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Marine cyanobacteria are a rich source of structurally diverse secondary metabolites and have inspired at least
four anticancer drugs currently on the market, highlighting their potential for the discovery of new therapeutic
candidates. This study aimed to discover and elucidate the structure of a novel halogenated polyketide from
marine cyanobacteria and to characterize its cytotoxic and mechanistic profile.

Phormidolide D (1) was discovered through bioactivity-guided isolation, and its structure was elucidated using
NMR and HR-MS/MS analyses. Cytotoxicity was evaluated in SH-SY5Y, HepG2, HCT 116, and hCMEC/D3 cell
lines. Its biological activity was further characterized in 2D and 3D HCT 116 models by assessing spheroid
morphology, extracellular matrix-related mRNA expression, combination effects with staurosporine, cell cycle
distribution and apoptosis. In vivo anti-angiogenic activity was evaluated in transgenic zebrafish (Tg(flila:EGFP)
embryos. Phormidolide D (1) exhibited potent cytotoxicity against the human colon carcinoma cell line HCT 116
in both monolayer and spheroid cultures (ICso = 0.83 pM and 30.80 pM, respectively), whereas phormidolide A
(2) was inactive. Phormidolide D (1) affected the 3D spheroid architecture, as demonstrated by fluorescence
imaging. Its effects on the extracellular matrix were further observed by increased matrix metalloproteinase 1
mRNA expression and reduced collagen type I transcripts. Co-treatment of a phormidolide rich fraction with sub-
effective concentrations of staurosporine reduced spheroid viability, with Bliss analysis confirming a synergistic
interaction. Treatment with phormidolide D (1) increased sub-G1 cell population and early apoptotic cells.
Furthermore, transgenic zebrafish embryos exposed to phormidolide D (1) had reduced vascularization, sug-
gesting further studies for anti-angiogenic potential.

These findings highlight phormidolide D (1), a structurally unique marine natural product distinguished by an
unprecedented bromomethylene ketone, as a promising lead for anticancer drug development.

1. Introduction

Over the last century, understanding of cancer biology and thera-
peutics has evolved significantly. Despite this, cancer remains the sec-
ond leading cause of death worldwide among non-communicable
diseases, with lung, colorectal, and liver cancers being the deadliest [1].
The International Agency for Research on Cancer (IARC) predicts a 77%
increase in new cancer cases from 2022 to 2050, placing strain on

healthcare systems [2]. While current oncological treatments have
improved patient outcomes, challenges such as therapeutic resistance,
systemic toxicity, and tumor heterogeneity necessitate the continued
development of innovative anticancer agents [1].

Therapeutic strategies targeting cell cycle arrest and apoptosis in-
duction have long been central to oncological treatment, as cancer is
characterized by uncontrolled cell proliferation. However, cancer pro-
gression also involves local tissue invasion and distant metastatic
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spread, processes that rely on the tumor microenvironment and its major
component, the extracellular matrix (ECM) [3]. The ECM is a complex
three-dimensional network of macromolecules such as collagens and
fibronectin, that provides structure and support to cells while regulating
diverse cellular functions [4]. Abnormal ECM remodeling can promote
cell growth, invasion, and metastasis, while its dense architecture re-
duces drug delivery and fosters chemoresistance, making it a compelling
target for therapeutic intervention [3].

Closely linked to ECM dynamics, angiogenesis relies on ECM-derived
structural support and biochemical signaling for the development of
new blood vessels [5]. Since tumors depend on angiogenesis for oxygen
and nutrient supply, and aberrant vessel formation sustains tumor
growth and facilitates metastatic dissemination, inhibiting this process
has emerged as a key therapeutic strategy [6].

In this context, natural products have played an essential role in
cancer drug discovery due to their chemical diversity and multitarget
activity [7]. Among marine microbial sources, cyanobacteria are
particularly rich in secondary metabolites, including peptides, poly-
ketides, and hybrid peptide-polyketide compounds [8]. These ubiqui-
tous photosynthetic prokaryotes produced highly potent bioactive
compounds, most notably dolastatin 10, whose pharmacophore served
as the basis for clinically approved anticancer drugs currently used in
oncology [9].

The phormidolide family, featuring a tetrahydrofuran ring in their
macrolactone core, represents an intriguing class with structure-
dependent bioactivity profiles. Phormidolide A (2), first isolated in
2002 [10] from the cyanobacterium Leptothoe sp. ISB3NOV94-8 A [11],
bears a 16-membered lactone ring connected to a polyhydroxylated
chain, bearing a palmitic ester residue and terminating in a bromome-
thoxydiene, and has since been the subject of studies aimed at eluci-
dating its absolute configuration [12], [13] and total synthesis [14],
[15]. Despite this chemical interest, phormidolide A (2) was inactive
against the NCI-60 human cancer cell line panel [10]. In contrast,
phormidolides B and C, isolated from a marine sponge belonging to the
Petrosiidae family, show strong cytotoxicity against three human tumor
cell lines, differing structurally by a 14-membered lactone and a halo-
genated fatty acyl chain [14]. These opposing bioactivity profiles
highlight how structural variations critically influence the pharmaco-
logical properties within this family.

