the cyanobacterium Lyngbya majuscula by the Tan and Luesch
groups.”*>" The compounds are structurally related to auri-
lides and kulokekahilide-2.>*>*'*'7 Lagunamide A (75a)
induced morphological changes to A549 cells after a 24 h
treatment, including shrinkage, pseudopodia retraction, kar-
yopyknosis, and chromatin condensation, as well as nuclear
cracking and DNA released into the cytoplasm via transmission

This journal is © The Royal Society of Chemistry 2025
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electron microscopy (TEM).>*® Further biological characteriza-
tion of lagunamide A (75a) indicated the overproduction of ROS
and mitochondrial membrane potential disruption, as well as
upregulation of pro-apoptotic Bcl-2 proteins and down-
regulation of the anti-apoptotic Bcl-2 proteins, specifically Mcl-
1.2°® Lagunamide C (75c¢) was isolated in 2011 by the Tan group
and indicated nanomolar cytotoxic potency against murine
leukemia (P388; ICs, 2.24 nM), lung carcinoma (A549; IC5, 2.4
nM), prostate cancer (PC3; ICs, 2.6 nM), ileocecal colorectal
adenocarcinoma (HCTS; IC5, 2.1 nM), and ovarian (SK-OV; ICs,
4.5 nM) cancer cell lines.?** Recently, the structural revision of
lagunamide C (75¢) by the Kigoshi group revealed the laguna-
mide C is the identical to odoamide.”*®* Odoamide (75c) is
structurally similar to lagunamide A (75a), differing only by
a single methylene, and was isolated from the Okinawan
cyanobacterium Okeania sp. by the Teruya group in 2016.>*
Biological characterization of lagunamide D (75d), and D’ (75e,
Fig. 21) indicated activation of caspases-3/7 within 6 h of
treatment as well as mitochondrial rearrangement without
fragmentation, exhibiting effects of both apoptotic pathways.***
The exact mechanism in which lagunamide D affects the
mitochondria is yet to be elucidated, despite their ability to
induce apoptosis.>*®***?** However, as a member of the aurilide
class, the likely target could be prohibitin-1 (PHB1).>** PHB1 has
arole in cell proliferation as a negative regulator and is localized
to the inner membrane of the mitochondria.?* This is mediated
through the stimulation of optic atrophy 1 (OPA1), which leads
to the induction of mitochondrial fragmentation and cell death
via apoptosis.”*® However, a functional genomics driven
approach using lagunamide D revealed that the depsipeptide
might exert its affects through proteostasis modulation or
having a chemical genetic interaction with the proteasome
pathway.>®* This was revealed through an unbiased chemo-
genomic RNAi screening. A targeted approach indicated the

Lagunamide D (75d)
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mechanism worked through mitochondrial network rear-
rangement, not mitochondrial fragmentation.”** Preliminary
biological studies indicated potent cytotoxicity against HeLa S3
cells (ICso 26.3 nM). The later synthesized odoamide exhibited
nanomolar potency against A549 cells (IC5q 2.1 nM).>223:224

Ye and Xu finished the first total synthesis of lagunamide A
(75a, Fig. 21) in 2012.%*° In 2013, Wei achieved the synthesis
using different strategies for the generation of the a-hydroxy
acid unit and macrocyclization.”*® In 2018, Kazmaier applied
Matteson homologation as the major tool to finish the total
synthesis of lagunamide A (75a).*” Oishi completed the total
synthesis of odoamide (75¢) in 2016 and then synthesized
a series of analogues in 2018.**>*** The emphasis of the total
synthesis of lagunamide or odoamide has been the construc-
tion of a-hydroxy acid fragment and macrocyclization (Fig. 21).

Fig. 22 shows the different strategies for the synthesis of the
hydroxy acid fragment. In the synthesis of the proposed lagu-
namide A, Ye group found the configurational assignment for
C39 and C40 was problematic and used the known chiral olefin
as a starting point to furnish chiral carbons C37 and C38.>** Its
aldehyde derivative, obtained by oxidative cleavage, afforded
chiral carbon C39(S) and C40(S) through Brown anticrotylation
in which E-2-butene/(—)-Ipc,BOMe assembly was used
(Fig. 22a).*® Another two C40 epimers (C39(R)-C40(S) and
C39(S)-C40(R)) were also synthesized using different assembly
of butene and Ipc,BOMe (Fig. 22a). From these three parallel
building blocks, they generated the corresponding diester
fragments via HWE reaction and esterification and completed
three analogues of lagunamides. By comparison, the correct
structure of natural lagunamide A was determined to be the
C39(R)-C40(S) isomer; however, the original assignment was
C39(S)-C40(S).

Generally, Wei applied Evans's selective aldol reaction of
Evans (R)-oxazolidinone and (S)-2-methylbutanal to establish

Lagunamide C / Odoamide (75¢)

Lagunamide D' (75e)

Fig. 21 Mitochondrial cytotoxins from marine cyanobacteria structures of lagunamides (75a—e) and odamide (75c).

This journal is © The Royal Society of Chemistry 2025
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Fig. 22 Comparison of different strategies (a—c) for the synthesis of hydroxy acid fragment.

the three chiral centers, C38-40, of the hydroxy acid building
block (Fig. 22b), similar to the strategy Ye used in the primary
effort.>*>??¢ Asymmetric allylation with allylmagnesium chloride
generated the chiral carbon C37, in which the diaster-
eoselectivity was improved to 90 : 10 when ZnCl, was selected as
an additive (Fig. 22b). Furthermore, Wei applied the ring
closing metathesis (RCM) reaction to furnish the unsaturated
acid side chain for this fragment. Creatively, Kazmaier applied
Matteson homologation to establish the four chiral centers of
the hydroxy acid fragment (Fig. 22c).**” For the macro-
lactamization, it seems that the site between Ala and Hmpa (2-
hydroxy-3-methylpentanoic acid) provided better cyclization
efficiency than the site between Gly and Ile.

Oishi achieved the total synthesis of odoamide (75¢) and
some analogues by establishing the stereogenic center, C38-
C39, using a method similar to that of Ye's and Wei's.”***¢
Instead of Evans selective aldol reaction, Oishi used Mukaiyama
aldol reaction to generate the chiral center at C37.>*

Oishi chose the site between Ala and Hmpa as macro-
cyclization site. However, serious epimerization problems at
isoleucine were encountered because isoleucine was installed
prior to the tetrapeptide.

5.3. Caldorazole

Caldorazole (90, Fig. 23) was isolated from Caldora sp. off the
coast of Tomuruzaki in Ishigaki Island, Japan in 2022 by the

228 | Nat. Prod. Rep., 2025, 42, 208-256

Suenaga group.”®® The polyketide contains two thiazole rings,
a terminal olefin and an O-methylenolpyruvamide moiety (90,
Fig. 23). The compound showed potent cytotoxic activity (IC50 <
100 nM) against several solid tumor cell lines (HeLa ICs, 23 nM;
CasSki IC5, 68 nM; HT1080 ICs, 74 nM).>*® The potential as
a phosphoenolpyruvate mimic was confirmed via selectivity in
the presence of 2-deoxy-b-glucose (2DG), which suppresses
glycolysis in the mitochondrial respiratory chain complex 1.**
Selectivity for glucose-suppressed conditions in tumor cells was
confirmed with caldorazole showing no toxicity against the
normal cell line WI38 in the presence of 2DG. Caldorazole did
not show selectivity against HeLa S3Mer cells, which are highly
selective for DNA alkylating agents; thus the mechanism of
cytotoxicity via DNA alkylation was not relevant to caldor-
azole.””® Biakamides, a sponge isolated natural products, are
a similar structure class with similar mechanism to caldorazole
in inhibition of mitochondrial respiration making them both
attractive agents for developing therapies that can potentially
cause “nutrient starvation” in cancer cells.?**>%°

The Suenaga group and their co-workers completed the total
synthesis of caldorazole (90) in 2023 as depicted in Fig. 23.>"*
The authors' preliminary convergent synthetic strategy is to
disassemble the molecule into three parts at the sites of amide
and middle keto and the ketone will be formed by sulfone
coupling. The synthesis of the left side building block was
started with Swern oxidation of iodide alcohol 91. The aldehyde

This journal is © The Royal Society of Chemistry 2025
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Fig. 23 Structures and total synthesis of caldorazole (90).

was subjected to Julia-Kocienski olefination with sulfone 93 to
afford vinyl iodide 94 (E/Z 4:1). The selective alkynylation of
2,4-dibromothiazole with Sonogashira cross-coupling to
provide alkyne 95, which was transformed into stannane 96 via
reduction of alkyne by TsSNHNH, and stannylation by Bu;SnCl.
Stille coupling between 94 and 96 gave TBS ether 97. Then its
sulfide (by PhSSPh/n-Bu;P) was oxidized to sulfone 98. Suzuki-
Miyaura cross coupling of 99 with the hydroboration product of
allyl ether 100 afforded protected ether 101. The elongation of
the TBS ether side of 101 was completed by sequential depro-
tection, DMP oxidation, Takai olefination and Suzuki coupling
with the corresponding product being converted into aldehyde
102 by Swern oxidation. It is noteworthy that a 10:1 E/Z olefi-
nation ratio was achieved. Sulfone coupling of 102 and 98
produced B-OH sulfone 103, which was subjected to oxidation
and desulfonylation to provide keto compound 104. The
sequential deprotection of TBS group of 104, oxidation, Takai

This journal is © The Royal Society of Chemistry 2025

Caldorazole (90)

olefination, Suzuki coupling (with 105) and the coupling with O-
methylenolpyruvic acid afforded the final product caldorazole
90 in 0.47% overall yield.”"

