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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 hTERT

RPE-1. NocA was cytotoxic against colon cancer cells and immortalized cells under

conditions of exponential growth but was only weakly active against non-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 1 h 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.
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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 (τ ) 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 (τ ) 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 (τ ) 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 (τ ) 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 1.25µM for 6 and 18 h with detection of LC3-B (B). (C) MDC staining of autophagic compartments on HCT116wt monolayer cultured cells exposed to

NocA 7µM over 18 h. (D) Western blot of MTS of HCT116 cells exposed to NocA at 10µM for 24 and 48 h with detection of LC3B-II. (E) LC3B-II quantification. (F)

MDC staining of MTS exposed to NocA 7µM 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 HCT116wt cells over 6 h in response to exposure to NocA at 1.25, 2.5, and

7µM. (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 ***p < 0.001. (C) Dose-response for glucose-free (galactose supplemented) HCT116wt

cells treated with NocA and CCCP and respective cell viability after 2 h of exposure (according to Mitochondrial ToxGloTM Assay kit). 1 = Log (10µM) to −0.81 = Log

(0.16µM). (D) Comparison of Oxygen consumption rates between HCT116wt and RPE-1 hTERT cells in response to 6 h exposure to NocA at 7µM. (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

HCT116wt exposed to NocA 7µM for 6 h. ***p < 0.001; **p < 0.01, n > 5, 3 independent assays.

TABLE 4 | IC50 comparison between HCT116wt cells grown in DMEM and

glucose-free DMEM, supplemented with galactose.

Cell line Medium IC50 (µM)

HCT116 Glucose 1.3 ± 0.9

Galactose 0.4 ± 0.07

were recorded over 6 h (Figure 5A). The basal respiration,
ATP production, and non-mitochondrial respiration
were decreased by 7 and 2.5µM NocA, while maximal
respiration was only reduced by 7µM NocA (Figure 5B).
The same analysis was performed with confluent RPE-1
hTERT cells exposed to 7µM NocA, and similar effects
were observed (Figure 5D) on basal respiration, maximal
respiration but ATP production was not significantly
reduced (Figure 5E).

The cationic lipophilic fluorochrome dye TMRE
(tetramethylrhodamine, ethyl ester) staining of HCT116
cells indicative of depolarization of the mitochondrial

membrane, did not show any differences between
solvent control and cells exposed to 7µM NocA
(Supplementary Figure 7).

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 (2.5µM)
which is only 2-fold higher than the concentration of IC50

in vitro. Cisplatin has been reported to induce apoptosis
at concentrations >10-fold that of its IC50 on monolayer
cells (21). The use of cell lines overexpressing BCL2 family
proteins revealed that the mechanism of cell death induction is
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-EIF2α 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, i.e., 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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24. Voráčová K, Hájek J, Mareš J, Urajová P, Kuzma M, Cheel J, et al.
The cyanobacterial metabolite nocuolin a is a natural oxadiazine that
triggers apoptosis in human cancer cells. PLoS ONE. (2017) 12:e0172850.
doi: 10.1371/journal.pone.0172850

25. L. Siegel R, D. Miller K, Jemal A. Cancer statistics, 2018. CA Cancer J Clin.

(2018) 68:7–30. doi: 10.3322/caac.21442
26. Ramos V, Morais J, Castelo-Branco R, Pinheiro Â, Martins J, Regueiras A,

et al. Cyanobacterial diversity held in microbial biological resource centers as
a biotechnological asset: the case study of the newly established LEGE culture
collection. J Appl Phycol. (2018) 30:1437–51. doi: 10.1007/s10811-017-1369-y

27. Kotai J. Instructions for Preparation of Modified Nutrient Solution Z8 for

AlgaeNorwegian. Institute for Water Research, Blindern (1972).
28. Jiang X-R, Jimenez G, Chang E, Frolkis M, Kusler B, Sage M, et al. Telomerase

expression in human somatic cells does not induce changes associated with a
transformed phenotype. Nat Genet. (1999) 21:111–4. doi: 10.1038/5056