Here, we report the isolation and structure elucidation of phormi-
dolide D (1) (Fig. 1), a new member of the phormidolide family from the
marine cyanobacterium Leptothoe sp. LEGE 181152 collected in Sao
Vicente Island, Cabo Verde. Its biological activity was evaluated through

Fig. 1. Structures of phormidolide D (1) and phormidolide A (2).
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complementary in vitro and in vivo models to evaluate its cytotoxicity,
ECM and anti-angiogenic outcomes, as well as combinatory effects with
staurosporine. This work aimed to provide a mechanistic characteriza-
tion of phormidolide D (1) as a basis for its further development as a
promising anticancer lead.

2. Materials and methods
2.1. General chemical procedures

All information regarding general chemical procedures and the ma-
terials used can be found in supplementary material.

2.2. Biomass production and isolation of phormidolides from Leptothoe
sp. 181,152, and annotation of its biosynthetic gene cluster (BGC)

The marine cyanobacterial strain Leptothoe sp. LEGE 181152,
described by Avalon et al.,, 2024 [11] and deposited in the Blue
Biotechnology and Ecotoxicology Culture Collection (LEGE-CC), was
grown using Z8 medium supplemented with 25%. of synthetic sea salt
(Tropic Marin® Pro-Reef, Tropic Marin, Berlin, Germany) and 1%o of
vitamin Bjy. Cultures were scaled up to 20 L and maintained under
standard laboratory conditions: 25 °C with a light/dark cycle of 14/10 h
at a light intensity of 10-30 pmol photons m~2 s™1. At the end of the
exponential phase, cells were harvested by filtration through a 20 pm
mesh, frozen and freeze-dried (LyoQuest, Telstar, Terrassa, Spain),
yielding 80 g of biomass. The lyophilized biomass was extracted with
MeOH and sonication at room temperature. The resulting crude (28.5 g)
was fractionated in several chromatographic rounds yielding 1.5 mg of
pure phormidolide D (1) and 1.14 mg of pure phormidolide A (2). A
detailed description of the isolation process as well as annotation of the
BGC can be found in the supplementary material.

2.3. Cell lines and culture

HCT 116 Human colon carcinoma cell line was cultured in McCoy's
media, SH-SY5Y neuroblastoma cells were cultured in 1:1 Minimum
Essential Medium (MEM) and F12 medium and hepatocellular carci-
noma HepG2 and endothelial hCEMEC/D3 cell lines were cultured in
DMEM. All media were supplemented with 10% Fetal Bovine Serum
(FBS), 1% penicillin/streptomycin and 0.1% of amphotericin B. Cells
were maintained at 37 °C in a humidified atmosphere of 5% CO2. For
the glucose versus galactose assay, HCT 116 cells were cultured in
glucose-containing or glucose-free McCoy's 5 A medium, supplemented
as described above.

2.4. Cell viability assays on monolayer cell cultures

All cell lines were seeded on 96-well plates at a density of 3.3 x 10*
cells/mL and incubated overnight to allow adhesion. For the MTT assay,
cells were exposed to compounds at a concentration range up to 40 pM,
with staurosporine (500 nM) as positive control. After 48 h, cell viability
was assessed using the MTT (3-(4,5- dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide) assay, as previously described [16]. For
the lactate dehydrogenase (LDH) release assay, cells were treated under
the same conditions. After 48 h, 50 pL of culture supernatant from
treated cells (phormidolide D (1) or Triton X-100 at 1%, positive con-
trol) were transferred into a new 96-well plate. Then, 25 pL of pyruvate
solution (150 pL/mL) and 200 pL of p-Nicotinamide adenine dinucleo-
tide (NADH) solution (150 pL/mL), both prepared in 0.1 M phosphate
buffer (pH = 7.2) were added. NADH oxidation was monitored at
340 nm. Blank values were subtracted and cytotoxicity was normalized
to 100% using Triton X-100 (1%). DMSO (0.5%) was used as solvent
control on all assays. All treatments were done in triplicate and in three
independent assays, unless otherwise stated. Absorbance was measured
using a Cytation 5 Cell Imaging Multi-Mode Reader (BioTek, Vermont,
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USA). Cell viability was expressed relative to the solvent control. ICsq
values were calculated by nonlinear regression model (log(inhibitor) vs.
normalized response) on GraphPad Prism 8.4.3.

2.5. Cell viability assays on 3D cell cultures

HCT 116 cells were grown as spheroids using an Ultra-Low Attach-
ment round-bottom 96-well plate (Costar, Corning, New York, NY,
USA), at an initial concentration of 5 x 10* cells/mlL. After 5 days of
incubation, the spheroids were analyzed for size and shape consistency
before being randomly exposed to control and to the compounds, at
concentrations up to 40 pM. Stauroporine 1 pM was used as positive
control and DMSO as solvent control. Viability of HCT 116 spheroids
was assessed by the acid phosphatase assay as described by Ferreira
et al., 2021 [16].

