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Abstract 

 

Nature is the main source of anticancer agents with about 60% of the current 

anticancer drugs originating in some way from natural products. Many cytotoxic 

natural products have been isolated from marine invertebrates. One group of marine 

animals that have made significant contributions is the tunicates or ascidians. 

Ascidians belonging to the family Didemnidae are known to be a prolific and rich 

source of new chemical entities with biological activity. This study was divided into 

two main components. In the first part, Didemnid ascidians collected from the Great 

Barrier Reef (GBR) were investigated for their chemical diversity using spectroscopic 

and spectrometric techniques. In part two, an ascidian drug discovery screening 

library was generated and subsequently used to identify cytotoxic or cytostatic 

compounds in prostate (LNCaP) and breast (MDA-MB-231) cancer cells. The 

ascidian natural products isolated in part 1 were all tested in these cancer cell lines. 

Moreover, one of the cytotoxic compounds identified from the screening studies was 

subjected to mechanism of action studies. 

 

Part 1 

Investigation of Leptoclinides kingi collected in the channel between Hook 

and Hardy Reefs (GBR) resulted in the isolation of the new alkaloid kingamide A (1). 

This compound had its absolute configuration determined by Marfey’s method. From 

a L. durus collected from Surprise Reef, Swain Reefs region (GBR), three new 

compounds, duramidine C (10), duramidine D (11) and leptoclinidamine E (12) were 

isolated, along with the known alkaloid leptoclinidamine C (13). The dioxygenated 

propyl side chains of 10 and 11 were assigned threo configurations following 
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interpretation of NMR spectroscopic data. Chemical investigations of the colonial 

ascidians, L. dubius collected from Swains Reefs, and Polysyncraton glaucum 

collected from Capricorn Bunker Group (GBR), led to the isolation of the known 

compounds aaptamine (14) and 9-{9H-pyrido[3,4-b]indol-9-yl}-9H-pyrido[3,4-

b]indole (15, BD), respectively. 

 

Part 2 

The 143 ascidian extracts selected for the drug discovery library were screened 

in LNCaP and MDA-MB-231 cells. Different coating reagents for the assay plates 

were tested to increase the technically challenging weak adherence of LNCaP cells to 

the substrate in order to facilitate the cytotoxicity screening. The impact of the coating 

reagents on various cellular parameters were analyzed to better understand their 

biological effects and to identify the best suited coating reagents for studies with 

LNCaP cells. Coating with poly-L-ornithine (PLO), poly-L-lysine (PLL) or fibronectin 

(FN) and a cell density of 10 × 10
3
 cells/ well for a 96-well plate were found to be 

ideal with respect to improved adherence and minimal adverse effects on 

aforementioned cellular parameters. PLO was used in the cytotoxicity screening of the 

ascidian library. Twenty-one extracts were active in the breast cancer cell line. From 

these, seven extracts were active in LNCaP cells. Based on cell cycle effects, cell line-

specific cytotoxicity, cell morphology, and logistic aspects, four ascidian extracts 

were prioritized for bioassay-guided fractionation. Two cytotoxic compounds were 

identified, which included the previously identified alkaloids, ascididemin (16) and 

eusynstyelamide B (17, EB). EB exhibited cytotoxicity in MDA-MB-231 (IC50 5.0 

µM) and LNCaP (IC50 5.0 µM) cells. The cytotoxicity screening of the ascidian 

compounds purified in part 1 identified BD (15) as being active in the prostate cancer 
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cell line LNCaP (IC50 4.6 µM). This is the first report of activity in cancer cell lines 

for both these marine natural products. Mechanism of action studies were undertaken 

with EB in an attempt to provide a basis for future development of this agent, or 

analogs based on this structure class, as potential human breast and prostate cancer 

therapeutics. The data indicated that EB inhibited the proliferation of LNCaP and 

MDA-MB-231 cells in vitro by inducing a G2 cell cycle arrest and cell death through 

apoptosis characterized by annexin-V staining, accumulation of sub-G1 population 

and PARP cleavage. Transcription profiling by DNA microarray and pathway 

analysis was employed to guide the mechanism of action studies and identification of 

candidate target(s) of EB action. EB was identified as a topoisomerase II poison, 

leading to DNA double strand breaks and activation of DNA damage response 

pathways via a p53-independent mechanism in LNCaP and p53-dependent 

mechanism in MDA-MB-231 cells. The G2 cell cycle arrest caused by EB in both cell 

lines was mediated by up-regulation of p21
Cip/Waf1

.
 
Importantly, EB was not found to 

directly interact with DNA.  
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“Anybody who has been seriously 

engaged in scientific work of any kind 

realizes that over the entrance to the gates 

of the temple of science are written the 

words: 'Ye must have faith.'” 

 

Max Planck  
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Chapter 1: Literature Review 

 

1.1. Natural Products 

Natural products are compounds or substances isolated from natural origins 

such as plants (e.g., paclitaxel [Taxol
®
] from Taxus brevifolia), animals (e.g., 

vitamins A and D from cod liver oil) or microorganisms (e.g., doxorubicin from 

Streptomyces peucetius) (Fig. 1). Natural products are usually small molecular weight 

(MW) secondary metabolites, many of which have been shown to display different 

ecological functions, such as feeding attractants and stimulants, pheromones or 

defense against predators or biofouling.
1-3

 

 

   

 

 

           

 

 

Figure 1. Some examples of natural products isolated from plants, animals 

and microorganisms. 

paclitaxel doxorubicin 

vitamin A vitamin D 
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The use of natural products to treat human diseases is an ancient practice 

dating back to the Sumerian civilization (4000–1000 B.C.). Archaeological evidence 

has revealed the use of natural products in India by the Ayurvedic system of medicine 

dating from at least 1000 B.C. The first record of the use of natural products in China 

dates back to around 1000 B.C. and relates to Traditional Chinese Medicine (TCM), 

which involves the administration and therapeutic use of natural product extracts from 

plant and/or animal sources. During the 20
th

 century the scientific study of TCMs has 

identified natural products that have become commercial drugs, such as the 

antimalarial drug artemisinin, a sesquiterpene lactone that is produced by the TCM 

plant Artemisia annua.
4; 5

 Centuries ago, the use of a plant to treat a disease was 

primarily based on the ‘Doctrine of Signatures’, which believed that the shape of a 

plant revealed the disease or organ that it could be therapeutically used for. 

Nowadays, the usage of natural products to treat diseases is based primarily on 

scientific research data.
6
 

Until the 18
th

 century medicinal natural products were generally used as crude 

complex mixtures, however this had a number of disadvantages,
7
 which include: 

1) the active constituent might vary depending on the location the natural 

source was collected, the season, the part of the plant or animal, and the climatic and 

ecological conditions 

2) the crude extract could contain undesirable compounds that might affect the 

bioactivity 

3) it is possible to have losses of bioactivity because of different procedures 

used during the collection, storage or preparation of the material 

This all started to change in 1817 with the isolation and chemical 

characterization of morphine from the opium poppy Papaver somniferum.
8
 This 
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discovery was immediately followed by the purification of other natural products, 

which allowed the administration of accurate doses of the bioactive compound.
9
 At 

the beginning of the 20
th

 century, there were only some drugs available such as 

morphine, quinine, cocaine and aspirin. One century later, thousands of drugs have 

been discovered and marketed, many of which have extended human life. Several of 

these new medicines are derived from molecules found in nature.
6
 Important and 

noteworthy examples of natural product drugs discovered during the 1900s include 

the antibiotics (e.g., penicillins, tetracyclines, and erythromycin), 

immunosuppressants (e.g., cyclosporine, rapamycin), antimalarials (e.g., quinine, 

artemisinin), cholesterol lowering drugs (e.g., lovastatin and analogs) and anticancer 

drugs (e.g., Taxol
®
, doxorubicin).

8
 

According to the World Health Organization (WHO), 75% of the world’s 

population use natural products for medicinal purposes.
10

 Natural products are at the 

forefront to treat diseases in the developing world; in contrast, in the developed world 

their use focuses more on dietary and cosmetic products.
11

 About 50% of today’s best 

selling drugs have been developed from natural sources (vincristine, a vinca alkaloid 

from Vinca rosea,
12

 morphine from P. somniferum,
13

 Taxol
®
 from T. brevifolia,

14
 

etc.), generating billions of dollars for the pharmaceutical industry.
15

 Natural products 

are also commercialized as food supplements, nutraceuticals, and alternative 

medicines, which have become very popular. The potential for the development of 

new naturally produced drugs is enormous.  

R&D efforts by pharmaceutical companies during the 1990s focused on 

synthetic and combinatorial chemistry, which subsequently resulted in a significant 

decline (~50%) in the number of new drugs based on natural products being brought 

to the marketplace. Furthermore this caused a 30% decrease in the number of 
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compounds entering clinical trials between 2001 and 2008.
16

 In spite of this, 13 new 

drugs based on natural products were approved by the US Food and Drug 

Administration (FDA) between 2005 and 2007, and some of them were members of 

new classes such as the peptides exenatide and ziconotide, ixabepilone, retapamulin 

and trabectedin.
16; 17

 

Natural product-based drug discovery has undergone a renaissance in recent 

years, since combinatorial chemistry, which overshadowed the natural product field 

due to its promise of speeding up the drug discovery process has not delivered as 

many new compounds as hoped.
16; 18

 However, one successful combinatorial 

chemistry story is the anticancer drug sorafenib. This compound was identified during 

high-throughput screening of combinatorial chemistry libraries, and it was co-

developed and co-marketed by Bayer and Onyx Pharmaceuticals as Nexavar
®
.
16; 18

 

Synthetic combinatorial libraries generally have restricted chemical diversity which is 

a major disadvantage for drug discovery. In contrast, biocombinatorial chemistry 

occurs naturally amongst most living organisms with the array of secondary 

metabolites produced aiming to improve an organism’s fitness and survival.
9
 

Mutations and recombinations associated with the genes of these organisms can 

dramatically change the molecular diversity being generated. The result is extremely 

complex chemical structures sometimes not able to be synthesized by chemists.
9
 

Furthermore, the rekindled interest in natural products is due to the advent of new 

technologies that has made screening, isolation and identification of these compounds 

easier.
19

 Molecular biology techniques such as combinatorial genetics, metagenomics 

and combinations of synthetic and enzymatic methods, have enabled access to new 

and novel natural compounds, and have assisted in natural product research becoming 

popular again.
16

 



5 

 

Big pharmaceutical companies are under increasing pressure since many 

blockbusters drugs have come off-patent or will lose patent protection soon, and a 

series of mergers and acquisitions has led to costly disruptions in R&D, and more 

requirements from regulatory agencies are making the process to approve a new drug 

more difficult.
11; 17

 It means a return to natural product drug discovery with the 

outsourcing of research to academic and private research institutes or small biotech 

companies. 

Natural product research has changed in the last few decades. In the 

beginning, the focus was on the chemistry of the natural compounds; nowadays, the 

focus is on their bioactivity.
3
 Just recently bioprospecting assumed a greater sense of 

urgency due to the increase of species extinction and the loss of endemic cultures 

along with their ethnobotanical knowledge. The loss of valuable potential new 

therapeutic compounds raised efforts to estimate the value of biological sources.
7; 20

 

There are different strategies for bioprospecting such as random, biomedical, 

ethnobotanical, and ecological. The chosen strategy will depend on many factors, 

such as therapeutic targets and prior research.
20

 Major advances in bioprospecting 

have happened. Now, a more mechanistic-based approach is employed, screening for 

substances with inhibitory properties against specific enzymatic reactions. This 

approach has the advantage of identify compounds with specificity, which can reduce 

the toxic effects of the components present in a crude extract.
21

  

In summary, there are numerous reasons to study natural products:  

1. natural products are a huge source of new and complex structures with 

small MW and "drug-like” properties that keep inspiring synthetic chemists.
3
 

2. historically natural products have provided numerous bioactive 

compounds, many of which have become lead compounds or drugs. .
22; 23
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3. natural compounds contain unique chemical diversity compared to 

synthetic screening libraries. To illustrate this point, it has been shown that about 40% 

of natural product scaffolds are not present in synthetic compounds.
22; 23

  

4. there are many more natural products to be discovered, especially from 

the sea, one of the most biological rich habitats on the planet.
24

  

5. they have led to important biological insights about mechanism of 

action.
22; 23; 25

 

6. they can provide synthetic templates for future drug discovery.
22; 23; 25

 

Despite all the potential for therapeutic usage, natural products are also 

important as chemical probes. For many centuries the natural selection process has 

acted on natural products selecting a vast chemical diversity with optimal interactions 

with biological macromolecules. For example, the glycoside digitoxin from foxglove 

(Digitalis purpurea) demonstrated the role of sodium-potassium-ATPase, and 

morphine helped to elucidate which receptors are affected by opioids.
16; 26

 Natural 

product probes can be used to map biochemical pathways, for example, discovering 

new functions for known enzymes. It may help the elucidation of unclear biological 

processes, such as characterization of unannotated enzymes; and to develop proteomic 

profiling and biomarker identification, for instance, probes to target antibiotic 

resistance- and virulence-associated enzymes. Finally, natural products can identify 

novel therapeutic targets.
27

 Diazonamide A (Fig. 5), isolated from the ascidian 

Diazona angulate, demonstrated cytotoxicity against human tumor cell lines, inducing 

spindle abnormalities during mitosis. The data indicated that it disrupted the 

interaction of the mitochondrial matrix enzyme, ornithine delta-amino transferase, 

with mitotic-spindle promoting proteins. This unique discovery identified this enzyme 

as a new target for drug development.
28

 The macrolide rapamycin is well-known for 
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its potent immunosuppressive and anti-proliferative properties. It binds to the 

peptidyl-prolyl cis/trans isomerase, FKBP, and inhibits response to IL-2 thought 

mTOR.
29

 Drugs targeting mTOR are used as immunosuppressants in transplant 

patients, and there are ongoing studies that hope to target this enzyme for other 

therapeutic applications.
30; 31

  

