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Natural products are interesting sources for drug discovery. The natural product
oxadiazine Nocuolin A (NocA) was previously isolated from the cyanobacterial strain
Nodularia sp. LEGE 06071 and here we examined its cytotoxic effects against different
strains of the colon cancer cell line HCT116 and the immortalized epithelial cell line hnTERT
RPE-1. NocA was cytotoxic against colon cancer cells and immortalized cells under
conditions of exponential growth but was only weakly active against nhon-proliferating
immortalized cells. NocA induced apoptosis by mechanism(s) resistant to overexpression
of BCL family members. Interestingly, NocA affected viability and induced apoptosis of
HCT116 cells grown as multicellular spheroids. Analysis of transcriptome profiles did not
match signatures to any known compounds in CMap but indicated stress responses
and induction of cell starvation. Evidence for autophagy was observed, and a decrease
in various mitochondrial respiration parameter within 1h of treatment. These results
are consistent with previous findings showing that nutritionally compromised cells in
spheroids are sensitive to impairment of mitochondrial energy production due to limited
metabolic plasticity. We conclude that the antiproliferative effects of NocA are associated
with effects on mitochondrial oxidative phosphorylation.

Keywords: natural products, cyanobacteria, spheroids, colon cancer, anti-cancer drugs, mitochondria, autophagy

INTRODUCTION

Historically, natural products were the primary source of drugs for medical preparations (1, 2).
Despite the gradually abandonment of natural products by big pharma companies since the era
of antibiotics discovery (3), natural products have returned into the focus as one of the most
interesting sources for drug discovery (2, 4). Cyanobacteria are versatile microorganisms, adapted
to many different environments and, as such, developed the capacity of producing secondary
metabolites to overcome exogenous challenges (5-7). Their potential to produce secondary
metabolites is already recognized with interesting biotechnological applications as bioplastics
(8) or pharmaceuticals (9), and with anticancer (10, 11), antifouling (12, 13), antibiotics (14),
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TABLE 2 | Detailed list of connections of transcriptome of MCF7 cells exposed to NocA to reference perturbagens of C-Map MCF7 cell line.

Rank Score (1) Name Compounds Target
MCF7
10.00 98.94 Vesicular Transport COPA; COPB2
22.00 98.37 IKK inhibitor Withaferin-a; IKK-16; IKK-2-inhibitor-V; BX-795; TPCA-1
35.00 97.50 Protein synthesis inhibitor Brefeldin-a; puromycin; homoharringtonine; emetine; cycloheximide;
cephaeline
44.00 96.89 ATPase inhibitor Strophanthidin; digitoxin; cyclopiazonic-acid; digoxin; cinobufagin; cymarin;
bufalin; ouabain; proscillaridin; digitoxigenin
133.00 90.74 PKC activator Prostratin; phorbol-12-myristate-13-acetate
137.00 90.59 T-type calcium channel blocker Penfluridol; dichlorobenzamil; KB-R7943

Score (z) stands for the fraction of reference gene sets with a greater similarity to the perturbagen.

TABLE 3 | Detailed list of connections of transcriptome of MCF7 cells exposed to NocA to reference perturbagens of C-Map summary across the cell lines available in the
database (A375, A549, HCC515, HEPG2, HT29, MCF7, PC3, HA1E, VCAP).

Rank Score (7) Name Compound

9 CELL LINES

1.00 99.02 Protein synthesis inhibitor Emetine; cycloheximide; homoharringtonine; cephaeline; verrucarin-a; brefeldin-a;
puromycin

4.00 98.13 ATPase inhibitor Cinobufagin;bufalin; ouabain; proscillaridin; digoxin; digitoxin; strophanthidin; cymarin;
cyclopiazonic-acid; digitoxigenin

12.00 97.47 PKC activator Prostratin; ingenol; phorbol-12-myristate-13-acetate

20.00 96.58 IKK inhibitor BX-795; IKK-2-inhibitor-V

28.00 95.20 BCL inhibitor ABT-737; obatoclax

Score (z) stands for the fraction of reference gene sets with a greater similarity to the perturbagen.

FIGURE 3 | Gene Set Enrichment Analysis mapped clustered with Cytoscape. Clusters represent different responses of exposed cells to NocA. Node sizes represent
the number of genes and darken of the color increases with significance (FDR Q-value Cut-off = 0.1; P-value Cut-off = 0.005).
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FIGURE 4 | Evidence of autophagy induction on monolayer cell culture of HT116 and multicellular systems (MTS). (A) Western blot of HCT116 cells exposed to NocA
at 2.5 and 1.25 uM for 6 and 18 h with detection of LC3-B (B). (C) MDC staining of autophagic compartments on HCT116" monolayer cultured cells exposed to
NocA 7 uM over 18h. (D) Western blot of MTS of HCT116 cells exposed to NocA at 10 uM for 24 and 48 h with detection of LC3B-II. (E) LC3B-II quantification. (F)
MDC staining of MTS exposed to NocA 7 uM over 48 h. Three independent assays, **p < 0.001; *p < 0.01.
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FIGURE 5 | Seahorse analysis of cellular respiration. (A) Oxygen consumption rates by HCT116"! cells over 6 h in response to exposure to NocA at 1.25, 2.5, and

7 wM. (B) Mitochondrial key parameters —Basal respiration, ATP production, Maximal Respiration—calculated after addition of sequential kit reagents (Oligomycin,
FCCP, Antimycin A, and Rotenone) from Seahorse XF Cell Mito Stress Test, Kit **o < 0.001. (C) Dose-response for glucose-free (galactose supplemented) HCT116™
cells treated with NocA and CCCP and respective cell viability after 2 h of exposure (according to Mitochondrial ToxGlo™ Assay kit). 1 = Log (10 wM) to —0.81 = Log
(0.16 uM). (D) Comparison of Oxygen consumption rates between HCT116"! and RPE-1 hTERT cells in response to 6 h exposure to NocA at 7 wM. (E) Mitochondrial
key parameters—Basal respiration, ATP production, Maximal Respiration- calculated after using Seahorse XF Cell Mito Stress Test Kit on RPE-1 hTERT and
HCT116" exposed to NocA 7 uM for 6h. **p < 0.001; *p < 0.01, n > 5, 3 independent assays.