2.6. Imaging of HCT 116 3D spheroids

At the selected time points after treatment, spheroids were incubated
with calcein AM (2 pM) (Invitrogen, Thermo Fisher Scientific) and
propidium iodide (5 pg/mL) (Sigma-Aldrich, Missouri, USA) for 1 h.
Then, both bright field and fluorescence z-stack images were obtained
on a Cytation 5 Cell Imaging Multi-Mode Reader. Fluorescence intensity
and morphologic measurements were analyzed using CellProfiler 4.2.8
and ImageJ, respectively. Figures were prepared using Inkscape.

2.7. Quantification of extracellular matrix genes by qPCR

Seven extracellular matrix-related target genes were selected
(Table S1). Spheroids treated with phormidolide D (1), at 2 and 20 pM
for 48 h, were collected and pooled into 8 replicates, each with 8
spheroids. This time point was chosen after optimization of the condi-
tions, since spheroids already present disaggregation without significant
cell death (data not shown). RNA was extracted using NucleoSpin RNA
XS kit (Macherey-Nagel, Germany), quantified with the Qubit Fluo-
rometer (Invitrogen) and quality assessed by 1% agarose gel electro-
phoresis. cDNA was synthesized using the iScript Select cDNA Synthesis
Kit (BioRad, USA), with 500 ng of RNA reverse-transcribed in a 20 pL
reaction. Real-time PCR analysis were performed using the CFX Duet
Real-Time PCR System (Bio-Rad). The final reaction volume was 20 pL
containing SYBR Green Supermix (Bio-Rad), 200 nM forward and
reverse primer, and 2 pL ¢cDNA (1:10 diluted). Reactions were run for
42 cycles of 20s at 95 °C, followed by an annealing temperature of 59 °C
and 20 s extension at 72 °C, followed by a melt curve analysis from 65 to
95 °C. The ribosomal protein L8 (RPL8) and Hypoxanthine Phosphor-
ibosyl transferase 1 (HPRT1) were used as reference genes, as described
in a previous work [17], and expression values were normalized to the
geometrical mean of both genes. Two negative controls (NTC) were
included per gene and run, and all samples were quantified in two in-
dependent runs by efficiency-corrected relative expression. The effi-
ciency of each primer was experimentally validated using dose-response
curves with serial dilutions of pooled cDNA.

2.8. Combination assay on HCT 116 3D spheroids

HCT 116 spheroids were prepared as described above and exposed
for 48 h, alone or in combination with staurosporine, in three inde-
pendent checkerboard combination assays. Staurosporine was tested at
five concentrations (3.13-50 nM) as well as a sub-fraction rich in
phormidolide D (1) (1.56-25 pg/mL), generating a 5 x 5 dose-response
matrix (25 combinations per experiment). The tested fraction is
enriched in phormidolide D (1), although it also presents phormidolide
A (2) and other masses as minor components (Fig. S1). Cell viability was
assessed by acid phosphatase assay, as described above. The normalized
results from the independent assays were submitted into the web-based
SynergyFinder platform (synergyfinder.org) [18] for evaluation of drug
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interactions. A detailed description of the models used to assess synergy
scores can be found in the supplementary material.

2.9. Cell cycle, apoptosis and complementary cell death mechanism
assays

HCT 116 cells were seeded in 24-well plates at a density of 1 x 105
cells/mL and allowed to adhere overnight. Cells were then treated with
compounds (1) and (2) at 0.8 and 8 uM for 48 h. Staurosporine (800 nM)
was used as positive control.

For cell cycle analysis, cells were harvested by trypsinization,
washed with PBS, fixed in absolute ethanol, and stored at —20 °C. Fixed
cells were centrifuged and resuspended in 500 pL of PI/RNase buffer
(ABP Biosciences, USA) and incubated for 40 min at 37 °C. Samples were
filtered into FACS tubes and analyzed on a BD Accuri C6 Plus flow cy-
tometer (Becton Dickinson, New Jersey, USA). Cells were gated based on
forward and side scatter (FSC/SSC) profiles (1st gate: FSC-A/SSC-A,
19-27%, excluding cell debris; 2nd gate: FCS-A/FSC-H: 75-85%,
excluding duplets) and analyzed using FlowJo software. At least 10,000
events were acquired per sample.

For apoptosis analysis, cells were collected after treatment, resus-
pended in Annexin-binding buffer (Invitrogen, Massachusetts, USA) and
then stained with FITC Annexin V (5 pL; ImmunoTools, Friesoythe,
Germany) and propidium iodide (PI; 10 pL 50 pg/mL) for 15 min in the
dark. Samples were filtered into FACS tubes and analyzed on a BD Accuri
C6 Plus flow cytometer. At least 10,000 events were acquired per sam-
ple, gated using FSC/SSC parameters (1st gate: FSC-A/SSC-A, 35-38%,
excluding cell debris; 2nd gate: FCS-A/FSC-H: 99%, excluding duplets)
and detected in FL1/FL3 channels. Data were analyzed using FlowJo
software.

The autophagy staining with monodansylcadaverine (MDC),
glucose-versus-galactose viability assay, mitochondrial membrane po-
tential assay, and temperature-dependent viability assay are described
in the Supplementary Information.