One of the biggest issues in working with natural products is the purification 

of the pure compounds from crude extracts, fermentation broths or from cultures. This 

can be a time-consuming and expensive process that can be impaired by limited 

access to raw materials. The best option to overcome this problem is total synthesis of 

the compound; however, the structures of many natural products are very complex, 

making their synthesis difficult and/or impairing the development of a commercially 

profitable method. In some instances this problem can be solved by the application of 

biosynthetically active enzymes, such as P450 enzymes, responsible for many 

oxygenation patterns observed in natural products.
32; 33

 Another option for drug 

production is the use of transgenic plants or microorganisms to express the genes that 

encode the molecule of interest.
9
 Many studies involving the production of vaccines 

by transgenic plants have been reported.
34

 For example, a surface protein for 

Plasmodium falciparum was expressed in tobacco leaves.
35

 Nevertheless, the use of 

biosynthetic enzymes or genetically modified organisms to produce natural products 

can be unpredictable, due to mutations, and also the levels of product formation can 

be very low.
17

 In conclusion, the biological and chemical characterization of natural 

products can be very challenging but also rewarding.
27
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1.2. Marine natural products 

Approximately two-thirds of the Earth is covered by water and it is not a 

surprise that the oceans support the majority of the biodiversity found in the world.
36

 

The invention and access to SCUBA equipment during the 1960’s has enabled 

chemists to collect and study the chemistry of marine organisms.
6
 Early on, the 

exploration of marine natural products (MNPs) focused on toxins, which people came 

into contact with, such as saxitoxin and tetrodotoxin. Later, as the field further 

developed, the biomedical application of MNPs became very important. More 

recently, the biosynthetic metabolism of marine-derived compounds has become the 

focal point.
37

 Since the 1960’s more than 20,000 new compounds have been isolated 

from different marine species.
38

 The census of the Marine Life project (2010) 

increased the number of known marine species from 230,000 to 250,000, and 

estimates a total of at least a million marine species and tens of millions of microbe 

species. These data highlights the biodiversity of the marine environment, and suggest 

that there are a plethora of novel compounds to be discovered.
39

 

The variety of unique chemical structures is a product of the very different 

conditions found in the oceans, such as high salinity, high pressure, and relatively 

constant temperature.
40

 Furthermore, it is thought that the immense competition for 

food and space challenge marine organisms to produce secondary metabolites for 

survival. Marine-derived compounds encompass a wide range of chemical classes, 

including terpenes, shikimates, polyketides, acetogenins, peptides, alkaloids, and 

many others.
40

 A unique feature found in the marine environment is the common use 

of covalently bound halogen atoms, chiefly chlorine and bromine, to the secondary 

metabolites.
1; 2

 Some of these molecules display biological activity such as 

antihelmintic, antibacterial, anticoagulant, antifungal, antimalarial, anticancer, etc.
41
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Because these substances become immediately diluted when liberated in the 

environment, they are usually very potent and relative insoluble in water.
21

 

Interestingly, it has been speculated that some of the compounds isolated from 

marine organisms are actually made by symbiotic microorganisms, with several 

studies confirming that in some cases the original producer of the secondary 

metabolite is not the macroorganism. This is the case for some didemnid tunicates 

where the natural product is metabolized by the symbiotic marine microalgae 

Prochloron sp.
42; 43

 Another example is the symbiotic bacterium Alteromonas sp. that 

protects shrimp embryos from fungal infection by producing an antifungal 

compound.
1; 44

 It has been also noticed that there are some structural resemblance of 

the natural product didemnins to known cyanobacterial metabolites, and recently it 

has been reported that didemnin B (Fig. 3) can be produced by the α-proteobacterium 

Tistrella mobilis.
45

 The identification of the microbial producer(s) of various bioactive 

natural products is highly appealing since fermentation of these microorganisms 

would provide the compound of interest in a sustainable way, and could expedite drug 

discovery. The use of microbial genetics has helped in the identification of the 

biosynthesis and origin of natural products, as well in the use of the microorganism 

machinery to produce new analogues. Nevertheless, the study of biosynthetic genes 

and the construction of clone libraries are tedious and time-consuming.
2; 18; 46

 The 

microbial community DNA isolated from the invertebrate is known as metagenome.
47

 

Screening of constructed expression libraries and direct high-throughput sequencing 

are the usual chosen methods to analyze this sample. Functional metagenomics, the 

study of the collective genome of a microbial community by expressing it in a foreign 

host, is an emerging field in biotechnology. The screening of metagenomic libraries 
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allows one to study genes and functions from previously inaccessible microbes, 

creating novel possibilities for the development of new drugs.
47

 

Researchers have recognized that the incidence of biological activity in marine 

compounds is higher than in terrestrial-originated molecules.
48; 49

 The National 

Cancer Institute preclinical cytotoxicity screening showed that approximately 1% of 

the tested marine samples showed antitumor potential against 0.1% of the tested 

terrestrial samples.
50

 

Blunt et al. reported in 2013 an increase of 15% for marine compounds 

published in 2011 compared to 2010. It was also the third year that more than 1000 

new marine chemical structures have been reported.
51

 Unfortunately, due to the 

destruction of the marine ecosystem a large amount of biological compounds will 

never be discovered. It is estimated that there is US$563 billion–5.69 trillion in 

anticancer drugs of marine origin to be discovered. Their model predicts that 90.4–

92.6% of marine compound chemicals remain undiscovered.
52

 

The use of automation and different strategies for the pre-fractionation of 

natural product (NP) extracts has contributed to an increase in the biological 

screenings of NP libraries. The pre-fractionation of extracts speeds up the 

identification of the active compound because during this process the extract is 

reduced to less complex mixtures or in some cases to single compounds.
53

 There are 

two simple strategies for natural product drug discovery, which involves either the 

“isolate then test”, or “test then isolate” method. Both of these strategies have proved 

to be successful; however, the combination of both has also become popular.
53

 

Currently, there are seven approved drugs derived from MNPs; two of these 

drugs are isolated NPs, while the remaining five are synthetic analogues. Another 13 

compounds are in different phases of clinical trials (Table 1).
37; 54

 This data suggests 
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that several more marine drugs should soon be approved for pharmaceutical use. As 

noted in Table 1, from the 13 marine-derived agents that are in current clinical trials, 

11 are being tested as potential cancer therapies. 

The first marine-derived compound to be approved as a drug was Ara-C (Fig. 

2). This compound is also known as cytarabine, and is a synthetic pyrimidine 

nucleoside developed from spongothymidine, a nucleoside isolated from the 

Caribbean sponge Tethya crypta.
55

 It is an antimetabolite cytotoxic agent that 

intercalates DNA and inhibits the DNA polymerase, driving cells to apoptosis.
56

 

While being an important drug for the treatment of acute myelocytic leukemia, Ara-C 

(Fig. 2) also played a major role in the use of nucleoside chemistry for antiviral 

therapy.
57

 

Ara-A, derived from the nucleoside spongouridine also isolated from T. 

crypta, received FDA approval in 1976 for the treatment of herpes, vaccinia and 

varicella zoster viruses. However, it was discontinued in June of 2001, due to its 

narrow therapeutic window when compared to new antivirals in the market.
54

 

The first marine peptide to be approved as a drug was the peptide ziconotide. 

This ω-conotoxin MVIIA was first isolated from the marine snail Conus magus.
58

 

Indicated to treat severe chronic pain, it blocks N-type calcium channels, reducing the 

release of excitatory neurotransmitter without producing tolerance.
59
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Table 1. Details of marine-derived compounds that are FDA-approved agents or in clinical trial.
37 

Clinical 

status 

Compound name Natural 

product or 

derivative 

Source 

organism 

Biosynthetic class  Disease area  Molecular target 

FDA 

approved 

Cytarabine (Ara-C) Derivative Sponge Nucleoside Cancer  DNA polymerase 

FDA 

approved 

Vidarabine (Ara-A) Derivative Sponge Nucleoside Antiviral  Viral DNA polymerase I 

FDA 

approved 

Ziconotide Natural 

product 

Cone snail Cysteine Knot peptide Pain  N-type Ca channel 

FDA 

approved 

Eribulin Mesylate 

(E7389) 

Derivative Sponge Complex polyketide Cancer  Microtubules 

FDA 

approved 

Trabectedin (ET-

743) (EU registered 

only) 

Natural 

product 

Tunicate NRPS-derived alkaloid Cancer  Minor groove of DNA 

FDA 

approved 

Brentuximab 

vedotin (SGN-35) 

Derivative Mollusk Antibody drug conjugated 

(MM auristatin E) - 

Linear NRPS/PKS 

Cancer  CD30 and microtubules 

Phase III Plitidepsin 

(Aplidine) 

Natural 

product 

Tunicate Cyclic depsipeptide Cancer  Rac1 and JNK activation 

Phase II DMXBA (GTS-21) Derivative Worm Alkaloid Cognition, 

schizophrenia 

 Α7 nicotinic acetylcholine 

receptor 

Phase II Plinabulin 

(NPI2358) 

Derivative Fungus Diketopiperazine Cancer  Microtubules and JNK 

stress protein 

Phase II Elisidepsin Derivative Mollusk Cyclic depsipeptide Cancer  Plasma membrane fluidity 
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Phase II Zalypsis 

(PM00104) 

Derivative Nudibranch Alkaloid Cancer  DNA binding 

Phase II Glembatumumab 

vedotin (CDX-011) 

Derivative Mollusk Antibody drug conjugate 

(MM auristatin E) – 

Linear NRPS/PKS 

Cancer  Glycoprotein NMB & 

microtubules 

Phase I Marizomib 

(Salinosporamide 

A; NP-0052) 

Natural 

product 

Bacterium NRPS with β-lactone & γ-

lactam 

Cancer  20S proteasome 

Phase I Trabectedin analog 

(PM01183) 

Derivative Tunicate NRPS alkaloid Cancer  Minor groove of DNA, 

nucleotide excision repair 

Phase I Pseudopterosins Natural 

product 

Soft coral Diterpene glycoside Wound healing  Eicosanoid metabolism 

Phase I SGN-75 Derivative Mollusk Antibody drug conjugate 

(MM auristatin F) – 

Linear NRPS/PKS 

Cancer  CD70 and microtubules 

Phase I ASG-5ME Derivative Mollusk Antibody drug conjugate 

(MM auristatin E) – 

Linear NRPS/PKS 

Cancer  ASG-5 and microtubules 

Phase I Hemiasterlin 

derivative (E7974 

Derivative Sponge Modified linear tripeptide 

(NRPS/PKS) 

Cancer  Microtubules 

Phase I Bryostatin 1 Natural 

product 

Bryozoan Polyketide Cancer, 

Alzheimer’s 

 Protein kinase C 
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The last compound derived from a MNP to be approved by the FDA was 

brentuximab vedotin. This drug is composed of a chimeric antibody attached to a 

derivative of dolastatin 10 through a protease cleavable link.
60

 Dolastatin 10 was first 

isolated from the sea hare Dolabella auricularia;
61

 however, it was unsuccessful 

during clinical trials because of its neurotoxicity and hematological toxicity.
62; 63

 

Marine-derived secondary metabolites are also used as key ingredients in 

beauty products, which is the case of the anti-inflammatory pseudopterosin C that was 

isolated from the sea whip Pseudopterogorgia elisabethae. This diterpene glycoside is 

part of the Estée Lauder cosmetic skincare product, Resilience
®
.
1; 64

 

Despite the chemical and biological benefits of marine natural product 

research, there are many obstacles associated with this research field (see Scheme 1). 

The first challenge is that some marine organisms are difficult to access, such as those 

living in the deep sea, which requires expensive submersibles for collection.  

However, new and cheaper technologies are being developed to solve this issue. For 

example, Fenical and collaborators have created a device for obtaining microbial 

samples from the sea bottom at depths greater than 2000 m.
65

 

Another problem is encountered during the extraction of marine biota; some 

compounds are labile and can degrade on exposure to heat, light, air and certain pH 

values. Moreover, the isolation of water-soluble compounds is a challenging task due 

to the problem with microorganism contamination and concentration of the aqueous 

extracts.
40

 To spectroscopically characterize a natural compound sufficient quantities 

are required, typically in the milligram range. Fortunately, recent advances in NMR 

instruments and pulse sequences have enabled the structure elucidation of nanogram 

and even picogram quantities of natural products to be undertaken.
66
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For researchers undertaking marine-based drug discovery once the compound 

has had its activity determined, the problem of target identification arises. The 

mechanistic knowledge is important to lead optimization and can significantly impact 

preclinical and clinical trials. To determine potential targets different approaches can 

be used, such as affinity purification, protein microarrays and global profiling 

techniques using genomics, proteomics or metabolomics.
67-69

 Nevertheless, to enter 

pre-clinical and clinical trials, a large quantity of the bioactive compound is 

necessary. Currently, there are different options to solve the supply issue: total 

synthesis, fermentation and the use biotechnology.  