29. Wang X, Mazurkiewicz M, Hillert E-K, Olofsson MH, Pierrou S, Hillertz P,
et al. The proteasome deubiquitinase inhibitor VLX1570 shows selectivity
for ubiquitin-specific protease-14 and induces apoptosis of multiple myeloma
cells. Sci Rep. (2016) 6:26979. doi: 10.1038/srep26979

30. Eakins J, Bauch C, Woodhouse H, Park B, Bevan S, Dilworth C, et al. A
combined in vitro approach to improve the prediction of mitochondrial
toxicants. Toxicol In Vitro. (2016) 34:161–70. doi: 10.1016/j.tiv.2016.03.016

31. Vichai V, Kirtikara K. Sulforhodamine B colorimetric assay for cytotoxicity
screening. Nat Protocols. (2006) 1:1112–6. doi: 10.1038/nprot.2006.179

32. Zhang X, Fryknäs M, Hernlund E, Fayad W, De Milito A, Olofsson MH, et al.
Induction of mitochondrial dysfunction as a strategy for targeting tumour
cells inmetabolically compromisedmicroenvironments.Nat Commun. (2014)
5:3295. doi: 10.1038/ncomms4295

33. Shi J, Orth JD, Mitchison T. Cell type variation in responses to antimitotic
drugs that target microtubules and kinesin-5. Cancer Res. (2008) 68:3269–76.
doi: 10.1158/0008-5472.CAN-07-6699

34. Brnjic S, Mazurkiewicz M, Fryknäs M, Sun C, Zhang X, Larsson R, et al.
Induction of tumor cell apoptosis by a proteasome deubiquitinase inhibitor
is associated with oxidative stress. Antioxid Redox Signal. (2014) 21:2271–85.
doi: 10.1089/ars.2013.5322

35. Lamb J, Crawford ED, Peck D, Modell JW, Blat IC, Wrobel MJ, et al.
The connectivity map: using gene-expression signatures to connect
small molecules, genes, and disease. Science. (2006) 313:1929–35.
doi: 10.1126/science.1132939

36. Subramanian A, Narayan R, Corsello SM, Peck DD, Natoli TE, Lu X,
et al. A next generation connectivity map: L1000 platform and the first
1,000,000 profiles. Cell. (2017) 171:1437–52.e17. doi: 10.1016/j.cell.2017.
10.049

37. Subramanian A, Tamayo P, Mootha VK, Mukherjee S, Ebert BL, Gillette
MA, et al. Gene set enrichment analysis: a knowledge-based approach for
interpreting genome-wide expression profiles. Proc Natl Acad Sci USA. (2005)
102:15545–50. doi: 10.1073/pnas.0506580102

38. Shannon P, Markiel A, Ozier O, Baliga NS, Wang JT, Ramage D,
et al. Cytoscape: a software environment for integrated models of
biomolecular interaction networks. Genome Res. (2003) 13:2498–504.
doi: 10.1101/gr.1239303

39. Merico D, Isserlin R, Stueker O, Emili A, Bader GD. Enrichment
map: a network-based method for gene-set enrichment
visualization and interpretation. PLoS ONE. (2010) 5:e13984.
doi: 10.1371/journal.pone.0013984

40. Pitaval A, Tseng Q, Bornens M, Théry M. Cell shape and contractility
regulate ciliogenesis in cell cycle–arrested cells. J Cell Biol. (2010) 191:303–12.
doi: 10.1083/jcb.201004003

Frontiers in Oncology | www.frontiersin.org 12 April 2019 | Volume 9 | Article 224