2.10. Anti-angiogenesis assay

Embryos of the zebrafish transgenic line Tg(Flila:EGFP) were ob-
tained from the animal facility of the Karlsruhe Institute of Technology
(KIT). The experimental setup was based on the methodology described
in Wang et al., 2010 [19]. At 1-day post fertilization (dpf), chorions were
removed by incubation in 1 mg/mL pronase (Roche, Basel, Switzerland)
for 15 min, followed by several washes. Dechorionated embryos were
exposed to 10 puM of phormidolide D (1) in 96-well plates (4 embryos per
well). DMSO (0.1%) was used as solvent control. After 24 h of exposure,
embryos were individually transferred to 384-well plates and imaged
using a LEICA DMi8 (Leica Microsystems, Wetzlar, Germany). Images
were analyzed by Image J. Experiments were performed on zebrafish
embryos prior to the onset of independent feeding (<5 dpf). According
to Directive 2010/63/EU, these developmental stages are not subject to
authorization requirements for animal experimentation; therefore,
ethical approval was not required.

2.11. Statistical analysis

Statistical analysis was performed using GraphPad 8.4.3 software.
Normality of the data was assessed by the Kolmogorov-Smirnov test and,
when verified, a One-way ANOVA was applied, followed by Dunnett's
multiple comparisons test or Tukey's multiple comparisons test. If data
did not obey a normal distribution, a Kruskal-Wallis test was applied,
followed by Dunn's post-hoc test. Confidence interval used was 95%,
where * means p < 0.05; means p < 0.01; ***means p < 0.001,
****means p < 0.0001. Cytotoxicity data are presented as
mean + standard deviation (SD) of at least three biological replicates.
Dose-response curves were analyzed by log(inhibitor) vs. normalized
response using GraphPad software.
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3. Results

3.1. Biodiscovery, structural novelty and BGC analysis of phormidolide D
e

Bioassay-guided fractionation combined with mass spectrometry led
to the isolation of the new phormidolide analogue, phormidolide D (1),
from the crude extract of the marine cyanobacterium Leptothoe sp. LEGE
181152. The (—)-HRESIMS spectrum of compound 1 showed a depro-
tonated molecular ion at m/z 1061.5929 [M — H] " (Fig. S2). The isotopic
pattern indicated the presence of one bromine atom, supporting a mo-
lecular formula of CsgHgsBrOp2 (caled for CsgHgsBrOq2, 1061.5929),
corresponding to 11 degrees of unsaturation. Detailed analysis of the 1D
and 2D NMR data (Table S2 and Figs. S4-S9), together with (—)-HRE-
SIMS/MS data (Figs. S1 and S2), revealed that 1 is structurally related to
the known polyketide phormidolide A (2) [10], which was also isolated
during the biodiscovery process (Figs. S3 and S10).

Comparison of the 111 and 13C NMR data of phormidolides D (1) and
A (2) (Tables S3 and S4) revealed the most significant differences within
the C-30 to C-33 fragment, particularly at C-32 (Ad¢ = +34.2 ppm) and
C-33 (Ad¢ = —48.1 ppm). In phormidolide A (2), these carbons form part
of a vinyl bromide moiety (8¢.32 158.4; 8¢.33 78.8), whereas in com-
pound 1, C-32 resonates at §¢ 192.6, consistent with an a,p unsaturated
ketone, and C-33 appears as a bromomethylene (5¢ 30.7; 6y 4.27, 4.18).
This structural difference is fully supported by key HMBC correlations
from the exo-f-methylene protons at § 6.08 and 5.93 (H-42, and H42;,)
to C-32, as well as from the bromomethylene protons H-33a/b to C-32
(Fig. 2). Together, these data establish the presence of a ketone-
bromomethylene motif in phormidolide D (1), in place of the methyl-
trapped enol ether and vinyl bromide functionality found in phormi-
dolide A (2). Further support for this structural modification is provided
by the mass difference of 14.01 Da between the two compounds,
consistent with a loss of a methyl group in phormidolide D (1). This
structural modification further distinguishes phormidolide D (1) as a
new member of the phormidolide family. The relative stereochemistry of
1 was assumed to be identical to that reported for phormidolide A (2)
[13]. This assignment is supported by key ROESY correlations (Fig. S11)
and the close agreement of the proton and carbon chemical shifts of the
two compounds (Table S3 and S4).

To investigate the biosynthetic origin of phormidolide D (1), the
genome of Leptothoe sp. LEGE 181152 was analyzed for secondary
metabolite biosynthetic genes. This analysis identified two contigs
encoding polyketide synthase (PKS) and trans-acyltransferase polyke-
tide synthase (trans-AT PKS) enzymes, which likely correspond to a
fragmented phormidolide biosynthetic gene cluster (BGC). Comparison
of these contigs with the previously reported phm BGC [12] using

— COSY
~—~ HMBC

Fig. 2. Structure determination of phormidolide D (1). Key 1H—'H COSY (bold
blue) and '3C—'H HMBC (red arrows) correlations supporting the proposed
connectivity of the polyketide backbone and macrocyclic structure. (For
interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)
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CAGECAT clinker alignment [20] revealed high synteny (>90% identity
and similarity) and extensive conservation of gene content, supporting
their assignment as the phormidolide BGC (Fig. S12). These observa-
tions however do not allow the prediction of the biosynthetic origin of
the bromomethyl ketone of compound 1. Similar results were reported
for the related macrolides leptolyngbyalides A and C, produced by
Leptolyngbya sp. PCC 7375, as the biosynthetic proposed model could
not predict the exchange of an enol ether moiety for a methyl ketone
[21].