Despite the complexity of marine-derived compounds it is common to have 

reports of the total chemical synthesis of a bioactive compound shortly after its 

publication. The total synthesis of an active compound does not only ensure a large-

scale and sustainable supply but also provides the opportunity for structure-activity 

relationship (SAR) studies and lead optimization. Lead optimization is assisted by 

target identification.
50

 

Marine microorganisms are the source of many bioactive molecules and it has 

been proven in many instances it is the microbe associated with the sponge or ascidian 

that is the real producer of the compound of interest.
70

 So instead of harvesting a large 

quantity of certain invertebrates it is more sustainable to grow the producer 

microorganism by fermentation. However, most marine microbes cannot be cultivated 

in laboratory conditions. Even when it is possible, there are cases that they do not 

produce the target natural product in an artificial environment. Mixed fermentation is 

validated as an effective technique to solve this problem.
71

 

The use of biotechnology has helped the MNPs supply problem through 

different approaches. Besides its use to identify symbiotic microbes as the real 
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producers of some MNPs, biotechnology is used to identify biosynthetic gene clusters 

and pathways, allowing their genetic manipulation. Biosynthetic genetic engineering 

and in vitro enzymatic synthesis are being used in drug development and 

optimization. The use of whole-genome sequences increased due to its price 

reduction. It has been used to identify gene clusters of known compounds, but it can 

also be used to guide the discovery of new molecules.
72

 

 

 

Scheme 1. Advancements towards better chemical and biological 

characterization of marine natural products.
50

 

 

 

Even with all the challenges, the efforts of years of research have resulted in 

the development of several new marine-derived drugs that are under clinical trials or 

are in the market, such as the PharmaMar sponsored compounds Yondelis
®
, Aplidin

®
, 

Kahalalide and ES 285 (Table 1). The current success rate is approximately 1.7- to 
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3.3-fold better than the industry average.
37

 The development of marine-derived 

therapeutics goes beyond the supply problem (sustainable, industrially feasible). It 

comprises formulation (suitable for clinical use), analytical method and preclinical 

pharmacokinetics, pharmacogenetics (metabolic pathway), therapeutic index and 

toxicities. These issues can be minimized by the collaborative work among specialists 

of different areas.
73

 

In conclusion, what makes the study of marine natural products so attractive is 

the immense novelty of chemical structures that are usually associated with some 

form of biological activity. In addition, just a small portion of the World’s marine 

diversity has been investigated either chemically or biologically.
74

 

 

1.3. Anticancer marine natural products 

Natural products from marine and plant collections started to be explored for 

their anticancer activity in the 1950s by the National Cancer Institute (NCI). 

Nowadays, about 60% of the anticancer drugs originated from natural products, their 

derivatives, or mimics.
22

 Many marine compounds have generated interest for their 

cytotoxicity against multiple tumor types. The first marine-derived anticancer drug 

was ara-C (Cytosar-U
®
), inspired in the unusual nucleosides spongothymidine and 

spongouridine isolated from the sponge Cryptotethya crypta in the 1950s (Fig. 2).
49

 

Other three described marine anticancer drugs were trabectedin (Yondelis
®
; 

PhamaMar),
75

 cytarabine (Cytosar-U
®
, Bedford, Enzon),

76
 and eribulin mesylate (Fig. 

3) (Halaven
®
, Eisai Inc.).

77
 Didemnin B (Fig. 3), a cyclic depsipeptide isolated from 

the ascidian Trididemnum solidum, was the first anticancer marine natural product to 

make a clinical trial; however, its neuromuscular and cardiotoxicity, poor solubility, 

and a short bioactive lifespan led to discontinuation of the clinical trials. Another 
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marine metabolite with anticancer potential is bryostatin 1 (Fig. 3) purified from the 

marine bryozoan Bugula neritina. Despite the promising results in early clinical 

studies, phase II studies did not show a significant benefit of bryostatin 1 (Fig. 3) as a 

single agent.
21; 78

 

 

 

    

 

 

Figure 2. The first marine-derived anticancer drug was ara-C (Cytosar-U
®
) 

inspired by spongothymidine and spongouridine that were isolated from C. crypta. 

 

 

Numerous marine cytotoxins have been shown to display different 

mechanisms of action, acting on different targets. Some of these targets are 

considered hallmarks of cancer cells (Fig. 4). There are MNPs that abolish cancer 

cells self-sufficiency in growth signals. These compounds act on molecules that 

regulate cell growth and proliferation, such as the epidermal growth factor receptor 

(EGFR) and mitogen-activated kinase/ERK-kinase (MEK). Aplidin
®
 (Fig. 5) induces 

growth arrest and apoptosis in MDA-MB-231 cells through activation of EGRF, the 

non-receptor protein-tyrosine kinase Src and the serine/threonine kinases JNK and 

P38 MAPK.
79

 

ara-C spongothymidine spongouridine 
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Figure 3. Anticancer marine compounds. Eribulin mesylate, a synthetic 

analogue of halichondrin B. Didemnin B was isolated from the ascidian T. solidum. 

Bryostatin 1 was purified from the bryozoan B. neritina. 
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Figure 4. (A) The six hallmarks of cancer. (B) Emerging hallmarks and 

enabling characteristics.
80

 License number: 3201951221796. 

 

 

Some compounds can re-establish the sensitivity to growth-inhibitory signals. 

The retinoblastoma suppressor protein (Rb), cyclins and Cyclin-dependent kinases 

(CDKs) are the targets for this second cancer hallmark. These proteins regulate the 

cell cycle through phosphorylation. Dactylone (Fig. 5) is an example of MNP that 

arrests cells at the G1-S transition through the inhibition of cyclin D and CDK4 

expression, and Rb phosphorylation.
81

 

Cancer cells acquire the ability to escape apoptosis using different strategies, 

such as p53 mutation. Many cytotoxic MNPs induce cancer cells to undergo 

apoptosis, interfering with different players of the apoptotic cell machinery. The 

caspase-dependent apoptotic pathway is a common target in cancer therapy. There are 

two main apoptotic pathways: (1) the extrinsic pathway mediated by the death 

receptor FAS or the tumor necrosis factor α receptor (TNF-α), and activation of 

 

 

 

B 

B 
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caspase 8; (2) the intrinsic mitochondrial pathway, activated by cellular stress and 

mediated by caspase 9.
82; 83

 Dolastatin 15 (Fig. 5) activates apoptosis in myeloma 

cells via both mitochondrial and FAS apoptotic pathways.
84

 A full review of marine 

peptides that induces apoptosis can be found in the work of Sun and collaborators.
85

 

Tumors need new vascular networks to grow. To promote angiogenesis they 

increase expression of vascular endothelial growth factor (VEGF) and control the 

bioavailability of angiogenic activators and inhibitors. Spongistatin 1 (Fig. 5) was 

reported as an antiangiogenic compound that was shown to inhibit endothelial 

proliferation in vitro and in vivo at 100 pM.
86

 Despite neoangiogenesis, tumour 

progression is also associated with hypoxia. The transcription factor hypoxia-

inducible factor 1 (HIF-1) promotes tumor cell adaptation and survival under hypoxic 

conditions. It is an interesting target for tumor therapy because inhibition of HIF-1 

negatively affects tumor growth, vascularization and energy metabolism.
87; 88

 

Laurenditerpenol (Fig. 5), a compound isolated from the red alga Laurencia intricata, 

was the first marine compound to inhibit HIF-1. Its mechanism involves the blocking 

of hypoxia-induced HIF-1α protein accumulation and suppression of mitochondrial 

oxygen consumption in breast tumor cells.
89

 

Nuclear factor-κB (NF-κB) is a protein complex that controls transcription and 

its deregulation has been linked to cancer. NF-κB is activated by TNF-α, interleukin-

1, lipopolysaccharides, free radicals, and other stress inducers.
90

 Arenamides A (Fig. 

5) and B from the fermentation broth of the marine actinomycetes Salinispora 

arenicola blocks TNF-α-induced activation of NF-κB.
91

 

Normal cells have a limited replicative potential. After 60–70 divisions cells 

lose their ability to protect the ends of chromosomal DNA and die. On the other hand, 

cancer cells up-regulate the telomerase enzyme to maintain the telomere length, 
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giving them unlimited replicative potential. Compounds that interfere in this 

mechanism are potential drug candidates. This is the case of ascididemin
92

 and 

meridine
93

. Both of them stabilize G-quadruples and inhibit telomerase in vitro.
94

 

Topoisomerases are enzymes that regulate the over-winding or under-winding 

of the DNA, playing an important role during replication, transcription and 

chromosome condensation in mitosis. Many topoisomerase inhibitors have been 

identified as cytotoxic compounds. They can work as topoisomerase inhibitors or 

poisons, affecting DNA replication and transcription, ultimately leading to cell 

death.
95-97

 Topoisomerase II poisons stabilize topoisomerase II-DNA, the cleavable 

complex, and this causes permanent double strand breaks.
98

 Topoisomerase inhibitors 

restrict topoisomerase II activity without stabilizing the cleavable complexes. They 

affect the enzyme at another point of the catalytic cycle.
99

 One group of MNPs 

identified as topoisomerase II poisons were the makaluvamines (e.g. makaluvamine 

E; Fig. 6), which are pyrroloiminoquinones isolated from the sponge Zyzzya 

fuliginosa.
100

 Ascididemin, from the ascidian Cystodytes dellechiajei, was identified 

as a topoisomerase II poison.
101

 Lastly, lamellarin D (Fig. 5) isolated from the 

mollusk Lamellaria sp. inhibits topoisomerase I activity.
102

 

Matrix metallopeptidases (MMPs) are enzymes that degrade the extracellular 

matrix. It has been shown that MMPs play an important role in carcinogenesis and 

cellular invasion, despite its importance for cancer transformation, growth, apoptosis, 

signal transduction and immune regulation.
103

 Thus MMPs are considered a potential 

therapeutic target in cancer treatment. Some MNPs have been described as MMP 

inhibitors in the literature; one representative of this class is the marine-derived 

chitooligosaccharides (COS). COS interfere in the activation and expression of matrix 

metallopeptidase-2.
103; 104
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Many of the anti-proliferative anticancer MNPs have a common mechanism of 

action, which is based on the disruption of microtubular function. Those compounds 

include the halichondrins, vitilevuamide, diazonamide A (Fig. 5), spongistatin 1 (Fig. 

5), curacin, laulimalide and discodermolide. Vitilevuamide, derived from 

Polysyncraton lithostrotum and Didemnum cuculiferum, arrests the cell cycle at G2/M 

phase.
105

 Many of the anti-proliferative compounds bind to the dolastatin 10, vinca 

alkaloids or the colchicine-binding domain inhibiting the polymerization of 

microtubules.
21

 Diazonamide A (Fig. 5) is an exception since this molecule and 

several analogues inhibit microtubule assembly at the interphase. They bind to a 

different region on tubulin compared to dolastatins 10 and 15 (Fig. 5). Diazonamide 

A and its analogues inhibit tubulin guanosine triphosphate (GTP) hydrolysis by 

disrupting the mitochondrial enzyme ornithine δ-amino transferase during mitosis.
106; 

107
 Most natural products have complex structures with stereochemistry, which allow 

them to bind to complex three-dimensional proteins such as tubulin. The 

polymerization of α- and β-tubulin is crucial in mitosis. Any disruption in the tubulin 

assembly and disassembly will interfere in the cell division, causing cell death.
25

 

Clinical and experimental reports have shown that chronic inflammation 

enhances tumorigenesis and progression. Inflammation helps cancer cells to acquire 

hallmark characteristics, such as self-sufficiency in growth signaling by providing 

growth factors, sustained angiogenesis by liberating pro-angiogenic factors and tissue 

invasion and metastasis though extracellular matrix-modifying enzymes.
80; 108

 Thus, 

anti-inflammatory compounds could help in cancer treatment. Chondroitin sulfate 

(Fig. 5), a compound isolated from the tunicate Styela clava, inhibits TNF-α -induced 

NF-κB activation and subsequent vascular cell adhesion molecule 1 and inducible 
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nitric oxide synthase expressions by blocking Akt signals in murine epidermal JB6 

cells.
109

 

The structures of some of the cytotoxic compounds are displayed below (Fig. 

5). A complete review of marine cytotoxic compounds and their targets was done by 

Diederich et al.,
110

 Kim et al.,
111

 and Sun et al.
112
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Figure 5. Cytotoxic marine natural products with different targets in cancer 

cells. 
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Figure 6. Makaluvamine E was the strongest topoisomerase II poison 

identified in the study of Matsumoto et al. (1999). 

 

 

1.4. Anticancer ascidian natural products 

Many cytotoxic MNPs have been isolated from marine invertebrates. One 

group of marine animals that have made significant contributions is the tunicates or 

ascidians. About 35 new ascidian natural products are published per year.
113

. A search 

using the Dictionary of Natural Products database and the terms “ascidian”, 

“ascidians”, “tunicate”, or “tunicates” showed that a total of 445 compounds have 

been isolated from these animals.
114

 Twenty-five new tunicate-derived natural 

products have been described in 2010, approximately half of the usual number per 

annum.
115

 The number of compounds published increased again in 2011, thirty-seven 

new compounds were reported.
51

 The new compounds stolonoxide E and F (Fig. 7) 

isolated from Stolonica socialis presented low micromolar cytotoxicity towards 

human tumor cell lines.
116

 Another cytotoxic compound published in 2010 was 

eudistomidin G (Eudistoa glaucus; Fig. 7).
117

 In 2011, the new compound 4-bromo-3-

pentylphenol (Diplosoma sp.; Fig. 7) displayed potent activity in the fertilized sea 

urchin assay.
118

 In the same year, eudistomidin H, I, J and K (Fig. 7) were isolated 

from Eudistoma glaucus. From the four compounds, eudistomidin J was the most 

cytotoxic to cancer cell lines.
119

 An analogue of didemnin A, N,N’-methyleno-
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didemnin A (Fig. 7), was isolated form Trididemnum solidum and presented potent 

cytotoxicity.
120

 The structures of the aforementioned ascidian compounds are shown 

below (Fig. 6). 

 

 

 

Figure 7. Cytotoxic natural compounds isolated from ascidians in 2010 and 

2011. 