5.4. Somocystinamide A and laucysteinamide A

Somocystinamide A (106b, Fig. 24) was isolated by the Gerwick
group from a cyanobacteria mixture Lynghya majuscula/Schizo-
thrix sp. in 2002 from Somosomo, Fiji.>** This novel lipopeptide
of mixed PKS/NRPS biosynthetic origin was mildly cytotoxic to
mouse neuro-2a neuroblastoma cells (ICso 1.4 ug mL™") origi-
nally,”* then later revealed potent cytotoxicity against leukemia
(Jurkat ICso 3 nM; CEM IC5, 14 nM) and lung carcinoma (A549
ICso 46 nM) and good cytotoxicity against breast carcinoma
(MCF-7 ICs, 210 nM), neuroblastoma (NB7 IC50 819 nM), and
prostate carcinoma (PC3 ICs, 970 nM).?*® Further characteriza-
tion revealed somocystinamide A activates programmed cell
death via caspase-8 as well as apoptotic activity in tumors

Nat. Prod. Rep., 2025, 42, 208-256 | 229
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Fig. 24 Structures of laucysteinamide A (106a) and somocystinamide

resistant to death receptor-mediated killing and Fas-mediated
apoptosis via plasma membrane lipid compartment modifica-
tions.?*® Together, the mechanistic studies revealed the unique
method in which ScA exhibits both an angiogenetic effect and
inhibition of tumor cell progression. (Fig. 24, 106b).>*®

Laucysteinamide A (106a, Fig. 24), monomeric analogue of
somocystinamide A, was isolated from Caldora penicillata in the
Northern Mariana Islands by the Gerwick group.*** The lip-
opeptide exhibited weak cytotoxicity, compared to somocysti-
namide A, against lung cell carcinoma (H460) with an ICs, of 11
uM, with the synthetic equivalent of laucysteinamide A exhib-
iting cytotoxicity against H460 at 20 uM.>**

Using the their improved protocols for the total synthesis of
somocystinamide (106b), Gerwick and co-workers completed
the total synthesis of laucysteinamide A (106a) in 2021 (Fig. 24,
b).>**?3* The available unsaturated compound 107 and 108 were
subjected to olefin cross metathesis catalyzed by Hoveyda-
Grubbs II catalyst to afford thiazolidine 109a. Birch reduction
followed by acylation of 109a provided thioester 110a. The
thiazoline compound 111 was prepared by reflux to induce
dehydrative cyclization of the Boc-cleaved 110a. The conden-
sation of 111 with 4-pentenal using TsOH as a catalyst afforded
the final product laucysteinamide A (106a) in 9.4% overall yield.
The authors applied the improved protocols to the total
synthesis of somocystinamide (106b, Fig. 24) and obtained
a better overall yield. The thioester 110a was prepared from
109a using the same protocols for 110a. The basic hydrolysis of
thioester of 110b in the presence of air made the dimerization

230 | Nat. Prod. Rep., 2025, 42, 208-256

A (106b) and the synthetic strategies (a and b) for the two compounds.

provided somocystinamide A (106b) with an overall yield of
16.1%.2%234

6. Epigenetic modulators

6.1. Mechanism of action

Inhibition of histone deacetylases (HDACs) is a validated anti-
cancer strategy. Several drugs that target zinc-dependent iso-
forms (HDAC1-11) with different selectivity profiles have been
approved for the treatment of various lymphomas (T-cell
lymphomas, multiple myeloma) but have not shown signifi-
cant clinical efficacy against solid tumors.”*>*** HDAC inhibi-
tion leads to hyperacetylation of histones, open chromatin
structure and activation of gene expression, including genes
encoding cell cycle inhibitors and pro-apoptotic proteins, which
mainly or at least partially account for the anticancer activities
of pharmacological HDAC inhibitors.”®” Recent reviews have
highlighted the importance of these targets for therapeutic
applications.?*>**® (Fig. 25) To date, two HDAC inhibitors have
been identified from marine cyanobacteria: (1) largazole (122a,
Fig. 26), a thioester prodrug that liberates a zinc-binding thiol
group upon activation, and (2) santacruzamate A (130, Fig. 30),
containing a hydroxamate functionality as the moiety with Zn>*
afﬁnity‘2397242

6.2. Largazole

In 2012, Hong and Luesch reviewed the discovery, general
synthetic strategies, cytotoxicity, HDAC isoform selectivity

This journal is © The Royal Society of Chemistry 2025
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Fig. 25 Class | HDAC inhibitors regulate histone deacetylation
through HDAC 1, 2, and 3, therefore activating gene expression, but
also possess cytoplasmic (non-nuclear) targets that promote anti-
cancer activity, including modulation of the E-cadherin complex and
consequent cell-cell adhesion.

profile, HDAC8-largazole thiol crystal structure, mechanism of
action, and SAR for largazole (113a).>** Initial biological evalu-
ation indicated nanomolar potency on human bone cancer
(U20s ICso 55 nM) and mouse normal breast/fibroblast cells
(NMuMG ICs, 122 nM/NIH3T3 ICs, 480 nM), with superior
potency for the breast cancer cell line MDA-MB-231 (ICsq 7.7
nM).>** Bowers et. al. characterized the HDAC selectivity as
HDACs 1, 2, and 3 selective over HDAC6.>** Importantly, larga-
zole (113a) showed solid tumor activity in a HCT116 colorectal
cancer xenograft mouse model at 5 mg kg™, correlating with

J: Ny S
o O j/ 0“0 o j/
SMN HS/\/\MN

H H

Largazole thiol (113a")

Fig. 26 (a) Structures of largazole (prodrug) and its active species
(largazole thiol) and (b) molecular docking of largazole thiol (113a’) to
HDACI crystal structure (PBDID: 5ICN).
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the histone hyperacetylation status at that dose, so that the
antitumor effect was attributed to gene expression changes due
to HDAC inhibition.>** Although to a lesser extent than tubulin
agents dolastatins 10 and 15 (Sections 2.2, and 2.3), largazole
also showed greater efficacy in HCT116 cells containing onco-
genic KRAS and selectivity for HCT116 cells containing func-
tional HIF transcription factors.”®" Largazole phenocopied the
colgate 1 zebrafish mutant and inhibited HIF-induced angio-
genesis in vivo in vhl mutant zebrafish, but also to a lesser
degree than dolastatin 15 (Section 2.3)."*!