3.2. Phormidolide D (1) exhibits cytotoxicity to 2D and 3D HCT 116
colon carcinoma models, unlike phormidolide A (2)

To characterize the cytotoxic profile of phormidolide D (1), the MTT
assay was performed after 48 h of exposure on monolayer models of
three human cancer cell lines, colorectal carcinoma HCT 116, hepato-
cellular carcinoma HepG2 and neuroblastoma SH-SY5Y, as well as on
the non-cancerous human cerebral microvascular endothelial cell line
hCMEC/D3. As demonstrated in Table 1 and Fig. S13, phormidolide D
(1) exhibited dose-dependent cytotoxicity on all cell lines tested, with
ICsp values ranging from 0.83 to 4.48 pM. From the three cell lines
tested, phormidolide D (1) displayed a stronger cytotoxicity towards the
HCT 116 cells (Table 1). Additionally, phormidolide D (1) reduced the
viability of 3D HCT 116 spheroids, presenting an ICso of 30.80 pM,
determined by the acid phosphatase assay after 96 h of exposure. The
activity observed in both 2D monolayers and 3D spheroid models sug-
gests that the cytotoxic effect of phormidolide D (1) is retained in more
physiologically relevant cancer models. Given the higher cytotoxicity
towards HCT 116 cells, subsequent experiments were focused on this
cell line. In comparison, phormidolide A (2) showed no cytotoxicity in
either model of the colorectal carcinoma cell line HCT 116 at concen-
trations up to 40 pM (Table 1, Fig. S13), consistent with previous reports
[10].

3.3. Phormidolide D (1) alters 3D spheroid morphology and ECM-related
gene expression in HCT 116 cells

The morphological changes of HCT 116 spheroids exposed to phor-
midolides were monitored from 24 h to 96 h at 20 pM (Fig. 3).
Throughout this period, phormidolide D (1) induced progressive alter-
ations in spheroid morphology, which can be first observed right after
24 h of exposure (1249.51 + 7.91 pm), and result in an increase in
spheroids diameter to 1547.54 + 41.71 pm at 96 h, nearly doubling the
diameter of control (742.72 + 15.09 pm, 96 h) and compound 2 treated
spheroids (756.69 + 21.42 pm, 96 h). Phormidolide A (2) did not induce
observable morphological changes relative to the solvent control
(Fig. 3A). To further investigate these effects, spheroids were then
exposed to 40 pM of phormidolide D (1), causing the complete break-
down of the 3D structure, and stained with the live/dead fluorescent
dyes calcein AM and propidium iodide (PI) to understand whether the
disaggregated cells remained viable. Clear differences were observed
between the control (0.5% DMSO) and phormidolide D (1) treated
spheroids. Control spheroids retained their characteristic layered ar-
chitecture, including a PI-positive necrotic core and a calcein AM-
positive proliferative outer layer. In contrast, spheroids treated with
phormidolide D (1) showed progressive loss of structural integrity from
24 h onward, with an increasing proportion of detached PI-positive cells
over time, as evidenced by intensified PI staining up to the 96 h mark
(Fig. 3B). This effect was quantified by an increased PI/Calcein AM
fluorescence ratio over 96 h (Fig. 3C). Following the observed
morphological alterations, the mRNA expression of seven extracellular
matrix (ECM)-related genes was analyzed in spheroids exposed to 20
and 2 pM of compound 1 at the 48 h time point (Fig. 4). At 20 uM,
phormidolide D resulted in an 18-fold increase in interstitial collagenase
MMPI mRNA expression relative to solvent control. In addition,
collagen type I COL1IA1 expression was reduced by 2-fold, while the
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Table 1

ICs0 values of phormidolide A (2) and of phormidolide D (1) in cancerous and non-cancerous cell lines. Data are mean + SD, from three independent experiments
(n=23).