 

 

Ascidians are a great source of natural compounds with unique chemical 

structures; most of them are nitrogenous metabolites, represented by didemnins and 

ecteinascidins. It has been observed that ascidians seldom produce terpenoids and 
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steroids; nevertheless, exceptions have been reported such as the unusual dimeric 

farnesylated benzoquinone (longithorone A, Fig. 8) that was isolated from Aplidium 

longithorax.
121

 One class of molecule that is commonly found in tunicates are 

peptides, which usually show potent biological activity.
1
 

 

 

Figure 8. The unusual dimeric farnesylated benzoquinone, longithorone A, 

isolated from Aplidium longithorax. 

 

 

Interestingly, the development of neoplasia has not been reported in these 

animals despite the presence of oncogenes such as RAS and SRC. One hypothesis is 

that the production of the cytotoxic compounds by ascidians may be the reason for the 

absence of tumors.
122

 Another hypothesis is based on the innate immune system. 

Studies suggest that natural killer-like cells and hemocytes are responsible for the lack 

of cancer cells in tunicates.
123

 

Although ascidians have proven to be a rich source of unusual structures, 

many of which display anticancer activity, only a handful of compounds have had 

their mechanism of action identified.
49

 To date the biological studies of these natural 

products have helped to identify new subtypes of cancers, sensitive to different class 

of drugs, and new therapeutic targets.
124

 Analysis of the first six marine-derived drugs 

that made anticancer clinical trials identified that three were from ascidians. These 
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compounds have different mechanism of action, possess unique targets, and have 

different pharmacokinetics and pharmacodynamics. Some of the ascidian-derived 

compounds that are or have made pre-clinical and clinical trials as antitumor agents 

are vitilevuamide, diazonamide A, ecteinascidin 743 (Fig. 9) and aplidine (Fig. 5). 

Vitilevuamide is a cyclic peptide isolated from the ascidians Didemnum 

cuculiferum and Polysyncraton lithostrotum. It inhibits tubulin polymerization and 

arrest cells at G2/M phase.
105

 Diazonamide A (Fig. 5) is another tubulin active 

compound isolated from the tunicate Diazona angulate.
49; 106

 

Ecteinascidin 743 (ET-743; Fig. 9), also known as Yondelis™, was isolated 

from the tunicate Ecteinascidia turbinata collected from the Caribbean and the 

Mediterranean. The assignment of its structure occurred 30 years after its first 

isolation.
125; 126

 It is the first of a new class of DNA binding agents that inhibits cancer 

cells proliferation by a promoter-specific mechanism and a transcription-dependent 

nucleotide excision repair.
75

 Yondelis™ is not cytotoxic to cells without functional 

nucleotide excision repair and to cells sensitive to cisplatin, UV rays and alkylating 

compounds. This compound is also the first marine anticancer agent approved in 2007 

by the European Union to treat advanced soft tissue sarcoma and later in 2009 against 

platinum-resistant ovarian cancer. Yondelis™ also showed promising results in 

combination therapy and its lack of cumulative toxicity makes this natural product 

suitable for chronic administration.
75

 In addition, to overcome the supply issue, a very 

short and straightforward semi-synthesis process was developed from cyanosafracin 

B, obtained by fermentation of the marine bacterium Pseudomonas fluorescens.
127

 A 

metagenomic study of the tunicate E. turbinata and its associated microfauna 

identified the putative gene cluster of ET-743. This cluster is very similar to the 
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saframycin A locus from Streptomyces lavendulae, suggesting that ET-743 has a 

microbial origin.
128

 

Another noteworthy ascidian compound (Aplidium albicans) is aplidine 

(dehydrodidemnin B; Fig. 5). Aplidine is a cytotoxic compound related to the 

didemnins, isolated from the Caribbean marine tunicate Trididemnum solidum. It has 

a novel mechanism of cytotoxicity, inhibiting ornithine decarboxylase, an enzyme that 

is critical for tumor formation and growth. Cytotoxicity is induced independent of 

multidrug resistance or p53 status and has shown anti-angiogenic effects.
2; 21; 73; 129

 

Although most of the studied ascidians are from shallow tropical waters, there 

is great biodiversity in deep- and cold-water environments, represented by polar and 

pelagic marine habitats. There are few reports of natural compounds isolated from 

deep-water ascidians; the novel anticancer macrolides lobatamides A–F, which were 

purified from an Aplidium sp. collected in the Great Australian Bight were the first 

such deep-water ascidian metabolites to be reported.
130

 The second report described 

six novel cytotoxic dendrolasin-type hydroxylated sesquiterpenes isolated from 

Ritterella rete collected in New Caledonia. These molecules were the first 

furanoterpenes from a sea squirt.
131

 In 2011, new examples of palmerolides D–G were 

isolated from the Antarctic ascidian Synoicum adareanum
132

 and the anticancer 

bicyclic oxazolidinone synoxazolidinone C was purified from the sub-Artic Synoicum 

pulmonaria.
133

 Until 2006, only twenty metabolites were isolated from cold-water 

ascidians. The most interesting compounds from a cytotoxicity perspective were the 

meridianins and palmerolides.
134

 Meridianins A–G inhibit cell proliferation, induce 

apoptosis, and affect kinases at concentrations in the micromolar range (Fig. 8A). 

Palmerolide A is very selective to melanoma, inhibiting the vacuolar ATPase (IC50 2 

nM) (Fig. 8B).
134
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Figure 9. Ascidian-derived compounds that are or have made preclinical 

and/or clinical trials as antitumor agents.  

 

 

Most of the cytotoxic compounds isolated from ascidians have been tested for 

cytotoxicity against cancer cell lines using standard assays, that employed the dyes 

MTT or MTS. These metabolic assays measure the reduction of the dyes to formazan 

by cellular enzymes. However, these assays do not give any information regarding the 

mechanism of action of the compounds.
135

 Another common assay used to determine 

the cytotoxic activity of marine compounds is the treatment of fertilized sea urchin 

eggs with the compound, and observation of its development. Haterumaimides F–I 

(Fig. 9) isolated from the ascidian Lissoclinum sp. had their cytotoxicity determined 

by this assay.
136; 137

 Another compound studied this way was the ascidian-derived 

methoxyconidiol. In this work it was determined that methoxyconidiol disturbs the 

establishment of the mitotic spindle.
138

 The detailed study of mechanism of action of 

these cytotoxic compounds is of extreme importance to the discovery of novel targets 

in cancer-specific pathways. Many significant cytotoxic compounds from tunicates 

have been recently reviewed by Cooper and Yao.
123

 

ecteinascidin 743 vitilevuamide 
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Figure 10. The cold-water cytotoxic ascidians secondary metabolites 

meridianins A-G and palmerolide A. 

 

 

 

 

 

 

Figure 11. The cytotoxic haterumaimides F–I isolated from Lissoclinum sp. 

 

 

The marine environment is an amazing source of novel anticancer compounds. 

The expansion of this research field has been a result of new technologies and 

collaboration among professionals from different areas. Much novel and interesting 

meridianins 

palmerolide A 

Haterumaimides 

F G H I 
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chemistry has been identified from the oceans, and importantly many of these 

compounds have been shown to display unique mechanisms of action and 

pharmacological properties. In conclusion, ascidian-derived anticancer compounds 

will continue to have an impact on neoplastic research and will hopefully represent an 

important armament against cancer in the future.
21

 

 

1.5. Ascidian Biology 

Ascidians are also known as tunicates or sea squirts. They are sessile marine 

invertebrates that are not well known by the general public. The Class Ascidiacea 

belongs to the Subphylum Tunicata, which is part of the Phylum Chordata. They 

share with the chordates a perforated pharynx and notochord-like cells, hollow dorsal 

nerve cord and cerebral vesicle in the larval phase.
139

 The animals of this class can be 

either colonies of small zooids or solitary in nature. Externally, the ascidians are 

surrounded by a gelatinous or fibrous tunic containing a cellulose-like material, the 

tunicin. Ascidians are filter feeders, using the wide and perforated pharynx as a filter. 

The water current that enters inside the ascidian is generated by the beating of the 

cilia present in the pharynx. Gametes and waste products are released through the ex-

current stream (Fig. 12). However, there are reports of carnivorous species living in 

deep waters.
140
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Figure 12. Generalized anatomy of ascidians.
141

 License number: 

3201961412196.  

 

 

Colonial ascidians usually expand by zooid replication or cloning. Ascidians 

are generally hermaphrodites. All solitary forms are externally fertilized, while 

colonial ascidians are internally fertilized.
142

 In the better organized colonies fewer 

eggs are produced, and the embryos are incubated to the advanced stage.
139

 When 

facing adverse conditions zooids can regress and disappear until the environmental 

conditions are normalized.
143

 Ascidian larvae do not feed; they are adapted just for 

dispersion and have a short life span, settling to a substrate when finding a suitable 

place.
144

 

A curiosity about the physiology of these organisms is the ability of their heart 

to invert the direction of blood flow. Their blood also has the interesting characteristic 

of concentrating high levels of heavy metals such as vanadium, iron, niobium, 

tantalum and titanium; however, the physiological role of this unusual phenomenon is 

still unknown. Nowadays, this group of marine invertebrates is gaining importance in 

the fields of pharmacology and toxicology due to the presence of a variety of 

biological active compounds. These compounds may play a role as a chemical 
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defense against predators or epibionts.
140

 Studies have shown that other organisms can 

sequester the secondary metabolites produced by the ascidians for their own purposes. 

For example, it has been reported that the flat worm Prostheceraeus villatus 

sequesters bioactive secondary metabolites (e.g. lepadin A and pentachlorooctatriene; 

Fig. 13)
145

 from its prey, the ascidian Clavelina lepadiformis. It is thought that these 

compounds provide a chemical defense for the worm.
134

 

 

 

 

Figure 13. The compounds lepadin A and pentachlorooctatriene produced by 

the ascidian Clavelina lepadiformis are accumulated by the flat worm Prostheceraeus 

villatus through its diet. 

 

 

1.6. Family Didemnidae 

The family Didemnidae is the most varied family occurring in coral-reef 

waters. The representatives of this family are brightly colored with small zooids (1 to 

3 mm), having a well-developed outlet chamber but lacking a posterior abdomen. 

Dideminidae colonies replicate by oesophageal budding of the zooids. The body wall 

is usually rigid due to the presence of star-shape calcareous spicules.
144

 About 25 of 

the tropical species have obligate symbioses with the single-celled green prokaryotic 

lepadin A pentachlorooctatriene 
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algal Prochloron. This family includes the genera Didemnum, Trididemnum, 

Diplosoma, Lissoclinum, Leptoclinides, Polysyncraton and Atriolum (Fig. 14).
139

 

This ascidian family is renowned as a source of potent cytotoxic compounds. 

The first ascidian compound approved for the treatment of cancer, ecteinascidin 743 

(Yondelis™; Fig. 9), belongs to this family.
21; 49; 127

 Other compounds that have been 

under clinical tests for cancer treatment are didemnin B (Fig. 3) and vitilevuamide. 

Every year new anticancer compounds are isolated from ascidians of the family 

Didemnidae. The last comprehensive review about marine natural products reported 

the compounds 4-bromo-3-pentylphenol (Fig. 7), cyclopropyl fatty acid and 

cyclopentenones from two collections of Diplosoma sp. Kingamide A containing a 

rare 6-bromo-5-hydroxyindole was isolated from Leptoclinides kingi. Indole-

glyoxamidospermidine analogues didemnidine A, 3-bromohomofascaplysin, 

homofascaplysin A and fascaplysin were isolated from Didemnum sp. in different 

studies. The potent cytotoxic compound N,N’-methyleno-didemnin A (Fig. 7) was 

isolated from Trididemnum solidum.
51

 

 

 

 

 

 

 

 

Figure 14. Six ascidian species belonging to the family Didemnidae. (A) 

Leptoclinides dubius Sluiter, 1909. (B) Polysyncraton glaucum Kott, 2001. (C) 

Didemnum fragile Sluiter, 1909. (D) Leptoclinides kingi Michaelsen, 1930. (E) 

A B C 

D E F 



37 

 

Polysyncraton pseudorugosum Moniot, 1993. (F) Polysyncraton echinatum Kott, 

2001. The photos were obtained from the Queensland Museum. 

 

 

As mentioned above, some of the cytotoxic ascidian compounds induce cells 

to apoptosis. The apoptotic mechanism of the compounds 3- and 10-

bromofascaplysins isolated from Didemnum sp. has been studied. It was shown that 

these compounds activated the intrinsic and extrinsic apoptotic pathways. The 

extrinsic pathway was activated first provoking activation of caspase 8, which in turn 

caused Bid truncation and activation of the intrinsic mitochondrial pathway followed 

by activation of caspases 9 and 3. 3-Bromofascaplysin also inhibited basal p53-

dependent transcriptional activity and was more active towards dominant negative 

mutant (DNM) JB6 Cl41cells: DN-ERK2 and DN-JNK1.
146

 

Joullié and collaborators
147

 have shown that didemnin-containing extracts 

protect both adult and larval tunicates from fish and invertebrates predators, revealing 

the ecological function of these two anticancer compounds, didemnin B (Fig. 3) and 

tamandarin A. They also proposed that compounds with related structures have 

similar ecological roles. 

 

1.7. Cancer in Australia 

The word cancer refers to different sorts of diseases, affecting distinct tissues 

and cell types, characterized by abnormal cellular growth, resulting from genetic 

mutations.
148

 It is a growing worldwide health issue that can appear in different 

organs, and behaves differently depending on its origin. All types of cancer cells can 
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spread to other parts of the body using the vascular system, while maintaining their 

cellular characteristics.
149

 

Cancer is a major cause of illness in Australia. The total number of new cases 

has almost doubled between 1991 and 2009 from 66,393 to 114,137. This trend 

happened due to the rise in the number of prostate cancer, breast cancer in females, 

bowel cancer and lung cancer, and is partly explained by population growth and 

ageing.
150

 Cancer is the second leading cause of death in Australia, with more than 

42,800 deaths reported in 2010.
150

 Nevertheless, the mortality rate due to cancer has 

decreased by 17% when compared to data from 1991 to 2010.
150

 Five-year survival 

from all cancers combined increased by 19% from 1982 to 2010. The survival 

prospects of cancer patients in Australia are one of the best in the world.
150

 

Although some cancers can be treated by surgery or radiotherapy, 

chemotherapy remains the usual treatment of choice in most cases. Nevertheless, 

conventional chemotherapeutic drugs in general cause severe side-effects. Moreover, 

quiescent or slowly proliferating cancer cells are refractory to the effect of some 

agents. The treatment of this disease is also impaired by resistance developed by 

cancer cells to chemotherapeutic agents.
148; 151

 Therefore, it is imperative to discover 

new drugs that regulate cancer cells to improve the treatment and survival rates for 

this significant disease. 