[ Control RPE-1

TABLE 4 | ICso comparison between HCT116"! cells grown in DMEM and
glucose-free DMEM, supplemented with galactose.

Cell line Medium 1C50 (nM)
HCT116 Glucose 1.3+09
Galactose 0.4 +0.07

were recorded over 6h (Figure5A). The basal respiration,
ATP  production, and non-mitochondrial respiration
were decreased by 7 and 2.5puM NocA, while maximal
respiration was only reduced by 7uM NocA (Figure 5B).
The same analysis was performed with confluent RPE-1
hTERT cells exposed to 7uM NocA, and similar effects
were observed (Figure5D) on basal respiration, maximal

membrane, did not show
solvent control and cells
(Supplementary Figure 7).

any differences between
exposed to 7uM  NocA

DISCUSSION

Oxadiazoles and oxadiazines have recently attracted attention
due to the exhibition of potential anticancer properties
(46-49). We here report that the oxadiazine NocA shows
antiproliferative activity on colon cancer cells grown as
monolayer cultures and also on MTS. Conventional cancer
therapeutic drugs show overall poor efficacy on MTS, a
phenomenon which is believed to be reflected in limited
efficacy of drugs to act on tumor masses in vivo. NocA induce
significantly apoptosis on MTS at a concentration (2.5uM)
which is only 2-fold higher than the concentration of ICsg

respiration but ATP production was not significantly  in vitro. Cisplatin has been reported to induce apoptosis
reduced (Figure 5E). at concentrations >10-fold that of its ICsp on monolayer

The cationic lipophilic fluorochrome dye TMRE  cells (21). The use of cell lines overexpressing BCL2 family
(tetramethylrhodamine, ethyl ester) staining of HCT116  proteins revealed that the mechanism of cell death induction is
cells indicative of depolarization of the mitochondrial independent of these proteins. Whereas, proliferating HCT116
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cancer cells and proliferating RPE-1-hTERT immortalized
cells showed similar degrees of sensitivity to NocA, non-
proliferating RPE-1-hTERT were less sensitive. These findings
are likely to be explained by higher metabolic demands by
proliferating cells.

Transcriptome profiling can be used to generate hypotheses
with regard to the mechanism of action of compounds (35, 36,
44). The molecular signature of NocA was complex, showing
the alteration of a number of cellular responses such as
vesicular transport, cellular response to inflammation, protein
synthesis inhibitors and ATPase inhibition. Although the strong
connectivity of the hits obtained for the described C-Map
classes, these pharmacological classes are very distinct, and
rather unspecific mechanisms, and did not point to a clear
mode of action. The Gene Enrichment Analysis and Gene
Ontology (GSEA) analysis indicated stress responses, including
endoplasmic reticulum (ER) stress, and also autophagy, which
we selected for the following analyses. ER stress was analyzed
by p-EIF2a protein expression (50), but no upregulation was
observed, which would indicate ER stress (data not shown).
The increased expression of the autophagy marker LC3B-
II as well as increased MDC staining of monolayer cells
and MTS suggested evidence for the induction of autophagy.
Future experiments should focus on the extent of autophagy
and the analysis of the autophagic flux (51). Here, the
indication of autophagy led us to speculate that treatment
with NocA may interfere with cellular energy production. Our
data confirmed this hypothesis, showing decreases in basal
mitochondrial oxygen consumption rates and a rapid decrease
in cellular ATP levels. These findings suggest that NocA is
a mitochondrial toxin targeting the mitochondrial function
of colon cancer cells without alteration of the mitochondrial
membrane potential. These results obtained for both HCT116
and RPE-1 reinforce the previous idea that cancer cells are more
susceptible to NocA than normal non-proliferating cells due to
the higher energy requirements and proliferating characteristics.
In contrast, the cyanobacterial compounds hierridin B and
portoamides AB isolated by our lab targeted mitochondrial
function by manipulation of mitochondrial membrane potential
(18, 19).

Targeting bioenergetic balance of cancer cells is attracting
significant attention as a strategy to treat cancer (52, 53).
The concept of targeting mitochondria was proposed by Lan
Bo Chen in the 1980s (54, 55) and was later described
also by Fantin et al. (56). More recently, the interest in
mitochondria as therapeutic targets have increased due to the
demonstration of increased mitochondrial function in cancer
stem cells (57) and the finding that quiescent tumor cells
are dependent on oxidative phosphorylation (32, 52, 58). The
finding that NocA is effective on MTS is consistent with the
effects on mitochondrial OXPHOS. Quiescent cells in hypoxic
and nutritionally compromised microenvironments in MTS are
expected to show a limited metabolic plasticity and to be

particularly sensitive to inhibition of the major source of ATP
production, ie., OXPHOS (52). The increased sensitivity to
glucose starvation observed during NocA treatment is consistent
with a state of decreased metabolic plasticity and vulnerability of
energy production.

We conclude that the antiproliferative mechanism of
NocA is likely to be due to mitochondrial inhibition.
Whether NocA can be developed as anticancer compound
is unclear. Future studies should focus on systemic
toxicity of NocA, as well as on evaluation of cancer
selectivity and pharmacological factors such as metabolism
and distribution.
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