Largazole (113a) is a prodrug that is activated by protein-
assisted hydrolysis to generate largazole thiol (113a’) that is
optimized to access the zinc within the active site of the HDAC
to give its potent inhibitory effect, similar to the active (reduced)
form of FDA approved drug FK228 (romidepsin).>** Largazole
thiol (113a’) exhibited potent, sub-nM activity against class I
isoforms HDAC 1, 2, and 3 (K; of 0.07, 0.07, 0.17 nM), and to
a much lesser extent class IIb isoform HDAC6 (K; 25 nM).>** For
comparison, FK288 exhibited K; values of 0.12, 0.14, 0.28, and
35 nM against HDAC1, 2, 3, and 6, crowning largazole thiol
(113a’) as the more potent HDAC inhibitor.”** The molecular
docking of largazole thiol to HDAC1 crystal structure has
provided a foundation in which these inhibitors interact with
HDAC (Fig. 26). The largazole thiol binds to the zinc deep within
the active cleft of the zinc finger, forcing the overall metal
coordination geometry to be almost tetrahedral.>** Additionally,
the macrocyclic portion exists outside of the convergent region
of all HDACs, providing a base to induce isoform selectivity via
SAR of the amino acid residues on the ring.>*®* Comprehensive
profiling against all eleven zinc-dependent HDAC isoforms
underscored the HDAC1-3 selectivity.>*® Largazole (113a)
exhibits greater antineoplastic effects than largazole thiol
(113a’) on malignant melanoma cells (ICsq 45 nM-315 nM vs.
IC50 360 nM-2600 nM), highlighting the importance of the
prodrug for cellular efficacy.”*

Largazole (113a) was shown to both induce the expression of
the tumor suppressor E-cadherin and also to modulate the
composition of the E-cadherin complex in triple negative breast
cancer cells (TNBCs) by increasing the content of y-catenin,
promoting transport of E-cadherin to the cell surface to mediate
cell-cell interaction and reduce invasion.>****” Reduced or lack
of E-cadherin expression and improper cytoplasmic localization
(if expressed) are characteristic feature and causative for the
invasiveness of TNBCs, and largazole reversed both TNBC
features to “normalize” the cellular phenotype to a less invasive
state.>****® This dual effect of largazole on gene expression and
modulation of protein-protein interaction translated into
mouse models.>*® TNBC line tumors ectopically expressing GFP-
tagged E-cadherin demonstrated the proper cell surface locali-
zation upon treatment with largazole ex vivo using excised
tumors or by systemic administration in vivo (10 mg kg™ ').>*
The activity was enhanced in combination with dexamethasone
which acts by preventing CDCP1 cleavage and formation of the
invasive cleaved (cCDCP1) form.>* The cooperative effects with
glucocorticoids indicated that largazole (113a), or HDAC
inhibitors in general, could be effective in this biological
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context, potentially providing the basis for combination therapy
clinical trials for TNBC.**

Largazole (113a) was shown to demonstrate potent and
selective cytotoxicity towards a number of lung cancer cell lines,
inhibiting cell proliferation within an ICs, range of 0.077 to 0.57
uM in wild type or mutant EGFR cell lines. The 16-HBE normal
human bronchial epithelial cells exhibited less potency at more
than 10 uM.>* Largazole was shown to arrest the cell cycle at G1
phase with high concentrations of treatment causing activation of
caspase 9 with the downregulation of pro-caspase 9, indicating
arole in the intrinsic apoptotic pathway with the cleavage of PARP
using Annexin V/PI staining and flow cytometry analysis.>*® The
upregulation of p21 as demonstrated in A549 cells further
supports the conclusion that largazole induces G1 phase arrest.>*

More recently, largazole (113a) was found to be bioavailable
in the brain and can reach in vivo concentrations sufficient to
inhibit glioblastoma cell proliferation in vitro.>*® At 50 mg per kg
ip, largazole treatment for 12 h induced neuroprotective and
cancer-related gene expression changes, extending the appli-
cability of largazole to neurodegenerative diseases and brain
cancers.”™ Global gene expression profiling of largazole and
Ingenuity Pathway Analysis (IPA) of RNA sequencing data sets
revealed upregulation of neuronal transcription factor Pax6 and
Oprm1.>*° In addition to its role in neurogenesis and neuronal
plasticity, Pax6 is known to suppress proliferation, invasion and
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colony formation of glioblastoma cells.*** Pax6 expression also
inversely correlates with tumor grade. The data implicates Pax6
as a relevant indirect largazole target to mediate both beneficial
activities. Oprm1 is a p-opioid receptor shown to induce neu-
roprotective activity via the mTOR signaling against B-amyloid
peptide neurotoxicity and is the target for morphine.>*

The therapeutic potential of largazole (113a, Fig. 27) to treat
cancer and other diseases triggered the synthesis of analogues,
including different prodrugs like hydroxamates, ketones and
disulfides (113b-113n, Fig. 27)**7?**2% The pyridyl “IN”
analogue (113b) showed similar potency against 797 NUT
midline carcinoma cell line.>** Bipyridine analogue (113c),
series of C7 and thiazole analogues (113d-113h), and the fluo-
roolefin analogue (113i) exhibited similar potency against
HDAC1 or HDAC8.>**?%52%¢ Zinc-binding group analogues (113j-
113m), including different disulfide prodrugs (113m), were also
synthesized to modulate activity profiles and change the modes
and timing of activation, providing opportunities for conjuga-
tion to targeting agents, and to address potential liabilities or
efficacy issues due to the rapid protein-assisted thioester
hydrolysis observed for largazole during extensive pharmaco-
kinetic studies in rats.?**247260262267 The disulfide homodimer
(113n) generates two equivalents of largazole thiol and therefore
has superior in vitro potency on a molar basis. Other structural
modifications were aimed at tuning the class I HDAC isoform
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AFL
. N
Nj/s 0™ o j/
/\/\/'\)L
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Fig. 27 Structures of selected largazole analogues (113a—o0) designed and synthesized for SAR studies.
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selectivity profiles (HDACs 1-3, 8), which was achieved by
replacing the valine residue with other amino acids (Phe, Tyr,
His, Asp, and lower homologues of Lys). These efforts led to
largazole analogues without significant HDAC8 inhibition and
where HDAC2 activity was dialed down (Phe), resulting in an
HDAC1,3 inhibitor with 5.9-fold selectivity for HDAC1 over
HDAC2. Replacing Val with His resulted in the most HDAC1-
selective isoform inhibitor with 7.0- and 5.5-fold selectivity
over HDAC2 and HDAC3, respectively.?®” This data suggests that
the largazole scaffold can be a template for the design of next-
generation isoform selective inhibitors. One largazole-based
thioester prodrug with simplified core structure, bocodepsin
(OKI-179, 1130), has reached the clinic so far. Designed through
a lead candidate optimization program to enhance isoform
selectivity and oral bioavailability, its thiol retained class I
selectivity HDACs (ICso 1.2 nM for, HDAC1; 2.4 nM for HDAC2,
2.0 nM for HDAC3, and 47 nM for HDACS) over class IIb HDACs,
including HDAC6 and 10 (ICs, 47 nM, 2.8 nM); and class IV
HDAC11 (ICs50 2.3 nM).?**?% Recently, a first-in-human phase
1b/2 trial was conducted using bocodepsin (1130) as a treat-
ment for advanced solid tumors and concluded in prolonged
disease stabilization as the first orally bioavailable, Class I tar-
geting HDAC inhibitor.?”**"*

For the synthesis of largazole (113a), most groups chose the
site between B-hydroxy acid and thiazole fragment for macro-
cyclization, which offers less steric hindrance. Two main
convergent strategies were developed for the total synthesis of
largazole (113a). The major difference between these two strate-
gies is the timing of incorporation of the pendant side chain and
pharmacophore. In one strategy (Fig. 28), the allylic cyclic core
119 was synthesized first from vinyl hydroxy acid 114, valine,
thiazolyl nitrile 116 and a-methylcysteine 117.2°+*”>*7* Then thiol
120 was fused to the cyclic core using a cross metathesis reaction
to complete the final target. This strategy is amenable to the
synthesis of diverse analogues using various building blocks, 114,
116, 117, Val and 120. However, in the second strategy (Fig. 28b),
the trityl-masked thiol (121) was first esterified with Fmoc-
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protected valine.****>*¢ Subsequently, the cyclic core was
synthesized from this fragment, the valine and thiazoyl-thiazoline
moiety (118). The n-octanoyl chloride was coupled with
unmasked thiol group to provide final product (113a). Strategy
depicted in Fig. 28a is suitable for the late-stage diversification of
the side chain and installation of various prodrugs.