 

1.7.1. Prostate Cancer 

The prostate is a gland localized below the bladder and in front of the rectum 

in men (Fig. 15). Its size and form resembles a walnut and it surrounds the urethra. It 

produces a milky alkaline fluid that constitutes 50–75% of the semen that helps to 

neutralize the acidity of the vaginal tract, and thus prolong the life span of sperm.
152
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Figure 15. Anatomy of male reproductive and urinary systems.
153

 License 

number: 3206521080791.  

 

 

In 2009, prostate cancer (PCA) was the most common cancer diagnosed in 

males over 25 years old, and the fourth most common cause of male deaths (3,200 

deaths) in Australia in 2010 among males this age.
154

 Because of this, prostate cancer 

is a national health priority area. The incidence of prostate cancer in Australia has 

been increasing over the years, from 13,526 new cases in 2003 to 18,700 in 2006, and 

to more than 19,400 in 2009.
154

 It is estimated that 50-year-old man has a lifetime risk 

of 42% for developing histologic evidence of prostate cancer, a 9.5% risk of 

developing clinical disease, and a 2.9% risk of dying of prostate cancer.
155

 

Little is known about the factors that contribute to the development of prostate 

cancer. Some risk factors have been established: aging, race, family history, 

hormones, genetic polymorphism, obesity, diet, high blood pressure, lack of physical 

activity and low exposure to sunlight. The risk of PCA development is higher in men 

over 60 years old, black men, and those with incidence of PCA in the family. Black 
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men also develop the disease earlier.
156

 Approximately 9% of PCA cases have a 

genetic base. The chances of a man to develop PCA increases 2.5-fold if it has been 

detected in a first degree relative.
157

 Testosterone and dihydrotestosterone (DHT) 

have fundamental roles in prostate function and the development of prostate cancer. 

Because of its very slow growth rate, microscopic prostate cancers may never 

progress to a clinical disease. The Gleason System is the most widely used system for 

grading PCA and the grade carries prognostic significance that is used to choose the 

most appropriate treatment. Gleason scale ranges from 2 to 10, and based on the 

results of a needle biopsy the Gleason grade is determined (1–5; Fig. 16).
158; 159

 

 

 

Figure 16. Schematic diagram showing the cellular characteristics of the five 

grades of Gleason grading system.
159

 License number: 3205400108814. 
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Different studies have been done to identify substances that could be used in 

the prevention of the development or progression of PCA. A diet rich in lycopene and 

isoflavonoids (tomato and soy products, respectively) have been associated with a 

reduced risk of PCA incidence.
160

 Finasteride and dutasteride, inhibitors of the 

enzyme 5α-reductase that converts testosterone into more potent DHT, reduced the 

risk of prostate cancer occurrence by about 20%.
161

 Other promising dietary sources 

for PCA prevention include green tea
162

, resveratrol from red wine,
163

 vitamin D,
164

 

epilobium,
165

 and fruit extracts from the plant Serenoa repens.
166

 

In the past, most men diagnosed with PCA presented symptoms such as 

weight loss, bone pain, lethargy and bladder outflow obstruction related to locally 

advanced or metastatic disease. Nowadays, due to screening campaigns, younger and 

asymptomatic patients are emerging, posing a challenge in the development of new 

strategies to treat patients with long life expectancy.
167

 Most patients with suspected 

PCA have been detected by abnormal findings in digital rectal examination (DRE) or 

high levels of prostate-specific antigen (PSA). Nevertheless only one third of the 

patients with altered DRE have the prostatic nodules confirmed as malignant through 

biopsy. Elevated PSA values can also be caused by benign prostatic hyperplasia 

(BPH). Thus the value of screening asymptomatic men for prostate cancer is 

controversial. Some of the advantages of screening for PCA are the reduction in the 

number of advanced cases of PCA and mortality, detection of early curable cases and 

the fact that PSA and DRE tests are easy to perform. On the other hand, the early 

detection may cause over-treatment that can lead to increased morbidity.
168; 169

 

Improved staging (determination of the severity of a patient’s cancer) 

techniques and better prognostic markers are necessary to avoid the unnecessary 

treatment of patients with PCA. Staging of the localized disease relies on DRE, PSA 



42 

 

levels, transrectal ultrasonography (TRUS), ultrasound-guided biopsy, computed 

tomography (CT) scanning, magnetic resonance imaging (MRI) and tables and 

nomograms to predict prognosis. The staging of metastatic disease focuses more on 

the identification of the metastatic area. The main techniques are MRI, CT scanning, 

radionuclide bone scanning and chest X-ray.
170

 

The treatment of patients with localized PCA aims to cure the patient. 

Nevertheless, the decision of which treatment is best for the patient is not clear. The 

options of treatment depend on different factors and one of them is the risk of cancer 

recurrence. Low risk patients more often follow the active surveillance treatment. 

Older patients who have PCA that is unlikely to shorten their life usually follow the 

“watchful waiting” treatment. Other options for low and intermediate risk patients 

include radical prostatectomy, low dose seed brachytherapy, and external beam 

radiotherapy with or without androgen deprivation. However, these therapies may 

have side effects such as urinary symptoms and impotence.
171

 Novel treatments under 

investigation are high-intensity focused ultrasound (HIFU)
172

 and cryosurgical 

ablation,
173

 which also has some disadvantages, such as incontinence, urinary 

retention, and rectal pain. 

High risk patients need to follow more drastic treatments besides the previous 

mentioned prostatectomy such as radiotherapy with hormone therapy,
174; 175

 high dose 

rate brachytherapy,
176

 and hormonal treatment alone.
177

 Hormone therapy appears to 

increase the sensitivity of cancer cells to death after irradiation.
175

 Monotherapy with 

the anti-androgen bicalutamide has been shown to be as effective as castration for 

some patients, with the advantage of a higher chance of sexual interest and function 

preservation.
178
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Cancer recurrence after surgery or radiotherapy is first detected by elevation of 

PSA.
179

 The choice of treatments is more limited; comprising “watchful waiting” for 

older patients, salvage radiotherapy or hormonal therapy.
180

 Around 4% of men with 

PCA will develop metastases, and only 30 % of these patients will survive 5 years.
181

 

Androgen deprivation is the main option of treatment in these cases. It works through 

reduction of dihydrotestosterone (DHT) concentration by 75–80%, reduction of 

androgen receptor stimulation and increase in apoptosis. These results can be obtained 

through orchidectomy, or with luteinizing hormone releasing hormone (LHRH) 

agonists or antagonists. Despite the initial response with these treatments, androgen-

independent PCA cells are selected and progress to castrate-resistant PCA 

(CRPCA).
181; 182

 Some studies suggest the co-treatment with an anti-androgen drug to 

block the effects of the adrenal androgens in the prostate cells; this treatment is known 

as combined androgen blockade.
183

 The use of anti-androgen manipulation followed 

by adrenal androgen synthesis inhibitor reduces the level of PSA. After androgen-

deprivation therapy the use of anti-androgen reduces the PSA level. However, this is a 

transient effect, and the PSA level starts to increase again and may be controlled by 

withdrawal of the anti-androgen. This phenomenon, which has also been described for 

breast cancer treated with anti-estrogens, is due to a mutation in androgen receptors; 

the anti-androgens become agonists instead of antagonists.
184

 Another variation of the 

treatment is the use of intermittent hormone therapy, which comprises cycles of 

androgen deprivation. This form of therapy also has the advantage of fewer side 

effects.
177; 185

 

Eventually, hormone resistance develops and second-line treatments need to 

be considered. This probably happens because of androgen-independent cell selection, 

increase in androgen receptors, and importation of adrenal androgens or activation of 
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androgen receptors in the absence of hormone. Until now there is no curative 

treatment for castrate-resistant PCA patients.
181; 186

 Some of the palliative treatments 

include the use of cytotoxic chemotherapy, radiotherapy, monoclonal antibodies to 

receptor activator of NFκ-B ligand (RANKL), bisphosphonates, and immunotherapy. 

Radiotherapy, monoclonal antibodies to RANKL and bisphosphonates are palliative 

therapy to manage bone metastases.
186; 187

  

Mitoxantrone and prednisone in combination reduce PSA levels significantly 

and prolonged the time of disease progression; however, this drug combination does 

not increase survival time.
188

 Docetaxel, an anti-mitotic drug, administrated every 3 

weeks with prednisone showed better results than the treatment of mitoxantrone with 

prednisone, besides improving survival.
189

 Cabazitaxel is the only taxane to improve 

survival in patients resistant to docetaxel but has the main side effect of 

neutropenia.
190

 Several studies have shown that castrate-resistant PCA continues to be 

dependent on androgen signaling.
191

 Recently, it has been reported that castrate-

resistant PCA tumors have sufficient levels of testosterone and DHT for androgen 

receptor (AR) transactivation. Moreover, these tumors display all enzymes necessary 

for the de novo production of DHT.
192

 Thus, new drugs targeting enzymes 

downstream in the hormone cascade are being developed.
191

 Abiraterone acetate, a 

selective inhibitor of androgen biosynthesis that potently blocks cytochrome P450 c17 

(CYP17), is another treatment for castrate-resistant patients.
193

 Sipuleucel-T is the 

first vaccine-based immunotherapy approved by the US Food and Drug 

Administration (FDA) to show survival benefit in men with castrate resistant prostate 

cancer.
194

 

It is clear that the best way to treat and cure prostate cancer is through the 

development of new diagnostic strategies that permit a clear and precise early 
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diagnosis. This would avoid the over-diagnostic and over-treatment of many patients, 

saving money and reducing undesirable adverse drug events. For patients with 

advanced PCA, it is important to discover and develop new treatments that increase a 

patients’ survival to more than just a few months. 

 

1.7.2. Breast Cancer  

Breast cancer is a disease in which abnormal cells form in the tissues of the 

breast, typically in the ducts (ductal carcinomas) and lobules (lobular carcinomas) 

(Fig. 17). Ductal carcinoma in situ represents around 20% of the cases,
195

 and is 100 

times more common in women than men; however, men usually have a worse 

prognostic because of late detection. Breast cancer is the most common cancer in 

woman in developed countries. The chance of developing this type of cancer during a 

lifetime is about 12.4% in American women.
196

 The number of reported cases for 

breast cancer varies with age, being 1.8% for women aged between 20–34 years, and 

22.2% for women that are 45–54 years old.
196

 It is a major health problem for 

Australian woman, since it is the most common non-skin cancer, representing 28% of 

all reported cancers in females, and the second highest cause of cancer-related death 

in females. Most of the cases (69%) occur in females aged 40–69.
197

 The number of 

new cases in women has more than doubled between 1982 and 2008; however, the 5-

year relative survival rate increased by 17% from 1982 to 2010.
197

  

Despite the high incidence, breast cancer mortality has decreased during the 

last couple of years. This has happened mainly because of more precise diagnosis and 

better treatments. There was an increase around 22% in the 5-year relative survival 

rate in Nordic countries between 1964 and 2003. One of the reasons for this is the 

early detection of the cancer by screening mammograms.
198

 The Australian National 
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Breast Screening Program, BreastScreen Australia, was commenced in the early 

1990s and invites women aged 50–69 to be screened every 2 years. Now, routine 

clinical examination is performed, and the cost of screening is free to the point of 

diagnosis. The statistics show an increase of 31% in the number of women who had 

the exam through the Breast Screen Australian program during 1996–2006.
199; 200

 

 

 

Figure 17. Anatomy of the female breast.
201

License number: 3206510516351.  