SH-SY5Y HepG2 hCMEC/D3 2D HCT 116 3D HCT 116
Phormidolide D (1) ICso (M) 3.15+0.31 4.48 + 0.39 2.84 £ 0.53 0.83 + 0.26 30.80 + 17.2*
Phormidolide A (2) ICso (pM) - - - > 50 > 50

" fitted values from the 3D HCT 116 assays: 11.5, 27.6, 53.3 uM.
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Fig. 3. Effects of phormidolides D (1) and A (2) on HCT 116 spheroid morphology, size and viability. (A) Bright field images of spheroids exposed to 0.5% DMSO (SC:
solvent control); 20 pM compounds 2 and 1 at different time points (24, 48, 72, and 96 h), and corresponding measurements of spheroids diameter (um). The yellow
double arrow represents the diameter measured. (B) Maximum intensity projections of Calcein AM/propidium iodide (PI) fluorescence staining of spheroids at 24, 48,
72 and 96 h exposed to 40 pM phormidolide D (1) and 0.5% DMSO (SC). Green fluorescence (calcein AM) indicates viable cells, while orange fluorescence (PI)
indicates dead cells. (C) PI/Calcein AM fluorescence intensity ratio in spheroids treated with 40 pM of phormidolide D (1) over 24, 48, 72 and 96 h. Fluorescence
quantification was performed using CellProfiler software version 4.2.8. All data are presented as mean + SD (n = 3). (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)

metallopeptidase inhibitor TIMP1 expression showed a 1.4-fold increase overexpressed, the fold-change ratio of MMP1 to TIMP1 was approxi-
under the same conditions. Although MMPI1 and TIMP1 were both mately 12.9, indicating a predominance in MMP1 expression. The other
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analyzed genes, cadherin 1 (CDH1), and integrin subunit alpha 1 and
alpha 5 (ITGA 1 and ITGA5), showed no significant differences, while
integrin subunit alpha 2 ITGA2 expression was altered at 2 pM, with a
1.3-fold increase.

3.4. Phormidolide D (1) synergizes with staurosporine in HCT 116
spheroids

Based on the observed effects of phormidolide D (1) on 3D spheroid
integrity, drug-combination experiments were performed using a frac-
tion enriched in phormidolide D (1) together with the apoptosis inducer
staurosporine at sub-cytotoxic concentrations. Overall, the addition of
phormidolide D (1) enriched fraction in concentrations ranging from
3.13 to 25 pg/ml, intensified the inhibition caused by staurosporine
(Fig. 5A). As seen in Fig. 5B, the addition of the two highest concen-
trations of each treatment 12.5 and 25 pg/mL (fraction) and staur-
osporine at 25, 50 nM (staurosporine) yielded the lowest CI values
(0.24-0.32), indicating strong synergistic interaction. Similarly, the
Bliss synergy model also identified these four combinations as the most
synergistic, as demonstrated by their scores exceeding 10, which is
representative of a strong synergy (Fig. 5C). The highest score was
observed for the combination of 12.5 pg/mL of the phormidolide D-
enriched fraction and 25 nM staurosporine at 21.15 (Fig. 5C). Live/dead
staining with calcein AM and propidium iodide further highlighted the
differences between single-agent and combination treatments.
Compared to stausporine alone, combination with phormidolide D (1)
enriched fraction resulted in increased PI staining and reduced calcein
AM fluorescence (Fig. S14). This effect is most evidenced on the com-
binations with the highest Bliss synergy scores, as shown on Fig. 5D.

3.5. Phormidolide D (1) increases the sub-G1 population and induces
early apoptosis without detectable alterations in mitochondrial membrane
polarization of HCT 116 cells

Given the pronounced cytotoxicity of phormidolide D (1) in HCT 116
cells, its impact on cell cycle progression was investigated by flow
cytometry following 48 h of exposure. Treatment with compound 1
resulted in a significant accumulation of cells with reduced DNA stain-
ability, leading to a marked increase in sub-Gl population (48%)
compared to the solvent control (SC). This increase was accompanied by
areduction in the G1 and G2 populations (Fig. 6A-B). Similar alterations
were observed with the positive control (PC) staurosporine, whereas
phormidolide A (2) did not induce significant changes in cell cycle
distribution. To further characterize the mode of cell death induced by
phormidolide D (1), apoptosis, necrosis, and autophagy were evaluated.
Annexin V/propidium iodide staining revealed a 2.4-fold increase in
early apoptotic cells (Q3 - Annexin V-positive/PI-negative) following
treatment with compound 1 compared to the solvent control, while no
significant changes were observed for any other quartile or in cells
treated with compound 2 (Fig. 6C-D). Consistently, the LDH release
assay confirmed that compound 1 does not predominantly induce cell
death via necrosis. At the highest concentration tested, LDH release
reached only approximately 20% relative to the maximum release
induced by 1% Triton X-100, and all treated conditions were signifi-
cantly different from this positive control (Fig. S15). Autophagy was
evaluated using monodansylcadaverine staining, which showed no
detectable differences between control and phormidolide D (1) treated
cells, suggesting that autophagy is not a primary mechanism of cell
death (Fig. S16).
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To further characterize the cytotoxic mechanism of phormidolide D
(1), complementary assays evaluating oxidative phosphorylation
dependence, mitochondrial membrane potential, and temperature-
dependent cytotoxicity were performed. The ICsy values obtained in
glucose (0.87 pM =+ 0.46) or galactose (0.97 pM =+ 0.41) media did not
show any significant differences (Fig. S17). Likewise, no alterations in
mitochondrial membrane polarization were detected in cells treated
with phormidolide D (1) at ICs and 2xICsg concentrations (Fig. S18).
Finally, cells incubated with phormidolide D (1) for 1 h at 4 °C exhibited
a fivefold higher ICso (14.79 pM =+ 6.93) than those incubated at 37 °C
(2.77 pM =+ 0.64) (Fig. S19), indicating that the cytotoxic activity of
phormidolide D (1) is temperature dependent.