Hydroxy acid (114, Fig. 28) is the key building block in both
synthetic strategies (Fig. 28a and b). The Nagao auxiliary
masked hydroxy acid (126, Fig. 29b) induced a direct reaction
without the cleavage of the auxiliary.**® Aldol reaction between
acrolein and enolate from ¢-butyl acetate provided a racemic
allylic hydroxy ester (RS)-114 (Fig. 29a).26%272273275 The (S)-
enantiomer of 114 could be separated from the (R)-114 when the
(S)-114 was selectively protected by allyl acetate under enzy-
matic resolution (amano lipase). Base-catalyzed deacetylation
afforded (S)-hydroxy acid (114). However, the hydroxy acid 114 is
sensitive to basic condition and prone to dehydration. From
this point of view, the asymmetric selective aldol reactions
(Fig. 29b and c) using Nagao auxiliaries (125a-c) has advantages
over the method in Fig. 28a.>*

In the process chemistry study, the Luesch group adopted
the method from Fig. 29a, with notable critical modifications.”””
Only 0.5 eq. K,CO; was used in the large-scale preparation and
the dehydration was alleviated significantly. When the thioester
(120) was installed at the late-stage, the final product largazole
(113a) was contaminated with catalyst (brownish product). This
problem was solved by the assembly separation using normal-
phase and reversed-phase C18 chromatography. For the
synthesis of the thiazoline-thiazole moiety (118), most groups
proceeded in a similar manner.

6.3. Santacruzamate A

Santacruzamate A (130, Fig. 30) is an achiral cytotoxin isolated
from the cyanobacterium Symploca sp. collected in Coiba
National Park off the Pacific coast of Panama by the Gerwick
and Balunas groups. The compound possesses structural
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Fig. 28 Two main strategies (a and b) for the total synthesis of largazole (113a).
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Fig. 29 The synthesis of hydroxy acid moiety ((S)-114) using different strategies (a—c).

similarities to the clinically approved HDAC inhibitor sub-
eroylanilide hydroxamic acid (SAHA, vorinostat).**> Prelimi-
nary bioactivity indicated selectivity for HDAC2 at an ICs, of
0.119 nM and cytostatic activity against cutaneous T-cell
lymphoma (Hut-78 GIs, 1.4 pM) and colorectal cancer
(HCT116 GIso 29.4 puM).** In an independent study, the
HDAC2 inhibitory activity of santacruzamate A (130) was
found to block nuclear translocation of PD-L1, presumably by
enhancing the acetylation status of Lys263, leading to
reprogramming of the expression of immune-response related
genes.””> Consequently, santacruzamate A was found to
enhance the antitumor activity of PD-1 blockage using anti-PD-
1 antibodies in a MC38 syngeneic mouse tumor model.?”® This
effect was not observed in immunocompromised nude mice,
supporting the hypothesis of T-cell dependent combinatorial
effect, opening up new therapeutic opportunities for HDAC2
inhibitors.”

The chemical structure of santacruzamate A (SCA, 130,
Fig. 30a) is simple and consists of three sections: an ethyl

carbamate (EC) terminus, a y-aminobutyric acid (GABA) linker
and a phenethylamine (PEA) cap. The original total synthesis of
SCA was reported by Balunas, alongside the isolation work.**> As
shown in Fig. 30a, coupling of the N-terminal and C-terminal of
GABA with the ethyl chloroformate and PEA, respectively,
provided product SCA (130). Starting from monomethyl gluta-
rate, Balunas also synthesized the SCA-SAHA hybrid (131,
Fig. 30b). In 2016, following similar protocols, Balunas
synthesized 40 analogues of SCA by alteration of EC, GABA and
PEA with different moieties, respectively.?” Unfortunately, all
analogues, including the SCA (both natural and synthetic) and
SCA-SAHA hybrid (131), were inactive against HDAC2 enzyme as
well as HCT116 cells. Only two PEA-altered analogues 132a,
132b showed moderate to weak activity against MCF-7 with
micromolar GIs5,. However, using similar synthetic strategy as
Balunas, Wen and Rodriquez developed more potent analogues
of SCA in 2015 and 2017 against HCT116 cell line with ICs,
values in the micromolar range at 48 h and 72 h (133, 134a,b
and 135, Fig. 30b).22%
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Fig. 30 Parent structure of santacruzamate A (130), (a) synthesis and (b) analogues.
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7. Proteasome inhibitors

7.1. Mechanism of action

Multiple myeloma (MM) is malignant plasma cells that metasta-
size as osteolytic bone legions without the formation of new bone,
with proteasome inhibitors as typical treatment for the incurable
disease.”® Proteasomes are large protein complexes working with
polymerized ubiquitin to degrade mutated or misfolded intracel-
lular proteins in a metabolic depleting fashion. Ubiquitin targets
damaged proteins, initiates a 3-step cascade to produce a tagged
protein with a polyubiquitin chain, in which the proteasome then
passes the protein through its 20S core to be degraded into small
oligopeptides (Fig. 31).** Inhibition of proteasomes are generally
well received for clinical use with minimal side effects, with the
FDA approval of bortezomib in 2003 for multiple myeloma and
later the semi-synthetic carfilzomib, derived from epoxomicin, for
refractory multiple myeloma in 2012.>*® Both inhibit the
chymotrypsin-like, trypsin-like, and caspase-like subunits of the
20S proteasome (B5, B2, B1) and are given in triple combination
therapy with an immunomodulatory drug and dexamethasone.
Other therapies, like the y-lactam-fB-lactone natural product sali-
nosporamide A, target the 20S proteasome as well and is currently
in a phase III trial under the name marizomib as a treatment for
patients with recently diagnosed glioblastoma.*®* However, the
plasma cells of MM are highly resistant, leading to patient serial
relapse post treatment with no clear resistant mechanism
defined.?® Precision therapy via ADCs are the imminent treatment
for resistant cells, with the FDA approval of the B-cell maturation
antigen (BCMA) targeted ADC belantamab mafodotin (Bela) in
2020. The marine cyanobacterial natural product carmaphycin is
in development by linking carmaphycin B analogues with the
antibody trastuzumab (Fig. 32).2%¢2%

7.2. Carmaphycins

Carmaphycins A and B (136a,b, Fig. 32) were first isolated from
Symploca sp. from Curacao in 2012 by the Gerwick group and
feature an o,B-epoxyketone warhead with potential for ADC

Carmaphycin A&B
Carmaphycin
Warheads

Il

i & o

(p21)
°2)

Protein stabilization

Fig. 31 Proteasome degradation mechanism with inhibitors acting on
20S, stabilizing proteins that upregulate apoptotic signals and down-
regulate proteins that induce cell proliferation.
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preparation via a methionine sulfoxide or methionine sulfone
(A and B).>” Both target the B5 subunit of the 20S proteasome
with an ICs, of 2.5 and 2.6 nM, respectively.”®” Cytotoxicity
assays for carmaphycin A (136a) and B (136b) initially resulted
in strong potency against H-460 (ECs, 9 and 6 nM) and HCT116
(ICso 19 and 43 nM) cancer cell lines. In the NCI 60 cell-line
panel, most GI5, values ranged between 1 and 50 nM, with
specific antiproliferative effects in CNS, lung, and colon tumor
cell lines with specific sensitivities to mutants of KRAS or p53
cell lines.”® With little effect on total growth inhibition at
higher concentrations, the a,B-epoxyketones signify the need
for modification to the natural product warhead for drug
development, as was done for the approved drugs carfilzomib
and epoxomicin with similar warheads.”®

The key feature of carmaphycins is the a,B-epoxyketone and
the key issue in the total synthesis was the construction of this
fragment (Fig. 33). The Gerwick group completed the first total
synthesis and reported it along with the isolation and structure
determination.”®” In their initial work, Gerwick used the typical
procedure (straight way) for the synthesis of the epoxyketone
fragment (139): the combination of a Grignard reaction of Leu
Weinreb amide and oxidation with oxone provided the o,p-
epoxyketone fragment 139 as major product (Fig. 33, route a).>*
The yield for these two steps was 26% and the diastereomeric
selectivity was 1.7:1.>° For ADC preparation, a different
protocol was followed for the synthesis of epoxyketone 139,
through alcohol intermediates 140, 141 (route b), and the total
yield for these three steps was 60-80%.%*%>°* However, only 27%
yield for this three-step reaction was reported by Zhou.** With
epoxyketone 139 in hand, general peptide coupling with
dipeptide 142 (commercially available) gave carmaphycin A
(136a), which was further oxidized to carmaphycin B (136b) with
oxone. Similar to published synthetic routes, a series of
analogues were synthesized as well as ADCs of carmaphycin
A.28%2922% Development of carmaphycin ADCs resulted in the
coupling of a cleavable and non-cleavable payload of DBCO-C6-
acid to carmaphycin B analogues with the eventual conjugation
to the antibody trastuzumab (137b and 137a, respectively,
Fig. 32).*” The synthesis of a novel ADC with the natural
product scaffold was successful, but biological evaluation
revealed decreased potency compared to the antibody itself and
significantly less potency than the payload MMAE.?**