https://doi.org/10.1016/j.drudis.2008.07.004
https://doi.org/10.1007/978-94-024-0844-7_6
https://doi.org/10.1039/c1np00033k
https://doi.org/10.1038/nrd4510
https://doi.org/10.1016/j.algal.2015.03.016
https://doi.org/10.1016/j.envint.2007.06.003
https://doi.org/10.1128/AEM.71.11.7401-7413.2005
https://doi.org/10.1016/j.algal.2013.03.002
https://doi.org/10.1038/ja.2011.21
https://doi.org/10.1158/1078-0432.CCR-11-0488
https://doi.org/10.1158/1078-0432.CCR-12-1803
https://doi.org/10.1080/08927010600967261
https://doi.org/10.1038/srep42424
https://doi.org/10.1021/np060324m
https://doi.org/10.1021/np070280x
https://doi.org/10.1021/np800110e
https://doi.org/10.1016/j.toxicon.2016.05.016
https://doi.org/10.3390/md14090158
https://doi.org/10.1371/journal.pone.0188817
https://doi.org/10.1126/science.2451290
https://doi.org/10.1177/1087057107310442
https://doi.org/10.1016/j.neo.2014.12.004
https://doi.org/10.1016/j.ejca.2011.11.013
https://doi.org/10.1371/journal.pone.0172850
https://doi.org/10.3322/caac.21442
https://doi.org/10.1007/s10811-017-1369-y
https://doi.org/10.1038/5056
https://doi.org/10.1038/srep26979
https://doi.org/10.1016/j.tiv.2016.03.016
https://doi.org/10.1038/nprot.2006.179
https://doi.org/10.1038/ncomms4295
https://doi.org/10.1158/0008-5472.CAN-07-6699
https://doi.org/10.1089/ars.2013.5322
https://doi.org/10.1126/science.1132939
https://doi.org/10.1016/j.cell.2017.10.049
https://doi.org/10.1073/pnas.0506580102
https://doi.org/10.1101/gr.1239303
https://doi.org/10.1371/journal.pone.0013984
https://doi.org/10.1083/jcb.201004003
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


Sousa et al. Nocuolin A Disrupts Mitochondrial Oxidative Phosphorylation

41. Gross A, McDonnell JM, Korsmeyer SJ. BCL-2 family members
and the mitochondria in apoptosis. Genes Dev. (1999) 13:1899–911.
doi: 10.1101/gad.13.15.1899

42. Herr I, Debatin K-M. Cellular stress response and apoptosis in cancer therapy.
Blood. (2001) 98:2603–14. doi: 10.1182/blood.V98.9.2603

43. Johansson K, Cebula M, Rengby O, Dreij K, Carlström KE, Sigmundsson K,
et al. Cross talk in HEK293 cells between Nrf2, HIF, and NF-κB activities upon
challenges with redox therapeutics characterized with single-cell resolution.
Antioxid Redox Signal. (2015) 26:229–46. doi: 10.1089/ars.2015.6419

44. Lamb J. The connectivity map: a new tool for biomedical research. Nat Rev
Cancer. (2007) 7:54–60. doi: 10.1038/nrc2044

45. Vázquez CL, Colombo MI. Chapter 6 assays to assess autophagy induction
and fusion of autophagic vacuoles with a degradative compartment, using
monodansylcadaverine (MDC) andDQ-BSA. In: KlionskyDJ, editor.Methods

in Enzymology Vol. 452. Academic Press (2009). p. 85–95.
46. Bajaj S, Asati V, Singh J, Roy PP. 1,3,4-Oxadiazoles: an emerging scaffold to

target growth factors, enzymes and kinases as anticancer agents. Eur J Med

Chem. (2015) 97:124–41. doi: 10.1016/j.ejmech.2015.04.051
47. Zhang X-M, Qiu M, Sun J, Zhang Y-B, Yang Y-S, Wang X-L, et al. Synthesis,

biological evaluation, and molecular docking studies of 1,3,4-oxadiazole
derivatives possessing 1,4-benzodioxan moiety as potential anticancer agents.
Bioorg Med Chem. (2011) 19:6518–24. doi: 10.1016/j.bmc.2011.08.013

48. Mohareb RM, Schatz J. Anti-tumor and anti-leishmanial evaluations of 1,3,4-
oxadiazine, pyran derivatives derived from cross-coupling reactions of β-
bromo-6H-1,3,4-oxadiazine derivatives. Bioorg Med Chem. (2011) 19:2707–
13. doi: 10.1016/j.bmc.2011.02.051