3.6. Phormidolide D (1) affects vascularization of zebrafish embryos

The anti-angiogenic activity of phormidolide D (1) was evaluated
using embryos of the transgenic zebrafish line Tg(flila:EGFP), which
enables direct visualization of the vasculature, particularly interseg-
mental vessels (ISV) (Fig. S20). Exposure to 10 pM phormidolide D (1)
for 48 h did not affect embryo width (Fig. 7A), nor induced malforma-
tions or toxicity (data not shown). Phormidolide D (1) significantly
reduced both the number and length of ISVs (Fig. 7B — C, Fig. S20),
suggesting a possible anti-angiogenic activity. However, this activity
should be corroborated by more concentrations and higher replicate
numbers in the future.

4. Discussion

Cyanobacteria of the genus Leptothoe are marine strains, some of
which occur as sponge symbionts, and represent a rich source of struc-
turally diverse secondary metabolites [22]. In this context, Leptothoe sp.
LEGE 181152, a free-living isolate collected in Cabo Verde, has emerged
as a chemically rich strain, producing metabolites with diverse biolog-
ical activities, including antifouling compounds [23] and the lep-
tochelins, halogenated nonribosomal peptide-polyketide hybrids with
cytotoxic and metallophore properties [11]. Building on this biosyn-
thetic potential, we report herein the discovery of phormidolide D (1), a
new polyketide of the phormidolide family featuring a rare modification
of the canonical vinyl bromide moiety into a conjugated ketone—-
bromomethyl system. This distinct terminal functionalization, which
differentiates phormidolide D (1) from the known congener phormido-
lide A (2), enabled direct structure-activity comparisons for investi-
gating the determinants of cytotoxic activity within this scaffold.

Phormidolide D (1) exhibited cytotoxicity (< 5 pM) across all cell
lines evaluated, and higher potency against HCT 116 colorectal carci-
noma cells (0.83 pM). Phormidolide A (2) was inactive, consistent with
the previously reported lack of cytotoxicity for this analogue [10]. The
contrasting activity between the two closely related compounds suggests
that the bromomethylene-containing terminal motif is an important
structural determinant associated with cytotoxic activity of phormido-
lide D (1).

A major challenge in anticancer natural product discovery is the
limited predictive value of conventional two-dimensional (2D) cell
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cultures, which fail to reproduce many characteristics of solid tumors in
vivo [24]. Three-dimensional (3D) spheroid cultures have therefore
emerged as more physiologically relevant systems, as they better
reproduce key features of the tumor microenvironment, including
cell-cell and cell-ECM interactions, as well as nutrients and oxygen
gradients [25]. When evaluated in the HCT 116 3D spheroid model,
phormidolide D (1) retained cytotoxic activity under more physiologi-
cally relevant conditions, albeit with reduced potency compared to

< 0.05, ** p < 0.01; *** p < 0.001, **** p < 0.0001.

monolayer cultures. This decrease in potency is consistent with reports
for other cytotoxic agents and reflects the increased drug resistance and
structural complexity characteristic of multicellular tumor models [24].
Phormidolide D (1)-treated spheroids displayed a marked phenotypic
effect: an increase in spheroid diameter followed by progressive shed-
ding of cells from the spheroid surface. Live/dead (Calcein AM/PI)
staining demonstrated that these detached cells were predominantly
non-viable, indicating that the increase in spheroid size reflected cell
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death and loss of structural cohesion rather than enhanced proliferation.
Similar phenotypes have been reported for paclitaxel and doxorubicin in
other spheroid models, where spheroid disaggregation and altered
morphology have been associated with ECM remodeling [26], [27]. In
contrast, phormidolide A (2) did not induce any morphological changes,
reinforcing the proposed role of the bromomethylene-containing ter-
minal motif in the observed effects. Given the role of ECM in main-
taining spheroid cohesion, this phenotype was further investigated at
the molecular level through analysis of the relative mRNA expression of
ECM-related genes. Of the seven tested genes, only MMP1, COL1A1 and
TIMP1 presented relevant alterations of their expression levels. Phor-
midolide D (1) treatment decreased expression of type I collagen, a
structural ECM component that has been linked to tumorigenesis by
contributing to tumor rigidity, limiting drug penetration and reducing
therapeutic efficacy [28]. Consistently, treatment was associated with a
pronounced increase in the matrix metallopeptidases MMP1, a key
mediator of ECM degradation and particularly of collagens [29].
Together, these findings indicate a putative ECM remodeling induced by
phormidolide D (1), consistent with the observed morphological alter-
ations of the spheroid architecture. Future work should extend to verify
the ECM remodeling effect by analyzing protein level or functional ev-
idence at different time points.