8. Macrocyclic membrane-targeting
agents

8.1. Mechanism of action

Therapeutics targeting membranes dominate the druggable
sphere as more than 60% of targets are membrane proteins,
with macrocyclic agents as an exciting class of druggable enti-
ties.”** But targets are not necessarily proteins. Bacterial
membrane inhibitors, such as the soil bacteria metabolites
lysocin E and daptomycin, target predominantly phospholipid
classes like menaquinone and phosphatidylglycerol, respec-
tively.>®® The eukaryotic lipid membrane targets include ergos-
terol (fungi) and cholesterol (mammalian cells), with various
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Fig. 32 Structures of the natural products carmaphycin A (136a) and B (136b) and two ADCs containing a carmaphycin B-based payload (137a-b).
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Fig. 33 Abbreviated synthesis of carmaphycins (136a—b) and analogue 142 for SAR studies.

natural product inhibitors with a wide structure diversity as
described by Nishimura and Matsumori in a 2020 review.>** The
frontline defense of polyene antifungal agents, like amphoter-
icin B, complex ergosterol in the plasma membrane, disrupting
membrane fluidity and integrity by permeabilizing the fungal
membrane to inhibit cellular functions.””” The marine cyano-
bacterial polyhydroxylated macrolide amantelide A (143a) has
a similar mechanism to polyene antifungals, with the addi-
tional ability to promote the polymerization of actin in cell-free

systems.>®*** The marine sponge helix forming product

236 | Nat. Prod. Rep., 2025, 42, 208-256

polytheonamide B works as an ion channel and methyl-3-
cyclodextrin as an acute cholesterol depleting agent, and the
natural product theonellamides, the bicyclic peptide, targets
both ergosterol and cholesterol. Cholesterol plays an essential
role in the mechanical stability of the membrane during divi-
sion and reduces shear force stress in cell separation. It thus
could represent a prime target for cancer therapeutics as cancer
cells restructure their membrane to avoid apoptosis, ensure
proliferation, and resist treatment®****** (Fig. 34).

This journal is © The Royal Society of Chemistry 2025
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8.2. Amantelides and other polydroxylated macrolides

The isolation of amantelides A and B were described by the
Luesch group from a gray cyanobacterium collected from
Tumon Bay, Guam.*”® The mode of action of amantelide A
(143a, Fig. 35) has been studied through a combination of yeast
knockout mutants and chemogenomics, as well as targeted
biophysical and biochemical methods.** Amantelide A prefer-
entially binds to sterol-containing membranes based on 1-

25 29 33 37 OR®
Amantelide A (143a): R"-R" =H, R® =H, R°=H
Amantelide B (143b): R'-R7=H, R = Ac, R9=H
Peracetyl-amantelide (143c): R'-R° = Ac

Caylobolide B (145b)
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palmitoyl-2-oleoyl-sn-glycero-3-phosphatidylcholine(POPC)-
based liposome studies, although the interaction is not
completely dependent on sterols; however, the binding affinity
increased with sterols compared with POPC liposomes alone.>
In contrast to other sterol-targeting compounds, amantelide A
does not require B-configuration of the 33-OH group; binding
occurred equally to cholesterol and epi-cholesterol containing
POPC membranes.” Interaction with cholesterol-containing
membranes is the likely cause of rapid cell death of mamma-
lian cells. In yeast, the (ergosterol-containing) membrane was
determined to be the major functionally relevant target, causing
pore formation and cell death.”” The mode of interaction and
lipid recognition on the molecular level remains to be investi-
gated. Interestingly, C33-acetyl analogue, amantelide B (143b,
Fig. 35), also binds to POPC and the presence of sterols
decreased binding, providing clear SAR based on only two
compounds.”® The lack of activity of amantelide B (143b)
suggests that acylation might serve as a self-protective mecha-
nism of the native organism.

Other related macrolides from marine cyanobacteria such as
bastimolide A (144a), and B (144b), palstimolide A (146), and
caylobolides (145a, 145b) with similar structural scaffold
(Fig. 35) may have a comparable, membrane-mediated mecha-
nism of action with to-be-determined affinity for membrane
components.®**?%” It has been challenging to deduce the abso-
lute configuration of the stereocenters, also hampering

Nulapolide (147)

Fig. 35 Structures of amantelides (143a—c) and the related cyanobacterial macrolides, bastimolides (144a,b), caylobolides (145a,b), palstimolide

A (146) and nulapolide (147).

This journal is © The Royal Society of Chemistry 2025
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synthetic accessibility so far. Preliminary SAR for amantelide A
(143a) and B (143b) suggests that minor changes drastically
influence recognition and binding, indicating selectivity can
likely be tuned. However, amantelides also bind to membranes
in a sterol-independent manner.>®

In addition, chemogenomic profiling has suggested that
actin modulation might also play a role in the mechanism of
action of amantelide A.>® Amantelides A (143a) and B (143b)
both appeared to directly affect actin dynamics, promoting
polymerization to a minor extent in vitro. Since both
compounds have the same effect in biochemical assays and
membrane integrity is quickly compromised in cells treated
amantelide A (143a) before actin interaction can occur, (1) actin
binding is most likely not functionally relevant and may not
occur in cells, and (2) the direct effects on sterol-membranes
and actin can be separated, as is the case for amantelide B
(143b). Compound activity, however, could potentially be
modulated by actin as the cytoskeleton is associated with the
membrane.*”

To serve as an antifungal agent, amantelide A (143a) is too
non-selectively cytotoxic against fungi and mammalian cells
(HT29 ICs, 870 nM; HeLa ICs, 870 nM). However, the modula-
tion of sterol-selectivity might lead to an antifungal if choles-
terol affinity can be dialled out.**® For cancer applications, it
may require targeted delivery to cancer cells to spare normal
cells, or the differential biological context for cancer and
normal cells beyond sterols can be exploited. Nevertheless,
target identification has provided the basis for further evalua-
tion of this compound class.

There are several publications about the total synthesis of
polydroxylated macrolides, but selectively constructing multiple
chiral centers in this type of molecules is very challenging.
Achieving an excellent stereochemical control by enantiose-
lective organocatalytic halogenation, Quintard group completed
the synthesis of the C15-C27 fragment of bastimolide A (144a,
Fig. 36).>°® The total synthesis of bastimolide B (144b, Fig. 36)
was completed by Aggarwal group in 2022 as showed in
Fig. 36.*® The key strategy for success was the combined
application of iterative boronic ester homologation with metal
carbenoids and metal catalyzed alkene hydroboration and
diboration. Excellent remote stereocenter control was achieved
in the construction of acyclic backbone of bastimolide B (144b).
Fig. 36 depicts the retrosynthetic analysis and stepwise
synthesis of the authors’ work.

9. Chemosensitizing agents

Resistance to chemotherapeutic agents in cancer treatment has
been reported for most drugs used to treat lethal cancers and
contributes to the failure of therapy and the cause of tumor
recurrence.* Typical drug resistance involve the tumor micro-
environment (hypoxia, vascular viscosity, and reduced glucose
supply), progression pathways (PI3K/Akt, MAPK, and Wnt
pathways), drug influx and efflux throughout the cell (acidic pH
and limited solute carrier transporters), and impaired apoptosis
(enhanced DNA repair via Wnt signaling).**® Chemosensitizing
agents discussed here fall into two groups: (1) inherently
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cytotoxic but do not display the requisite selectivity or inap-
propriately used, including compounds that act on actin
dynamics grassypeptolide A (165), lyngbyabellin A (166) and
dolastatin 12 (167), and (2) compounds that are weakly or non-
cytotoxic but enhance the sensitivity to cytotoxins and to
inducers of apoptosis (doscadenamides (175a,b; 176a,b)).>**