49. Carbone M, Li Y, Irace C, Mollo E, Castelluccio F, Di Pascale A, et al.
Structure and cytotoxicity of phidianidines A and B: first finding of 1,2,4-
Oxadiazole system in a marine natural product. Org Lett. (2011) 13:2516–9.
doi: 10.1021/ol200234r

50. Kimball SR. Eukaryotic initiation factor eIF2. Int J Biochem Cell Biol. (1999)
31:25–9. doi: 10.1016/S1357-2725(98)00128-9

51. White E. Deconvoluting the context-dependent role for autophagy in cancer.
Nat Rev Cancer. (2012) 12:401–10. doi: 10.1038/nrc3262

52. Zhang X, de Milito A, Olofsson M, Gullbo J, D’Arcy P, Linder S. Targeting
mitochondrial function to treat quiescent tumor cells in solid tumors. Int J
Mol Sci. (2015) 16:27313–26. doi: 10.3390/ijms161126020

53. Di Virgilio F, Sarti AC, Falzoni S, De Marchi E, Adinolfi E. Extracellular
ATP and P2 purinergic signalling in the tumour microenvironment. Nat Rev
Cancer. (2018) 18:601–18. doi: 10.1038/s41568-018-0037-0.

54. Bernal S, Lampidis T, McIsaac R, Chen L. Anticarcinoma activity in vivo

of rhodamine 123, a mitochondrial-specific dye. Science. (1983) 222:169–72.
doi: 10.1126/science.6623064

55. Sun X, Wong JR, Song K, Chen LB. Anticarcinoma activity of a novel drug,
3-ethyl-3’-methyl-thiatelluracarbocyanine iodide (Te), a tellurium-containing
cyanine targeted at mitochondria. Clin Cancer Res. (1996) 2:1335–40.

56. Fantin VR, Berardi MJ, Scorrano L, Korsmeyer SJ, Leder P. A novel
mitochondriotoxic small molecule that selectively inhibits tumor cell growth.
Cancer Cell. (2002) 2:29–42. doi: 10.1016/S1535-6108(02)00082-X

57. Viale A, Pettazzoni P, Lyssiotis CA, Ying H, Sánchez N, Marchesini M, et al.
Oncogene ablation-resistant pancreatic cancer cells depend on mitochondrial
function. Nature. (2014) 514:628–32. doi: 10.1038/nature13611

58. Wenzel C, Riefke B, Gründemann S, Krebs A, Christian S, Prinz F, et al.
3D high-content screening for the identification of compounds that target
cells in dormant tumor spheroid regions. Exp Cell Res. (2014) 323:131–43.
doi: 10.1016/j.yexcr.2014.01.017

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Sousa, Preto, Vasconcelos, Linder and Urbatzka. This is an open-

access article distributed under the terms of the Creative Commons Attribution

License (CC BY). The use, distribution or reproduction in other forums is permitted,

provided the original author(s) and the copyright owner(s) are credited and that the

original publication in this journal is cited, in accordance with accepted academic

practice. No use, distribution or reproduction is permitted which does not comply

with these terms.

Frontiers in Oncology | www.frontiersin.org 13 April 2019 | Volume 9 | Article 224

https://doi.org/10.1101/gad.13.15.1899
https://doi.org/10.1182/blood.V98.9.2603
https://doi.org/10.1089/ars.2015.6419
https://doi.org/10.1038/nrc2044
https://doi.org/10.1016/j.ejmech.2015.04.051
https://doi.org/10.1016/j.bmc.2011.08.013
https://doi.org/10.1016/j.bmc.2011.02.051
https://doi.org/10.1021/ol200234r
https://doi.org/10.1016/S1357-2725(98)00128-9
https://doi.org/10.1038/nrc3262
https://doi.org/10.3390/ijms161126020
https://doi.org/10.1038/s41568-018-0037-0.
https://doi.org/10.1126/science.6623064
https://doi.org/10.1016/S1535-6108(02)00082-X
https://doi.org/10.1038/nature13611
https://doi.org/10.1016/j.yexcr.2014.01.017~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