Given that drug diffusion and therapeutic outcomes within solid
tumors are strongly influenced by ECM integrity [30], we hypothesized
that phormidolide D (1) could enhance the efficacy of combination
treatments. To test this, a fraction enriched in compound 1 was tested in
combination with sub-toxic doses of staurosporine, which showed an
overall increase in staurosporine activity, where four combinations
yielded synergy scores above 10, indicative of a strong synergism. The
stronger score was observed on the combination of 12.5 pg/mL of the
phormidolide D (1) fraction and 25 nM of staurosporine, which also
presented the lowest combination index value of 0.24. In this combi-
nation, the interaction of both treatments augmented the inhibition by 2
and 20-fold in relation to the activity observed on phormidolide D (1)
fraction and staurosporine alone, respectively. These results support that
the phormidolide D (1) enriched fraction and enhances the activity of
staurosporine, potentially by targeting the 3D spheroid architecture and
increasing drug penetration within the tumor-like structure, thereby
enabling biological effects at lower doses. Collectively, these findings
support further investigation of phormidolide D (1) in combination
therapy strategies for solid tumors.

Next, we sought to determine the specific mechanism of cell death
underlying these effects, given that understanding such mechanisms is
of primary importance for characterizing compound activity and

supporting lead development in cancer drug discovery. Cell cycle dis-
tribution and apoptotic pathways were therefore evaluated. An accu-
mulation of cells in the sub-G1 region, indicative of DNA fragmentation,
was observed in the phormidolide D (1) group, as well as in the positive
control staurosporine. This is typically considered a hallmark of
apoptosis but may also arise from necrotic processes leading to DNA
degradation [31]. Annexin V/PI staining showed a small, but significant
increase in cells in early apoptosis without significant changes in late
apoptosis or necrosis. The limited LDH release further argues against
necrotic cell death, while monodansylcadaverine staining did not sup-
port the involvement of autophagy. Collectively, these findings indicate
that phormidolide D (1) induces apoptotic cell death, with no evidence
for a major contribution of necrosis or autophagy. To investigate
whether this cytotoxic activity was associated with mitochondrial
dysfunction, mitochondrial metabolic dependence and function were
assessed using complementary approaches. The glucose/galactose
assay, which forces cells to rely predominantly on oxidative phosphor-
ylation [32], showed no significant differences between the different
culture media, suggesting that the cytotoxic effects of phormidolide D
(1) are not associated with mitochondria dysfunction. Consistently,
staining with tetramethylrhodamine (TMRM) did not reveal any alter-
ations in mitochondria membrane potential. Together, these findings
indicate that phormidolide D (1) does not directly impair mitochondrial
metabolism.

As drug uptake and intracellular trafficking are generally reduced at
low temperature, cytotoxicity was also evaluated following incubation
at 4 °C. Although phormidolide D (1) retained measurable cytotoxic
activity under these conditions (ICso = 14 pM), its potency was reduced
approximately fivefold compared with cells incubated at 37 °C. These
findings indicate that the cytotoxic activity is influenced by
temperature-sensitive cellular processes, although whether this reflects
altered cellular uptake, membrane dynamics, or other temperature-
dependent mechanisms remains to be determined.

In addition to these in vitro models, the anti-angiogenic potential of
phormidolide D (1) was evaluated in vivo using zebrafish embryos.
Zebrafish have become a widely used vertebrate model in drug discov-
ery for studying human diseases, including cancer, due to their high
genetic homology with human genes associated with diseases, and their
suitability for genetic manipulation [33]. The transgenic Tg(flila:EGFP)
line used in this study expresses enhanced green fluorescence protein in
endothelial cells, allowing the direct visualization of vasculature,
providing a robust model for evaluating anti-angiogenic activity [34].

Exposure to phormidolide D (1) reduced the formation of interseg-
mental vessels without the induction of any malformations or toxicity,
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indicating a possible in vivo anti-angiogenic effect, which should be
corroborated in the future.

5. Conclusions

In this work, we report the isolation and structural and biological
characterization of phormidolide D (1), a novel cytotoxic member of the
phormidolide family, alongside the known analogue phormidolide A
(2), from the marine cyanobacterium Leptothoe sp. LEGE 181152. This
discovery further highlights the remarkable biosynthetic capacity of this
strain, previously recognized as a source of cytotoxic metallophores and
antifouling metabolites. Although phormidolides A (2) and D (1) share
the same macrolide scaffold, their markedly different biological activ-
ities suggest that the bromomethylene ketone moiety in phormidolide D
(1) is a key structural determinant of its cytotoxic activity. Beyond its
potent cytotoxicity, phormidolide D (1) affected the extracellular matrix
of cancer spheroids, enhanced the activity of a cytotoxic drug in com-
bination assays, and reduced the vascularization of zebrafish embryos,
warranting further studies for its anti-angiogenic potential. Together,
these findings provide new insights into the structure-activity re-
lationships within the phormidolide family and identify phormidolide D
(1) as a promising marine natural product lead for anticancer drug
discovery. Future studies should focus on identifying its molecular
target, defining its mechanism of action, and evaluating its therapeutic
potential in combination strategies.
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Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bioorg.2026.110637.

Data availability
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spectra of phormidolide A and D is available in MassIVE
(MSV000100394).
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