9.1. Overcoming Nrf2-mediated drug resistance: actin
agents and grassypeptolides

Similar to microtubules, the actin cytoskeleton is critical for
many processes, including cell division and migration.**
However, actin agents, including promoters of G-actin poly-
merization into F-actin or microfilament depolymerizers, have
not been successful as stand-alone agents which can likely be
due to cardiac and respiratory toxicities associated with non-
specific binding to actin.****'®*"” However, nuances including
different binding sites exist that might lead to distinct phar-
macological consequences.*® Actin also influences signaling
pathways and actin related protein suggested by the identifi-
cation of ACTR10 in a genomic siRNA screen for Nrf2 inhibi-
tors.****?* In a small molecule screen, the cyanobacterial actin
agents lyngbyabellin A (166) and dolastatin 12 (167) were also
identified as inhibitors of Nrf2 signaling, a stress response
pathway that is linked to drug resistance (Fig. 37).3'"*'%%2° Nrf2
is an important regulator of detoxification and electron
exchange via antioxidant response elements (ARE) gene
expression and Phase II detoxification enzyme regulation, crit-
ical for cell survival and suppression of carcinogenesis in early
stage cancer diagnosis.*'®*** However, overactivation of Nrf2
within cancer cells can induce the overexpression of metabolic
enzymes, contributing to the metabolic reprogramming to
avoid apoptosis, thus installing a cancer resistance mecha-
nism.*'®*** Grassypeptolide A (165) was identified in the same
screen as an Nrf2 inhibitor and also sensitized cancer cells to
chemotherapeutic tubulin agent vinblastine, revealing a poten-
tial opportunity for combination therapy at low doses.*'***°
Grassypeptolide A (165) isolated from the marine cyanobacte-
rium Lyngbya confervoides has modest (low micromolar) anti-
proliferative activity and induces p21 and p27 and decreases
cyclin D1 expression, presumably leading to the observed G1
cell cycle arrest.*** These compound classes with unrelated
mechanisms would probably benefit from detailed mechanistic
studies and could be resurrected for use as agents for combi-
nation therapy (Fig. 38).

The total synthesis of grassypeptolide A (165) is depicted in
Fig. 39.»»%3 The precursors of thiazoline ring, thioacylating
agents 169, and 170 were activated by nitrobenzotriazole and
fused into peptide chain (168) to afford subunit 171. The instal-
lation of O-TBS-Ser was mediated by PyAOP and achieved in 88%
yield, but yields were low when other coupling reagents were used
(EDCI, HATU, BOPCI, CMPI). A similar problem was encountered
in the synthesis of fragment 172. The esterification of Maba to Pla
residue (alcohol) resulted in low yields when mediated by EDCI
(DCC)/DMAP and CMPI. However, the acyl chloride method
provided 90% yield. The convergent synthesis in which subunits
172 and 171 were jointed between Maba and Thr through

This journal is © The Royal Society of Chemistry 2025
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Fig. 36 Total synthesis of bastimolide B (144b) with the (a) retrosynthetic analysis, (b) synthesis of the tail, and (c) synthesis of the macrocyclic

core and coupling of the two fragments.

Grassypeptolide A (165)

Lyngbyabellin A (166)

Dolastatin 12 (167)

Fig. 37 Structures of grassypeptolide A (165), lyngbyabellin A (166), and dolastatin 12 (167).

amidation, and the site between Pro and N-Me-Phe-thn-ca was
chosen for macrolactamization, which proceeded smoothly.
However, the macrolactonization failed between Maba and Pla
and initiated intramolecular cyclization between the Pro and N-
Me-Phe-thn-ca to form the hydroxy acid. The two thiazoline rings
were formed simultaneously when the primary alcohols of thio-
amide were activated with DAST, following TBS deprotection.
However, the secondary alcohol of Thr must be protected (by
Troc) in the reaction of bis(thiazoline) ring formation as the free
hydroxy would react to form the oxazoline at Thr.

9.2. Synergy with TRAIL: doscadenamides

Tumor necrosis factor-related apoptosis-inducing ligand
(TRAIL) binds to death receptors DR4 and DR5, leading to

This journal is © The Royal Society of Chemistry 2025

selective cancer cell death.’** However, recombinant TRAIL
protein and agents targeting the TRAIL pathway lacked suffi-
cient efficacy in the clinic due to developing resistance to
TRAIL.*** Quorum sensing (QS) activators in Gram-negative
bacteria also have eukaryotic targets with cancer relevance.**®
Mutant studies revealed that doscadenamide A (175a, Fig. 40b)
binds to LasR to activate quorum sensing in Pseudomonas aer-
uginosa, similar to N-(3-oxododecanoyl)-.-homoserine lactone
(C12) that was reported to synergize with TRAIL to induce
apoptosis in cancer cells.*** Doscadenamides were first reported
from the marine cyanobacterium Moorena bouillonii by the
Luesch group.* Similarly, the doscadenamide scaffold
(Fig. 40a) can act as a non-homoserine lactone template for
combination with TRAIL or TRAIL pathway activators based on
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model studies in triple negative MDA-MB-231 breast cancer
cells at 50 uM for most analogues.’”” Synthesis of the natural
doscadenamides (175a) and a strategic set of analogues (175b-
¢, 175b) (Fig. 40a and b) solved the supply problem and enabled
the rigorous probing of the SAR.3'%**”

Biological testing using various Gram-negative bacteria and
TNBC cells (MDA-MB-231) revealed that side chain Moya2 (see
175a in Fig. 40b) is predominantly responsible for both QS and
TRAIL-sensitizing activity.®*” Specifically, doscadenamides F
(175b, natural product) and S4 (175c¢, synthetic) with partial or
complete saturation of the two acyl side chains, respectively,
and doscadenamides S10-S12 (synthetic), lacking one of the
acyl chains (Moyal), were most effective in sensitizing to
TRAIL.*” These compounds reduced the MDA-MB-231 cancer
cell viability and induced PARP cleavage as an indicator of
apoptosis. The data suggest that the scaffold may be further

macrolactamization

% <§: Pro / N-Me-Phe-thn-ca
-~ / \_):0
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tuned to enhance the activity and, with the synthetic method in
hand, further rapid diversification can be achieved rather
easily.**”

The total synthesis of doscadenamide A is depicted in
Fig. 40c. 7-octynoic acid (Oya) was regio- and stereo-selectively
methylated via its oxazolidinone derivative (R-177) to afford
(2R)-methyl-7-octynoic acid (Moya, R-178). The (5S)-pyrrolinone
180 was synthesized by the condensation of N-Fmoc-L-Lyn(Boc)-
OH with Meldrum's acid, followed by thermolysis and methyl-
ation.*”® The key step for this total synthesis was the acylation of
180, which was accomplished by treatment of the PFP ester of
178 (179) with n-BuLi as base at —50 °C to afford intermediate
176a (doscadenamide $10).*** Using standard deprotection and
coupling protocols, final product doscadenamide A (175a) was
successfully synthesized from 176 and 178. Using a parallel
strategy, a series of analogues was created to determine the
effect of the saturation status of both acyl chains or the neces-
sity of the presence to have one or the other chain (Fig. 40a).

Although the eukaryotic target has not yet been elucidated,
the fact that the r-homoserine lactone (C12) and doscadena-
mides target the same receptor in bacteria and exhibit similar
effects in human cancer cells suggest that they may share the
same target and/or mechanism in eukaryotic systems, which
might provide opportunities to explore cancer vulnerabilities
for rational combination therapy. However, the potency of
doscadenamides is very low (25 to 50 uM) hence these agents
are merely proof-of-concept compounds at this stage.**”

10. Antimetastatic agents

Several cyanobacterial compounds that do not have inherent
cytotoxic anticancer effects have shown to inhibit proteases
and modulate GPCRs that mediate cell migration and inva-
sion.**** The cellular effects, mainly assessed in invasive
breast cancer cells, suggest their potential as antimetastatic

/
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agents.*** Proteases are also components of the tumor micro-
environment and protease inhibitors might also indirectly
affect cancer cells through inhibition of aberrant protein
processing in different cell types. As described in Section 3.2,
apratoxins also modulate the tumor microenvironment;
however, they also have inherent antiproliferative effects that
are not observed with the compounds discussed in this section
(Fig. 41).