 

 

Breast cancer screening campaigns attempt to achieve an early diagnosis of the 

disease. The assumption is that it would improve the outcomes; nevertheless, studies 

have shown that it can cause more harm than good. It is clear that these screenings 

reduce mortality but they also cause over-diagnosis and over-treatment. Patients 

detected with a lump that might never progress to cancer would suffer from anxiety 

and potentially unnecessary surgery. The discovery of false positives is common in all 

forms of cancer screenings, and may lead to invasive procedures that may not benefit 
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the patient. Therefore the development of more precise methods is necessary that 

predict the future of cellular fate and the behavior of early cancers.
198

 

There are many studies about the risk factors involved in breast cancer. Many 

of them are contradictory but it has been well established that sex, age, lack of 

childbearing or breastfeeding,
202

 higher hormone levels, race,
203

 alcohol intake,
204

 

physical activity, genetic factors,
205

 family history,
204

 breast changes,
202

 

socioeconomic status
203

 and geographic area influence the development of breast 

cancer.
206

 Men and young women have much less chance of developing breast cancer, 

however, when detected, it is usually aggressive. Ten to fifteen percent of patients 

have family history of breast cancer. Half of these cases can be attributed to specific 

susceptibility genes. The two genes that account for most of cases associated with 

family risk are BRCA1 and BRCA2.
205

 In 2009, the Australian government 

determined that women younger than 50 years old, with a strong family history of 

breast cancer, should be have annual MRI scans.
207

 The risk in developing the disease 

increases by 2.34-fold if a first relative developed breast cancer.
204

 Other genes that 

when mutated also represent predisposition are TP53, PTEN, LKB1, CHEK2 and 

EMSY.
205; 208

 Most of the cases of breast cancer are seen in western countries, a lower 

incidence is observed in Asian and African countries.
198

 The risk is also higher in 

women who had their first period before 12 years of age and that had a late 

menopause (after 55 years old).
209

 Mammography breast density has also been 

correlated with high risk.
210

 Many studies have been investigating the influence of 

diet in breast cancer incidence.
211

 

Prognosis and survival rates depend on cancer type and staging. Nowadays 

there are software programs to predict the outcome and the best treatment for the 

patient (e.g. Adjuvant! Online: www.adjuvantonline.com). Up to 98% of patients with 
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a good prognostic prediction, who receive appropriate treatment; can have a survival 

free disease for 10 years. Treatment options include surgery, hormonal therapy, 

chemotherapy and radiation.
212

 

Breast cancer classification includes stage, histopathology, grade (Bloom-

Richardson Grade), receptor status, and the gene expression profile.
212; 213

 The 

classification system is known as TNM and  consists of size of the tumor (T), if the 

lymph nodes in the axilla have been affected (N), and if the tumor has metastasized 

(M). The higher the stage and/or grade number, the worse the prognosis.
212; 214

 The 

receptor status of breast cancer cells depends on the presence of estrogen receptor 

(ER), progesterone receptor (PR) and HER2.
215; 216

 Cancer cells without all of these 

receptors are called triple negative and have a bad prognosis.
217

 

The first breast cancer symptom is usually a lump. Around 60% of the lumps 

occur in the upper quadrant of the breast. Ninety percent of breast lumps are due to 

benign breast disease. It affects up to 30% of women; fibroadenomas and diffuse 

nodularity are most common in women younger than 30 years of age, cysts are more 

common in women over 40 years old.
218; 219

 The detection of breast cancer in young 

women is very rare. Nevertheless, pre-menopausal women with breast cancer have a 

poor prognosis. Because of the high density of their breast it is more difficult to detect 

the lump at an early stage.
206

 

Despite the detection of a lump, patients may experience other symptoms that 

may include changes in breast size or shape, skin dimpling, nipple inversion, or single 

nipple discharge.
220

 Special symptoms can be observed in inflammatory breast cancer 

and in Paget’s disease of the breast. The first is characterized by pain, swelling, 

warmth and redness breast, tenderness, induration and feeling of orange-peel skin.
221

 

Patients suffering from Paget’s disease usually complain of tingling, itching, and pain 
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in the breast.
222

 Women suffering from breast cancer metastases will present different 

symptoms depending on the metastatic area. The most common areas are bone, lung, 

liver and brain. Treatment can be local or systemic. They are usually used in 

combination to maximize the benefits and to minimize the risks for the patient.
223

 

The detection of an inconclusive lump in the breast through ultrasound, 

mammogram or clinical breast exam, usually is followed by aspiration of the fluid 

inside the lump using the technique called Fine Needle Aspiration and Cytology 

(FNAC). Other options of biopsy include core biopsy, where a section of the breast 

lump is removed, and an excisional biopsy, where the entire lump is removed.
195

 

Modern techniques of core cut biopsy, such as mammotome, provide more accurate 

results.
224

 In the case of a positive result, lymph nodes in the axilla are also considered 

for removal. In many countries, the standard of care is the technique of sentinel lymph 

node dissection. It removes fewer lymph nodes, resulting in fewer side effects, such as 

lymphedema. If the result is negative, the axilla is no further explored.
225

 New 

techniques that do not require experienced pathologists use real-time polymerase 

chain reaction (RT-PCR) to detect the presence of relevant transcripts, such as 

mammoglobin, in the lymph node.
226

 The triple assessment (clinical examination, 

imaging and pathological investigations) allows a precise diagnostic in 95% of cases. 

The risk of recurrence and death depends on the disease stage at diagnosis.
198

 

Stage 1 cancers are generally treated with lumpectomy followed by radiation, 

and have a good prognosis. Radiotherapy provides effective local control, preventing 

local recurrence in two-thirds of cases.
227

 Stage 2 and 3 have a higher risk of 

recurrence and are usually treated with surgery (lumpectomy or mastectomy, with or 

without lymph node removal), chemotherapy, and sometimes radiation in case of 

large cancers, multiple positive nodes or lumpectomy. Patients in stage 4 have 
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metastases and poor prognosis.
228

 Breast cancer mainly metastasizes to lung, liver, 

brain and bone (the most common site). Metastatic breast cancer is generally first 

treated with hormonal therapy; however, the treatment is only palliative and aims to 

increase the quality of a patient’s life. Only 27% of metastatic patients will survive 5 

years.
229

 Postmenopausal women have the risk reduced by around 47% with 

tamoxifen.
230

 It is very important to avoid local recurrence in cancers with good 

prognosis. Recurrence risk increases after 2–3 years. 

Adjuvant therapy comprises hormone blocking therapy, chemotherapy and/or 

monoclonal antibodies after surgery andaims to prevent or delay metastases. It has 

been proven that adjuvant therapy prolongs survival.
228

 Hormone blocking therapy is 

used to treat ER+ cancer cells and involves drugs that block ER, such as tamoxifen, or 

that block the production of estrogen, such as the aromatase inhibitor anastrozole.
231; 

232
 Tamoxifen decreases DNA synthesis and inhibits estrogen, arresting cells at G0-

G1 phase of the cell cycle. It also reduces the risk of local recurrence, distant 

metastases and contralateral breast cancer in more than 40%. Tamoxifen may cause 

adverse effects, such as gynecological symptoms and thrombosis. Another issue is the 

development of resistance to the drug by some patients.
229

  

Aromatase inhibitors target the estrogen production by aromatase enzyme 

system found in subcutaneous fat, liver, muscle and skin. It only benefits post-

menopausal women and may cause arthralgia/myalgia, and reduction in bone 

density.
231

 Ovarian suppression by down regulation of gonadotropin release using the 

gonadotropin-releasing hormone (GnRH) analog goserelin in combination with 

tamoxifen and chemotherapy has been proved to be beneficial to young women.
233

 

Different chemotherapeutics (anthracyclines, taxanes, alkylating agents, 

antimetabolics, etc) alone or in combination, can be used and are the main treatment 
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for ER- patients but are also used in combination with hormone blocking therapy for 

ER+ patients.
234

 

About 25–30% of patients with breast cancer overexpress HER2.
235

 This 

cancer phenotype is quite aggressive and requires specific treatment. These patients 

have increased disease recurrence and a worse prognosis. The treatment consists of 

the use of monoclonal antibodies, such as trastuzumab, and chemotherapy (with or 

without hormone therapy). The reduction in the risk of recurrence is over 50%.
236; 237

 

Radiotherapy is used after surgery to kill reminiscent cancer cells. It can be given as 

external beam or as brachytherapy (internally). Targeted intraoperative therapy has 

shown successful outcomes, with results suggesting that its use may avoid 

mastectomy.
238

 New drugs are under development to be used in target therapy, they 

include antiangiogenic agents,
239

 antibody-drug conjugated,
240

 tyrosine kinase 

inhibitors,
241

 and Poly (ADP-ribose) Polymerase (PARP) inhibitors.
242

 

The investigation of the gene expression profile of breast cancer patients is 

very useful to define the biology of their cancer and to define the most effective 

treatment. It can help to identify if the cancer cells are sensitive or resistant to the 

treatment; besides, it can indicate the survival indices and relapse risk.
213

 

New strategies to an optimal and directional therapy should be guided by a 

better understanding of the complex molecular interactions that underlie breast cancer 

and contribute to its heterogeneous nature.
243
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PhD research aims 

 

Nature is the main source of anticancer agents with about 60% of the current 

anticancer drugs originating in some way from natural products.
22

 Australia has rich 

biodiversity, including many endemic species. The Great Barrier Reef (GBR), which 

is the largest coral reef system in the world (350,000 km
2
), contains an amazing array 

of biological diversity.
244

 Most of the marine invertebrates found on the GBR have 

not been investigated for their chemistry. 

At present, about 2500 ascidian species are known, with about 350 recorded 

from southern Australia and 200 from the GBR.
139; 144

 Ascidians of the family 

Didemnidae are well distributed on the GBR and this family is known to be a prolific 

and rich source of new chemical entities with biological activity, it was chosen for 

this PhD research. 

This project is divided into four main aims:  

 Aim 1: focuses on the chemodiversity present in the selected ascidians with 

the main objective being the isolation and structure determination of new 

natural products from these marine invertebrates.  

 Aim 2: is the generation of an ascidian drug discovery library to be used for in 

vitro cytotoxicity screening. 

 Aim 3: involves the identification of ascidian compounds from the screening 

library that are cytotoxic towards a prostate and a breast cancer cell line, using 

bioassay-guided fractionation.  

 Aim 4: involves the mechanism of action studies on selected cytotoxic 

compounds isolated during aim 3.  
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In contrast to the many studies relating to the identification of new compounds 

and screening of biological activity from ascidians, there are few reports on the 

mechanism of action of ascidian metabolites. The understanding of the molecular 

mechanism contributes to the development of promising drug candidates. The 

outcomes of this project may initiate further cancer research based on the purified 

compounds, which could lead to future development of new anticancer lead 

compounds or molecular probes.  

Moreover, this research has the potential to discover new mechanisms of 

action and targets that will be useful for future cancer research. Although drug 

discovery research is a serendipitous field, this work will contribute to the knowledge 

of ascidian-derived natural products, their structures and biological activity. Finally, 

this work will add economic value to the biodiversity found in the seas, reinforcing 

the necessity to protect this fragile and rich ecosystem.  
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Chapter 2: Chemical investigations of ascidian samples 

 

The natural products purified during this project were all isolated from 

ascidian species collected from a variety of locations along the GBR, all of which 

belong to the family Didemnidae. These samples have been collected by the 

Queensland Museum and are stored in the Nature Bank biota library at the Eskitis 

Institute (http://www.nature-bank.com.au). The majority of the samples have been 

taxonomically identified to genus or species level by the Queensland Museum. The 

selection of ascidian samples for chemical studies was based on analytical HPLC and 

MS data analysis, amount of biota available and literature data analysis.
114

 The 

compounds were all isolated using reversed-phase HPLC and were subsequently 

identified using spectroscopic and spectrometric techniques such as NMR, LC-MS, 

HRESIMS, UV, IR and [α]D. 

 

2.1. Construction of a small library of ascidian extracts 

The Nature Bank biota library at the Eskitis Institute holds a collection of > 

10,000 marine biota samples from Queensland and Tasmanian waters with 759 

ascidian specimens, representing at least 299 species (http://www.nature-

bank.com.au). Many of the genera or species available in this library have never been 

studied before, and thus represent a unique source of potentially new chemistry and 

bioactivity. 

A total of 143 ascidian specimens belonging to the family Didemnidae were 

selected for the generation of the extract library. The selection was based on the 

amount of material available and exclusion of species that have been extensively 

studied.
114

 This ascidian family was chosen because literature searching revealed that 
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it has historically been a plentiful source of anticancer compounds with new 

mechanisms of action (http://www.ncbi.nlm.nih.gov/pubmed/; 

https://www.cas.org/products/scifinder).
22; 114

 It has been reported that focusing on a 

taxon that is a prolific producer of bioactive compounds provides the best chance of 

finding a quality therapeutic agent.
18

 

 

2.2. Small-scale extraction and HPLC analysis of the 143 ascidian samples 

Small-scale extraction of the 143 ascidian samples was undertaken using 

CH2Cl2 followed by MeOH. Both organic extracts were combined and a portion of 

each crude extract was subjected to analytical C18 monolithic HPLC; 11 fractions 

were collected per injection. Based on the HPLC UV chromatogram and the exclusion 

of species that have been extensively studied, fractions from 60 of the 143 specimens 

were chosen for MS analysis. 

 

2.3. Selection of the four ascidian samples for chemical investigations 

HPLC and MS data were used to choose samples for chemical investigation. 

Four ascidian samples were initially chosen to be studied based on the following 

criteria: (1) species that have never been studied before, (2) presence of MS ions with 

molecular weights not found in our search of the Dictionary of Natural Products 

database (DNP, Table 2),
114

 (3) availability of sufficient quantity (>10 g) of raw 

ascidian material from Nature Bank biota repository (Table 2). The selected ascidian 

samples were: QID024908 (L. kingi), QID6001131 (L. durus), QID2243662 (L. 

dubius), QID019769 (P. glaucum) (Fig. 18). 



 

 

56 

 

 

 

 

Table 2. Details of the ascidian samples initially chosen based on HPLC/MS data and literature searching. 

Ascidian code Availability in 

dry weight (g) 

Collection
a
 Species

a
 (+)-LRMS 

b
 (−)-LRMS 

b
 

Location Date  

QID6001131 53.8 Surprise Reef, Swain Reefs 05/02/2001 Leptoclinides durus 
384; 215; 463; 116 451; 453 

QID2243662 13.8 Reef 21-484, Swain Reefs 11/02/2001 Leptoclinides dubius 229; 590  

QID024908 12.8 Channel between Hook and 

Hardy Reefs 

05/06/1999 Leptoclinides kingi 370; 610  489/491 

QID019769 26.4 Tenements II, mid North side 

Heron I, Capricorn Bunker 

08/08/1996 Polysyncraton glaucum 136; 425  

a
 The collection and identification of the ascidian samples were performed by the Queensland Museum. 

b 
Ions detected by (±)-LRMS with molecular weights not found in our search in DNP.

114
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Figure 18. Analytical HPLC UV chromatograms of the chosen ascidian 

samples. (A) QID024908 (L. kingi). (B) QID6001131 (L. durus). (C) QID2243662 (L. 

dubius). (D) QID019769 (P. glaucum).  