This journal is © The Royal Society of Chemistry 2025

10.1. Protease inhibitors

Drug development efforts for protease inhibitors based on
natural products, including those of marine cyanobacterial
origin, was recently reviewed.**> While the focus has been
mainly on pulmonary diseases, certain serine proteases play
a role in cancer progression and metastasis and are targeted
by marine cyanobacterial compounds.®**? One such protease
is human neutrophil elastase (HNE) which has mainly been
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linked to pulmonary inflammatory conditions, but also
cancer progression, cell migration and metastasis.*** HNE has
broad substrate specificity and overactivity leads to degrada-
tion of extracellular matrix, cleavage of inflammatory media-
tors and induction of cytokines and growth factors.
Dysfunction of kallikreins (KLKs), a group of 15 family
members, has also been impacted in cancer and many other
disorders.*** Among them, KLK7 was recently shown to be
targeted by the same class of cyclodepsipeptides as HNE
inhibitors.?*

The serine proteases, chymotrypsin-like human neutrophil
elastase (HNE), kallikreins (KLK), and trypsin-like enzymes are
broad spectrum mediators of biological processes with multiple
targets, including cytokine receptors and EGFR for HNE, PAR
receptors for KLK, and trypsin, plasmin, and matriptase for
trypsin-like proteases.**® The aspartic proteases include
cathepsin D and E which are both biomarkers of cancer
(particularly cathepsin D) and induce downstream proliferation
of cancer cells after entered the cell from the lysosomes.**"*%*
BACEL1 is an aspartic protease involved with poor prognosis and
overexpression in tumor progression.’* ADAM9 and 10 are
metalloproteases that promote tumor progression and metas-
tasis, with effect on therapeutic resistance and poor diagnosis
via ADAMO (Fig. 41).3*

10.2. Chymotrypsin-like serine protease inhibitors:
symplostatin 5, molassamide, lyngbyastatin 7, and
tutuilamide A

Among the over 100 members of the 3-amino-6-hydroxy-2-
piperidone (Ahp)-containing cyclodepsipeptides with 19-
membered core ring structure, only a few have been rigorously
characterized and evaluated for potential therapeutic applica-
tions (Fig. 42), including symplostatin 5 (181d), molassamide
(181b), lyngbyastatin 7 (Lbs7, 181a) and tutuilamide A (TtaA,
181i).>** While Ahp unit is the classical pharmacophore for the
serine protease-inhibitory activity, the adjacent 2-amino-2-
butenoic acid (Abu) drives the selectivity towards
chymotrypsin-like enzymes (elastase), especially HNE and
KLK7, leading to nanomolar to sub-nanomolar activity at the
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enzyme level (ICso). Selectivity is presumably determined by
hydrogen bonding of the Abu unit, as previously seen with the
stabilization of the ethylidene unit of Abu via CH/m interactions
and the interaction of the Abu-containing inhibitor FR901277
towards the porcine pancreatic elastase.>*>*** Specifically, under
identical conditions, lyngbyastatin 7 (181a) and tutuilamide A
(181i) inhibited HNE with ICs, of 0.85 nM and 0.73 nM,
respectively, and human KLK7 with ICs, of 3.1 nM and 5.0 nM,
respectively.*® Docking studies of lyngbyastatin 7 (181a) and
tutuilamide A (181i) to HNE showed that both interact with the
enzymes similar to other Ahp-Abu elastase inhibitors
(Fig. 43).*** Additionally, docking models of lyngbyastatin 7 and
tutuilamide A against KLK7 revealed the presence of key inter-
actions between Asn192 and Phe218, amino acids that are not
conserved between other KLK homologues.*** This could indi-
cate the reason for the observed selectivity of KLK7 by both
compounds.

Molassamide (181b) first reported from the assemblages of
Dichothrix utahensis, by the Luesch group, as a representative
member of the Ahp-Abu cyclodepsipeptide family was shown to
prevent CD40 proteolytic processing in biochemical assays at 1
uM and in MDA-MB-231 breast cancer cells at 10 uM, when
exogenously adding 100 nM HNE.*** CD40 is a membrane
protein and member of the tumor necrosis factor receptor
family that is a known extracellular HNE substrate, which
regulates NF-kB signaling to promote expression of genes
encoding breast cancer cell migratory factors, including ICAM-
1, which is a cell surface receptor that regulates cell-cell adhe-
sion.**® Molassamide (181b) not only attenuated ICAM1 gene
expression but also inhibited HNE-induced membrane-bound
ICAM-1 protein cleavage, therefore preventing soluble ICAM-1
(SICAM-1) release from the cell surface receptor. These molec-
ular changes translated into phenotypic effects, i.e., inhibition
of migration specifically of HNE-induced MDA-MB-231 cells but
not basal migration.**

Lyngbyastatin 7 and tutuilamide A have been synthesized
and the side chain diversified, using a different strategy than
that previously used for the generation of somamide A
(181¢).*** The new strategy allowed the late-stage modulation
of drug-like properties by introducing changes in the pendant
side chain (Fig. 44). The Shioiri group completed the total
synthesis of somamide A (181c, Fig. 44a) in 2002, as the first
member of this Abu-containing Ahp-cyclodepsipeptides.’*
The Ahp unit was viewed as glutamate-derived alcohol and Abu
was derived from Thr. Considering the risk of epimerization,
they chose the site at Abu/norvaline; in their synthetic strategy,
the precursor 182a was composed of three fragments 184a,
185a and 186 and the side chain was installed into fragment
184a in advance (Fig. 44a). Abu was synthesized from Thr
through oxidation by Martin's sulfurane and Ahp was synthe-
sized by biomimetic strategy from 5-OH norvaline via its
aldehyde (Fig. 44b). In order to build a macrocyclic core-based
library for SAR studies, the Luesch group developed a new
strategy, constructing the macrocyclic core first and installing
the side chain at late-stage (Fig. 44¢).>**** This new strategy
made it is possible to synthesize a small library of lyngbyas-
tatin 7 (181a) with diverse side chains (Fig. 44a). In the same

This journal is © The Royal Society of Chemistry 2025
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side chain modifications.

Fig. 43 Molecular docking of lyngbyastatin 7 (181a) (Lbs7: green) and tutuilamide A (181i) (TtaA: blue) to (a) HNE (PDBID: 3Q76) and (b) KLK7

(PDBID: 2QXI).

fashion, the Luesch group accomplished the total synthesis of
tutuilamide A (181i) using this convergent approach via only
five steps from the macrocycle 183 (Fig. 44c).**

10.3. Trypsin-like serine protease inhibitors: kempopeptins

The serine protease inhibitors kempopeptins are also Ahp-
containing cyclodepsipeptides produced from a tentative Lyng-
bya species, compared with those in Section 10.2, favoring
trypsin-like enzymes. The Lys-bearing kempopeptins B and C
(188a,b, Fig. 45) discovered from a cyanobacterium in the
Florida Keys differ only by the nature of the halogen atom (Br vs.
Cl) at the N,0-diMe-Tyr moiety.****** Kempopeptin C (188b,
chlorinated) showed 3- to 7-fold higher potency at the enzyme
level in direct comparison to kempopeptin B with ICs, values of
0.19 pM (trypsin), 0.36 M (plasmin) and 0.28 pM (matrip-
tase).** Differences in potency might not only be attributed to
steric hindrance within the binding pocket from the Br atom,
reducing binding affinity, but also to differential electronic

This journal is © The Royal Society of Chemistry 2025

effects. Binding of kempopeptin C (188b) to the active site of
matriptase (Fig. 45) at 1 to 10 pM prevented the cleavage of
membrane targets of matriptase, including CDCP1 and
desmoglein-2 (Dsg-2), as shown in vitro using human
recombinant proteins.** Kempopeptin C (188b, 10 pM) also
attenuated CDCP1 cleavage in MDA-MB-231 cells upon exoge-
nous addition of recombinant human matriptase. At the same
concentration, a significant inhibitory effect on cell migration
was detected, presumably due to inhibition of trypsin-like
serine proteases.

When the Abu unit is replaced with a basic residue (Lys, Arg),
then the selectivity of the scaffold changes to preferentially
inhibit trypsin, plasmin and matriptase, which recognize the X-
Y-Z-sequence in substrates. Particularly plasmin and matrip-
tase have been implicated in cancer progression and metastasis
because of their processing of cancer-relevant membrane
proteins. Despite the wealth of known cyanobacterial serine
protease inhibitors specifically targeting these enzymes as
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substrate mimics, including micropeptins,®***** there have been
limited studies to probe cellular activity and phenotypic
consequences in the context of cancer.**

10.4. Aspartic protease inhibitors: grassystatins

Among aspartic proteases, particularly cathepsin D has been
linked to cancer, as a biomarker for aggressive breast cancer
with poor prognosis but also therapeutic target.**” Cathepsin D
controls several signaling cascades, including plasminogen
activators and cysteine cathepsins B and L that lead to metas-
tasis and invasion. Specifically, plasminogen activators are
inhibited by PAI-1 which is one target of cathepsin D, while
another proteolytic cathepsin D target, cystatin C (Cys-C),

244 | Nat. Prod. Rep., 2025, 42, 208-256

CysS8

(a) Structures of kempopeptins B (188a) and C (188b) and (b) docking of kempopeptin C into matriptase (PDBID: 2GV7).

inhibits cysteine proteases that play a role in cancer
progression.***

The pepstatin-like aspartic protease inhibitors of the grass-
ystatin class (189a, 189b, Fig. 46) and certain tasiamides, are
linear peptides with the statin or statin-derived pharmacophore
that potently inhibit cathepsin D and related proteases with
differential selectivity for cathepsin E.****** A small subset has
been investigated for cellular activity against cathepsin D-
mediated molecular changes and migration using MDA-MB-
231 breast cancer cells, which are characterized by high levels
of cathepsin D and secreted PAI-1 and Cys-C.**” Grassystatin A
(189a, Fig. 46) was the most potent cathepsin D inhibitor, while
grassystatin F (189c¢) was used in proof-of-concept studies and
inhibited migration, in contrast to grassystatin D (189b, Fig. 46),

This journal is © The Royal Society of Chemistry 2025
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supporting in vitro SAR results that underscore the importance
of the N-terminal, N,N-diMe amino acid.***** Selectivity for
cathepsin D over cathepsin E may be enhanced by phenyl-statin-
containing pharmacophore as in tasiamides B and F and
further tuning in other sites based on molecular modeling
results (Fig. 47).%%%3%°

The first total synthesis of grassystatin A (189a, Fig. 46) was
reported in 2012.>% In the retrosynthetic strategy, grassystatin A
was disassembled into two sub-fragments at the site Leu/Asn
site (190, 191, Fig. 46).>*° Choosing amidation for fragment
coupling provided versatility with respect to analogue genera-
tion through building different sub-fragments 190 and 191.
Purification by silica gel chromatography led to decomposition;
however, the pure final product 189a was obtained in 45% yield
by directly submitting the crude product to HPLC for
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Fig. 47 Molecular docking of grassystatin A (189a) into cathepsin E
(PDBID: 4PEP).
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purification. More recently, the Hunter group designed and
synthesized a series of fluorinated analogues of grassystatin A
using SPPS.**

11. GPCR modulators

G-Protein Coupled Receptors (GPCRs) are a diverse group of
membrane receptors that function within most physiological
processes across the body. This includes regulation, growth,
and homeostasis, with multiple avenues for dysregulation, such
as causing an assortment of neurodegenerative disorders,
cardiovascular diseases and cancer.** Due to the vast effect of
the proteins within the physiological functions as well as their
downstream affects, GPCRs can affect tumor cell invasion and
metastasis, promote favorable conditions for tumor survival by
enhancing the tumor microenvironment, and affect abnormal
cell growth and survival.** Recently, cellular profiling of marine
cyanobacterial natural products identified selective GPCR
agonists and antagonists, including modulators of cancer-
relevant GPCRs.**

11.1. Brintonamides

Brintonamides were isolated by the Luesch group from inter-
tidal cyanobacterial mats mainly from Oscillatoriaceae and
characterized as modified peptides with dual activity targeting
protease and GPCRs (Fig. 48).>*° Using functional, B-arrestin
assays, brintonamides C-E (192c-e, Fig. 49) have been found to
target CCR10, OXTR, SSTR3, TACR2 (antagonism) and CXCR7
(agonism) with differential selectivity profiles depending on the
nature of the N-terminal residue that confers the depsipeptide
character.*** Only brintonamide D (192d, Fig. 48) exhibited sub-
micromolar activity against one of the GPCRs, namely CCR10,
while others were in the micromolar range.*** The C-C motif
chemokine receptor 10 (CCR10) selectivity and link of CCR10 to
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Fig. 48 Activity of brintonamide D (192d) as a CCR10 antagonist and
potential downstream effects. Only effects on proliferation and on
migration as an indicator of metastasis have been studied so far.

metastasis prompted targeted studies to assess the anti-
metastatic potential of brintonamides A-E (192a-e, Fig. 49)
along with synthetic analogues that were accessible through
standard methodology.**

CCR10 is associated with cutaneous T-cell lymphoma, T-cell
mediate skin inflammation and metastasis. A putative binding
model for the interaction of brintonamide D with CCR10 is
depicted in Fig. 50. CCR10 is the receptor for ligand CCL27.
Since the invasive MDA-MB-231 breast cancer cells are TNBCs
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with high CCR10 expression, the antimetastatic potential was
assessed in this cell type using cell proliferation and migration
assays upon stimulation with CCL27 under serum-starved
condition.**® Brintonamide D dose-dependently inhibited
specifically the CCL-27 induced proliferation (10% viability
reduction) and more pronouncedly inhibited migration, which
was functionally linked to CCR10 antagonism because the
compound phenocopied effects of an siRNA targeting CCR10
but not other GPCRs.**

Interestingly, all brintonamides were also inhibitors of the
serine protease KLK7, although in high micromolar range and
without appreciable SAR and cellular activity against this target.

The total synthesis of brintonamide A (192a, Fig. 49b) was
accomplished by general SPPS protocol (Fig. 49), in which Fmoc-
L-Pro was attached to CTC resin first, and then other amino acids
were attached sequentially (C — N). The cleavage from the CTC
resin, followed by sequential methylation of the C-terminal Pro
and acylation of the other Pro by Hmpa provided the final
product, brintonamide A (192a). Further esterification of brin-
tonamide A by cinnamide acid using Yamaguchi method affor-
ded brintonamide D (192d).*** Other analogues were synthesized
using same protocol and provided critical insight into the SAR.

12. Perspective & conclusion

Marine cyanobacteria are a promising source of new drug
candidates, particular for cancer, as validated by the approval of
several ADCs with cyanobacteria-based cytotoxic payloads. As
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Fig. 49 Brintonamides A—-D (192a—-d) (a) chemical structures and (b) synthesis.
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homology model (PDBIDs: 5LWE, 5UIW, 4MBS, 4RWD, 4N6H, 30E9).

demonstrated in the review, many compounds from these
sources represent new chemical scaffolds that target novel
pharmacological space (Fig. 51). In other cases, biological
targets may be identical to those of compounds from other
microbial, including terrestrial sources; however, the potency is
oftentimes superior or binding sites differ. Even though the
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pharmacophore may be similar to those from other sources, the
specific decoration or modifications modulate selectivity
profiles. Cyanobacterial protecting group chemistry that keeps
compounds in a latent condition may also be unique or char-
acteristic. Natural products research oftentimes leads to the
elucidation of a structurally intriguing compound. However, the
structural beauty (to a natural product chemist) is not enough to
trigger developmental efforts. Translating the chemical diver-
sity into therapeutic potential requires target identification,
rigorous pharmacological profiling, and mechanistic studies,
which can guide towards suitable biomedical applications. The
identification of novel biology ultimately justifies and drives the
tedious and sometimes seemingly brute-de-force chemistry,
which should never be the major hurdle given the expense of
drug development at other stages that is larger by magnitudes.
The medicinal chemistry campaigns are not as elaborate as for
non-natural products due to the structural complexity. They
may also not have to be as extensive since compounds are
already fairly optimized by nature for physiologically relevant
targets. Adaption to human targets and physiology may require
tweaking selectivity or dialing out liabilities that may lead to off-
target toxicity. Oftentimes the starting point provided by nature
is good enough, assuming intellectual property protection
concerns can be addressed to ensure development.*®”
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Fundamentally, both the supply problem and novel pharma-
cological action need to be addressed in order to differentiate
the compounds from other agents in development or in the
clinic. For almost all compounds discussed in this review, the
key biology (target) and chemistry (supply) issues have been
solved. Some compounds may not have drug-like properties;
however, they could provide the basis for the design of
compounds with similar pharmacology that are more amenable
for development. The target space of cyanobacterial agents is
tremendously broad for cancer alone. While this review has
focused on cancer, the same approach can be applied to other
disease indications, particularly infectious diseases, where
natural products always have been playing and will continue to
play a dominant role.?*®

Lastly, we have only seen the tip of the iceberg of specialized
metabolites from marine cyanobacteria, as genome or meta-
genome sequencing suggest that the biosynthetic potential is
oftentimes 10-fold higher than what is observed at the chemical
level.** Translating biosynthetic potential into screenable and
therefore actionable compounds through synthetic biology is
another exciting avenue in the field and for drug
discovery.***%”**7* Furthermore, enabling technologies such as
antibody conjugation and other emerging technologies will
guarantee that we maximize the potential of these evolutionarily
optimized compounds.?”>*7
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