 

 

2.4. Extraction and isolation of ascidian-derived natural products 

 

2.4.1. QID024908 (Leptoclinides kingi Michaelsen, 1930) 

The freeze-dried and ground ascidian L. kingi
245

 was exhaustively extracted with 

n-hexane, CH2Cl2/MeOH (4:1), and MeOH (see Scheme 2). The CH2Cl2/MeOH and 

MeOH extracts were combined and chromatographed using reversed-phase semi-

preparative C18 HPLC (MeOH/H2O/0.1% TFA) to yield 60 fractions that were analyzed 

by (−)-LRESIMS (Fig. 19A). Fraction 37 contained the ions of interest (m/z 489/491) 

and was further purified by C18 HPLC (MeOH/H2O/0.1% TFA) to yield compound 1 

(5.23 mg, 0.052% of dry wt) (Fig. 19B). 

A 

B 

C 

D 
UV key: 
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Scheme 2. Extraction and isolation procedure for L. kingi (QID024908). All 

HPLC purifications were performed using gradient methods. 

 

 

Leptoclinides kingi (10 g) 

Sample code: QID024908 

CH2Cl2/ MeOH extract 

1 g 

n-Hexane extract 

35.6 mg 

 

Semi-preparative HPLC 

Betasil C18 

MeOH/ H2O/ 0.1% TFA 

 

Semi-preparative HPLC 

Luna C18 

MeOH/ H2O/ 0.1% TFA 

 

Fraction 37 

11.22 mg 

 

Fractions 41–43 

Kingamide A (1) 

5.23 mg, 0.052% dry wt. 
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Figure 19. (A) HPLC UV chromatogram of the first large-scale purification step 

of L. kingi from which fraction 37 were obtained. (B) Further purification of the fraction 

37, yielded compound 1 (fractions 41–43). Each minute in the chromatograms 

represents one fraction. 

 

 

Compound 1 was isolated as a stable, optically active yellow gum. The (−)-

LRESIMS of 1 showed two equally intense ions at m/z 489 and 491, which indicated 

that the molecule contained one bromine atom. The molecular formula, C20H15BrN2O8 

was determined by (−)-HRESIMS in conjunction with the 1D NMR data. The 
1
H NMR 

spectrum (Table 3, Fig. 20) of 1 contained three exchangeable protons [δH 11.81 (br d, 

J = 2.4 Hz), 10.56 (br s), 8.30 (d, J = 7.8 Hz)], three aromatic methine protons [δH 8.19 

(d, J = 2.4 Hz), 7.98 (s) and 7.80 (s)], two mutually coupled aromatic methine doublets 

[δH 8.03 (d, J = 8.4 Hz), 6.95 (d, J = 8.4 Hz)], one mid-field methine proton [δH 4.74 

(ddd, J = 7.8, 7.8, 6.0 Hz)] and two methylene signals [δH 2.83 (dd, J = 16.8, 6.0 Hz) 

and 2.67 (dd, J = 16.8, 7.8 Hz)].  

 

A 

B 

UV key: 
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Figure 20. 
1
H (600 MHz) and 

13
C (125 MHz) NMR, and HMBC spectra for 1 in 

DMSO-d6. 

 

 

 

Figure 21. Key HMBC and ROESY correlations of kingamide A (1). 
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Table 3. NMR data for kingamide A (1)
a
. 

Position 13C 1H (mult., J in Hz) COSY HMBC ROESY 

1  11.81 (br d, 2.4 ) 2 3, 3a, 7a, 8 2, 7 

2 130.4 8.19 (d, 2.4) 1 3, 3a, 4, 7a, 8,  1 

3 110.2     

3a 126.0     

4 115.2 7.98 (s)  3, 3a, 5, 6, 7a, 12  

5 141.8     

6 109.6     

7 115.7 7.80 (s)  3a, 5, 6, 7a 1 

7a 134.6     

8 163.8     

9  8.30 (d, 7.8) 10 8, 10, 11, 10-COOH 10, 11b 

10 48.6 4.74 (ddd, 7.8, 7.8 

6.0) 

9, 11a, 11b 8, 10-COOH, 11, 11-

COOH 

9, 11a, 11b  

10-COOH 172.9 b    

11 36.2 2.83 (dd, 16.8, 6.0) 10, 11b 10, 10-COOH, 11-

COOH 

10, 11b 

  2.67 (dd, 16.8, 7.8) 10, 11a 10, 10-COOH, 11-

COOH 

9, 10, 11a 

11-COOH 171.9 b    

12 164.3     

13 119.2     

14 132.3 8.03 (d, 8.4) 15 12, 16, 18 15 

15 115.7 6.95 (d, 8.4) 14 13, 14, 16, 17 14, 16-OH 

16 162.8     

16-OH  10.56 (br s)  15, 16, 17 15, 17 

17 115.7 6.95 (d, 8.4) 18 13, 15, 16, 18 16-OH, 18 

18 132.3 8.03 (d, 8.4) 17 12, 14, 16 17 

a Spectra were recorded at 600 MHz for 1H and 125 MHz for 13C in DMSO-d6 at 30 °C. 

b Signal not observed. 

 

 

 

 

Analysis of the COSY spectrum of 1 in combination with 
1
H–

1
H coupling 

constants readily identified three spin systems that included –CH=CH–, –NH–CH–

CH2– and –NH–CH= fragments. Eighteen unique signals were observed in the 
13

C 

NMR spectrum (Table 3) of which 16 resonated between δC 105 and 175. HSQC data 

analysis allowed all 10 non-exchangeable protons to be assigned to the carbons that they 
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were directly attached. A 3,4,5-trisubstituted pyrrole moiety was established on the 

basis of HMBC correlations (Fig. 20 and 21) from the proton at δH 11.81 to carbons at 

δC 110.2 (C-3), 126.0 (C-3a), and 134.6 (C-7a), in conjunction with the COSY data that 

had elucidated the –NH–HC= system (δH 11.81/ δH 8.09). 

Furthermore, HMBC correlations from the aromatic methine singlet at δH 7.98 to 

carbons at δC 109.6 (C-6), 110.2 (C-3), 126.0 (C-3a), 141.8 (C-5), 134.6 (C-7a), and 

from the proton at δH 7.80 to carbons at δC 126.0 (C-3a), 141.8 (C-5), 109.6 (C-6), 134.6 

(C-7a) allowed a 1,2,4,5-tetrasubstituted benzene ring to be fused to the pyrrole system, 

thus forming an indole skeleton (Fig. 21). Strong ROESY correlations from the indole 

exchangeable proton at δH 11.81 to both protons at δH 7.80 (H-7) and δH 8.19 (H-2) 

further confirmed the presence of a 3,5,6-trisubstituted indole system in 1 (Fig. 21). A 

para-substituted phenyl system was indicated by the two mutually coupled aromatic 

doublets at δH 8.03 (2H, J = 8.4 Hz) and 6.95 (2H, J = 8.4 Hz), and the two aromatic 

methine carbon signals to which they were directly attached at δC 132.3 (2C) and 115.7 

(2C), respectively. Strong HMBC (Fig. 20) correlations from the methine proton at δH 

8.03 to downfield carbons at δC 164.3 and 162.8 suggested a para-hydroxy benzoyl 

moiety. The hydroxy substitution was confirmed by HMBC correlations from the 

exchangeable proton at δH 10.56 to the carbon at δC 162.8 and a ROESY correlation 

between protons at δH 10.56 and 6.95. The benzoyl system was attached via an oxygen 

atom to C-5 of the indole skeleton through a 
4
JCH correlation from the proton at δH 7.98 

(H-4) to the carbon at δC 164.3 (C-12). The ester linkage was confirmed by IR spectrum 

analysis, which showed a strong absorption at 1709 cm
-1

. The bromine atom present in 

1 was attached to C-6 of the indole system on the basis of the diagnostic
 
carbon 

chemical shift at δC 109.6, which is similar to the NMR data reported for the previously 

isolated compound, 6-bromo-5-hydroxyindole.
246

 The remaining unassigned carbons at 

δC 163.8, 171.9 and 172.9 were shown to be part of an aspartic acid moiety following 
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HMBC data analysis of the protons associated with the –NH–CH–CH2– spin system [δH 

8.30 (H-9)/ 4.74 (H-10)/ 2.83/ 2.67 (H-11a/H-11b)]. All non-exchangeable protons 

showed HMBC (Fig. 20) correlations to the carbon resonating at δC 172.9, while both 

the protons at δH 2.83 and 2.67 showed 
2
JCH correlations to the carboxylic carbon at δC 

171.9. HMBC data was instrumental in linking the aspartic acid unit to the indole 

skeleton at C-3. Strong HMBC cross-peaks were observed from both the H-2 indole 

methine (δH 8.19) and the aspartic acid NH (δH 8.30) to the carbonyl signal resonating at 

δC 163.8 (C-8). These data confirmed that an amide functional group was attached to C-

3 of the indole, and the NMR data was consistent with the related natural product 

leptoclinidamine C (8).
247

 With this amide linkage established, the planar structure for 

kingamide A was assigned (Fig. 21). 

The absolute configuration of the amino acid in 1 was determined using 

Marfey's method.
248

 This involved acid hydrolysis (6 N HCl, 105 ºC, 15 hours) of 

kingamide A followed by derivatization of the hydrolysate with Marfey's reagent, 1-

fluoro-2,4-dinitrophenyl-5-L-alanine amide (FDAA).
248

 The FDAA derivatives of L- 

and D-aspartic acid were also synthesised, and used as standards. Analysis of all FDAA 

derivatives by LC-MS (Fig. 22), using retention times and co-injections with standards, 

revealed the presence of only D-aspartic acid in 1. With the absolute configuration 

determined, the structure of kingamide A was assigned to 1. 
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Figure 22. LC-MS data (TIC ES
-
) used for stereochemical determination of the 

aspartic acid residue in kingamide A (1). (A) FDAA derivative of 1 hydrolysate. (B) 

FDAA derivative of L-aspartic acid. (C) FDAA derivative of D-aspartic acid. (D) Co-

injection of FDAA derivative of 1 and FDAA derivative of D-aspartic acid.  

 

 

Several thousand halogenated natural products have been identified as 

biosynthetic products from living organisms.
249

 While various terrestrial organisms such 

as fungi, plants, bacteria, lichens and insects have been identified as producers of 

organohalogen metabolites, the marine environment is the single largest source of 

naturally occurring halogenated compounds.
250

 The presence of halogen substituents in 

many natural products has been hypothesised as providing evolutionary advantage to 

the producing organism or symbiont, due to optimized bioactivity.
251

 

Ascidians belonging to the genus Leptoclinides have proven to be a source of 

new nitrogenous metabolites.
114

 Prior to the identification of kingamide A only 11 

compounds had been reported in the literature; eight of these 11 natural products belong 

to the indole alkaloid structure class.
114

 The first Leptoclinides metabolites to be 

identified were N-(1H-indolyl-3-carbonyl)-D-arginine (2), N-(6-bromo-1H-indolyl-3-

carbonyl)-L-arginine (3), N-(6-bromo-1H-indolyl-3-carbonyl)-L-histidine (4), and N-(6-

bromo-1H-indolyl-3-carbonyl)-L-enduracididine (5).
252

 Other examples include the 

A 

B 

C 

D 

A 

B 

C 

D 
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leptoclinidamines A–C (6–8) from L. durus
253

 and C
2
-α-D-mannosylpyranosyl-L-

tryptophan (9) from Leptoclinides dubius (Figure 23).
254

 

 

 

Figure 23. Chemical structure of natural products 1–9 isolated from 

Leptoclinides ascidians. 

 

 

This molecule will now be added to the open-access repository at the 

Queensland compound library (QCL),
255

 where it will be available for further biological 

evaluations. This natural product is the first compound isolated from the species L. 

kingi, and is one of the few indole-derived natural products containing a unique C-5 

substituted benzoate moiety. 

 

2.4.2. QID6001131 (Leptoclinides durus Kott, 2001) 

The freeze-dried and ground sample of L. durus (QID6001131) was exhaustively 

extracted with n-hexane, followed by CH2Cl2 and MeOH. The combined 

CH2Cl2/MeOH extract (883 mg) was chromatographed on a semi-preparative HPLC 

using a Betasil C18 column and a MeOH/H2O/0.1% TFA gradient (see Scheme 3). The 
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resulting fractions 33 (4 mg), 34 (3 mg) and 36 (3 mg) were further purified by semi-

preparative Luna C18 HPLC (MeOH/H2O/0.1% TFA) (Fig. 24A). Fraction 33 yielded 

fractions 43 and 44 (Fig. 24B), which were combined (0.9 mg) and subjected to one 

more HPLC purification step, using a Luna C18 column (MeOH/H2O/0.1% TFA), to 

yield the new natural product, duramidine C (10, 0.35 mg, 0.004% dry wt.) (Fig. 24E). 

Fraction 34 yielded the new compounds, duramidine D (11, 0.77 mg, 0.008% dry wt.) 

and leptoclinidamine E (12, 0.67 mg, 0.007% dry wt.) (Fig. 24C). Fraction 36 afforded 

the previously identified alkaloid, leptoclinidamine C (13, 1.3 mg, 0.013% dry wt.) (Fig 

24D). 

During our chemical investigations of L. durus it was identified that the Carroll 

research group at Griffith University (Gold Coast) was also undertaking studies on a 

separate L. durus specimen that had also been collected from the Great Barrier Reef (A. 

Carroll personal communication). The Carroll group isolated the new metabolites 

duramidines A-D, leptoclinidines A and B, durabetaines A and B, leptoclinidamines D-

F, and the three known alkaloids leptoclinidamines B and C and 6-bromo-1H-indolo-3-

yl-oxoacetic acid methyl ester from their L. durus sample. 
256

 Since there was overlap in 

the new chemistry obtained from the two L. durus specimens it was decided to publish a 

joint collaborative paper.
256

 This thesis only reports the isolation and structure 

elucidation of the compounds isolated from our L. durus sample (QID6001131), which 

included duramidines C and D, and leptoclinidamines C and E (see Scheme 3). 
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Scheme 3. Extraction and isolation procedure for L. durus (QID6001131). All 

HPLC purifications were performed using gradient methods. 

 

 

 

 

Leptoclinides durus (10 g) 

Sample code: QID6001131 

CH2Cl2/MeOH extract 

883 mg 

n-Hexane extract 

12.4 mg 

 

Semi-preparative HPLC 

Betasil C18 

MeOH/ H2O/ 0.1% TFA 

 

Semi-preparative HPLC 

Luna C18 

MeOH/ H2O/ 0.1% TFA 

 

Fraction 33 

4 mg 

 

Fraction 42 

Duramidine C (10) 

0.35 mg, 0.004% dry wt. 

 

Fraction 34 

3 mg 

 

Fractions 43+44 

0.9 mg 

 

Semi-preparative HPLC 

Luna C18 

MeOH/ H2O/ 0.1% TFA 

 

Semi-preparative HPLC 

Luna C18 

MeOH/ H2O/ 0.1% TFA 

 

Fraction 36 

3 mg 

 

Semi-preparative HPLC 

Luna C18 

MeOH/ H2O/ 0.1% TFA 

 

Fractions 43+44 

Leptoclinidamine C (13) 

1.3 mg, 0.013% dry wt. 

 

Fraction 36 

Leptoclinidamine E (12) 

0.67 mg, 0.007% dry wt. 

. 

 

Fraction 42 

Duramidine D (11) 

0.77 mg, 0.008% dry wt 
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Figure 24. (A) HPLC UV chromatogram of the first purification step of L. durus 

from which fractions 33, 34 and 36 were obtained. (B) Further purification of fraction 

33, from which the fractions 43 and 44 were combined for further fractionation. (C) 

Further purification of the fraction 34, yielding duramidine D (11; fraction 42) and 

leptoclinidamine E (12; fraction 36). (D) Further purification of the fraction 36, yielding 

leptoclinidamine C (13; fractions 43 and 44). (E) Purification of the fractions 43 and 44, 

yielding duramidine C (10; fraction 42). Each minute in the chromatograms represents 

one fraction. 

A 

B 

C 

E 

D 

UV key: 
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Duramidine C (10) was obtained as an optically active yellow gum. Analysis of 

(−)-HRESIMS data at m/z at 507.0808 (∆ 1.9 mmu) in conjunction with the NMR data 

allowed a molecular formula of C20H20N4O10S to be assigned to 10. A fragment ion at 

m/z 427 in the (−)-LRESIMS suggested the compound contained a sulphate ester group. 
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Figure 25. 
1
H (600 MHz) NMR and HMBC spectra for 10 in DMSO-d6. 

 

 

 

     

 Figure 26. Key HMBC and ROESY correlations of duramidine C (10). 
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Table 4. NMR data for duramidine C (10).
*
 

Position 13C 1H (mult., J in Hz) gCOSY gHMBC ROESY 

1-CH3 27.9 3.46 (s)  2, 8a  

2 149.7     

3  11.95 (s)  2, 4, 4a  

4 160.0     

4a 127.6     

6 146.5     

7 146.5 8.74 (s)  2, 7 1', 2' 

8a 149.7     

1' 76.7 5.99 (d, 4.2) 2' 6, 2', 3', 1'' 7, 2', 3' 

2' 72.4 4.71 (dq, 4.2, 6.6) 1', 3' 7 1', 3' 

2'-OSO3H  N.O.    

3' 15.9 1.22 (d, 6.6) 2' 1', 3' 1', 3' 

1'' 163.4     

2'' 142.2     

2''-OCH3 58.4 3.73 (s)  2'' 5'', 9'' 

3'' 125.0 7.13 (s) 5'' 1'', 2'', 2''-OCH3, 5'' 5'' 

4'' 124.2     

5'', 9'' 132.0 7.68 (d, 9.0) 1', 5'', 6'' 3'', 7'' 2''-OCH3, 3'', 5'', 6'' 

6'', 8'' 115.9 6.81 (d, 9.0) 5'' 4'', 6'', 7'' 5'' 

7'' 159.0     

7''-OH  9.95 (brs)  6'', 7'', 8''  

*Spectra were recorded at 600 MHz in DMSO-d6 at 30°C.  N.O. = not observed. 

 

 

 

 

The 
1
H NMR spectrum of 10 (Table 4, Fig. 25) contained a methyl doublet at δH 

1.22, two methyl singlets at δH 3.46 and 3.73, a methine multiplet at δH 4.71, a methine 

doublet at δH 5.99, two sp
2
 hybridised methine singlets at δH 7.13 and 8.74 and one 

downfield exchangeable proton at δH 11.95. In addition, two ortho coupled aromatic 

doublets that each integrated to two protons at δH 6.81 and 7.68 and another 

exchangeable proton at δH 9.95 suggested that 10 contained a para-substituted phenol 

system. HMBC correlations from the hydroxyl proton at δH 9.95 to carbons resonating 

at δC 159.0 and 115.9 confirmed that 10 contained a symmetrical phenol moiety (Fig. 

25 and 26). Edited HSQC correlations confirmed the presence of eight protonated 
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carbon resonances, two of which, δC 115.9 and δC 132.0 represented the four protonated 

carbons of the aforementioned phenol. The chemical shift of the carbon attached to the 

methyl protons at δH 3.46 (δC 27.9) indicated that it was substituted by a nitrogen atom, 

while the carbon attached to the methyl protons resonating at δH 3.73 (δC 58.4) was 

oxygenated.  

A 1,2-dioxygenated propyl group was assigned based upon COSY and HSQC 

correlations and a 4-hydroxy-2′-methoxycinnamate group was identified from analysis 

of HMBC correlations (Fig. 25). In particular, correlations were observed from a 

benzylic olefinic methine singlet at δH 7.13 to an oxygenated non-protonated sp
2
 carbon 

at δC 142.2, an unsaturated ester carbonyl carbon at δC 163.4 and the aromatic 

protonated carbon resonance at δC 132.0 assigned to C-5′′ and C-9′′ of the para-

substituted phenol system, while the methoxy proton signal at δH 3.73 also correlated to 

the carbon at δC 142.2. The regiochemistry of the double bond was established to be Z 

based on the observation that the methoxy carbon in E isomers resonates at 56 ppm 

while in Z isomers it resonates at 59 ppm.
257

 This regiochemistry was further supported 

by a strong ROESY correlation between the methoxy protons and the aromatic protons 

H-5′′and H-9′′ in duramidine C (10). A HMBC correlation between H-1′ and the ester 

carbonyl carbon at δC 163.4 provided evidence to link the 4-hydroxy-2′-

methoxycinnamate group to C-1′ of the propyl group (Fig. 25). The chemical shift of H-

2′ (δH 4.71) suggested that it was the site of attachment of the sulfate ester group.  

The remaining molecular fragment, C20H20N4O10S, represented seven degrees of 

unsaturation.  A coupling of 186 Hz from the proton at δH 8.74 to the carbon at δC 146.5 

was consistent with it being a protonated aromatic carbon substituted by a nitrogen 

atom.
258

 A weak HMBC correlation was observed from this proton to an oxygenated 

carbon at δC 149.7. The propyl protons H-1′ and H-2′ both correlated to carbons 

resonating at δC 146.5 (C-6 and C-7). The N-methyl protons at δH 3.46 correlated to two 
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carbons that both resonated at δC 149.7. The unassigned exchangeable proton at δH 

11.95 showed HMBC correlations to quaternary carbons resonating at δC 160.0, 127.6 

and 149.7, which suggested an imide group.
258

 These correlations in combination with 

chemical shift comparisons with literature data were consistent with 10 containing a 1-

methylpteridine moiety substituted at C-6 by the propyl side chain.
259

 

Duramidine C (10) was unstable in DMSO and readily converted to a molecule 

(11) with a molecular weight 80 amu smaller. (−)-HRESIMS analysis of its molecular 

ion at m/z 427.1244 allowed a molecular formula C20H19N4O7 to be assigned, indicating 

that 11 was the desulfated derivative of 10. The 
1
H NMR spectrum of this product was 

identical to that obtained for a second compound, duramidine D (11), isolated by HPLC 

purification of the crude extract (Fig. 27). The most prominent difference in the 
1
H 

NMR spectrum of 11 compared to that of 10 was the 0.28 and 0.51 ppm downfield 

shifts of the proton signals assigned to H-1′ and H-2′, respectively, and this was in full 

agreement with the molecule lacking a sulfate ester group at C-2′. Full 2D NMR 

analysis confirmed this assignment (Table 5, Fig. 28).  
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Figure 27. 
1
H (600 MHz) and 

13
C (125 MHz) NMR, and HMBC spectra for 11 

in DMSO-d6. 
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Figure 28. Key HMBC and ROESY correlations of duramidine D (11). 

 

 

Table 5. NMR data for duramidine D (11).
*
 

Position 13C 1H (mult., J in Hz) gCOSY gHMBC ROESY 

1-CH3 28.2 3.46 (s)  2, 8a  

2 150.0     

3  11.95 (s)  4, 4a  

4 159.8     

4a 127.6     

6 147.2     

7 146.5 8.82 (s)  4, 4a, 6 1', 2', 3', 3'' 

8a 149.3     

1' 78.5 5.71 (d, 6.0) 2' 6, 2', 3', 1'' 7, 2', 3' 

2' 67.3 4.10 (dq, 6.0, 6.0) 3', 1' 6, 1', 3' 1', 3' 

2'-OH  N.O.    

3' 19.1 1.17 (d, 6.0) 2' 1', 2' 1', 2' 

1'' 163.2     

2'' 142.4     

2''-OCH3 58.7 3.69 (s)  2'' 5'' 

3'' 124.7 7.06 (s) 5'' 1'', 2'', 2''-OCH3, 5'' 7, 5'' 

4'' 124.0     

5'', 9'' 132.0 7.67 (d, 8.4) 8'' 1'', 2'', 4'', 5'', 6''  2''-OCH3, 3'', 6'' 

6'', 8'' 115.6 6.81 (d, 8.4) 5'' 4'', 7'', 8'' 5'' 

7'' 158.7     

7''-OH  9.96 (s)    

*Spectra were recorded at 600 MHz in DMSO-d6 at 30°C.   N.O. = not observed. 

 

 
 

 

 Schmid has analyzed chemical shift and coupling constant data for a series of 1-

aryl-1,2-disubstituted propanes and concluded that vicinal coupling constants should be 

used cautiously when assigning either threo or erytho configuration and analysis of a 
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combination of data provides a more useful insight.
260

 There are six potential staggered 

conformations (three for erythro ET, EG1, EG2 and three for threo TT, TG1, TG2) for 

diasteromeric 1,2-disubstituted-1-aryl propanes (Fig. 29).  

 

 

Figure 29. Conformations of 1,2-disubstituted-1-arylpropanes. 

 

 

 Four of these conformations have the vicinal protons in a gauche relationship 

and two in a trans relationship. Since small vicinal coupling constants were observed 

between H-1′and H-2′ for 10 (4.2 Hz) and 2 (6.0 Hz) this suggests that H-1′ and H-2′ 

occupy a gauche conformation thus ruling out the two trans conformations (ET and TT). 

In the ROESY spectrum for 10 and 11, a strong ROE was observed between the methyl 

protons H3-3′ and H-1′ indicating that H3-3′ and H-1′ must also be in a gauche 

relationship. This observation also rules out the threo (EG1) and erythro (TG1) 

conformations. To distinguish between the two remaining conformations, ROESY 

correlations observed between H-2′ and H-7 were only possible in the threo isomer 

(TG2) since there protons occupy gauche positions, while in the erythro isomer (EG2) 

these protons are trans to each other and so are too far apart to show ROE correlations. 

Therefore the dioxygenated propyl side chain in 10 (and logically in 11 as well) was 

assigned as a threo relative configuration. Unfortunately the absolute configuration for 

10 and 11 could not be determined since the compound decomposed before any 
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chemical derivatization could be attempted. 

6-Propylpteridines have been isolated previously from insect,
261

 polychaete 

worm,
262

 sponge,
259; 263

 ascidian
264; 265 

and coral sources.
266

 However no sulfated 

pteridines, nor pteridines esterified with aromatic carboxylic acids, have been reported 

previously. 

The major metabolite from L. dubius, compound 13, was identified as the known 

indole alkaloid leptoclinidamine C (Fig. 31) following comparison of (±)-LRESIMS, 
1
H 

NMR (Fig. 30) and [α]D data with literature values.
253

 This compound was first 

published in 2009 and was initially purified from a L. durus specimen collected on the 

GBR, in a similar area to where the QID6001131 was sourced. The absolute 

stereochemistry at C-10 has not been determined. 

 

 

Figure 30. 
1
H NMR spectrum for 13 was recorded at 600 MHz in DMSO-d6. 
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Figure 31. Leptoclinidamine C (13) isolated from L. durus. 

 

 

Leptoclinidamine E (12) was isolated as its TFA salt and was a pale yellow gum. 

The (+)-LRESIMS of 12 showed an isotopic cluster at m/z 462 / 464 / 466 (1 : 2 : 1), 

which indicated that the molecule contained two bromine atoms. The molecular formula 

of the freebase of 12, C15H18Br2N3O2S
+
, was determined following analysis of (+)-

HRESIMS data. NMR data analysis of compound 12 indicated that it contained a 1,3-

dimethyl-5-methylsulfanylimidazole moiety similar to that found in leptoclinidamine C, 

but differences were clearly evident in the downfield region of the spectrum compared 

to 13. 
1
H NMR data for 12 (Table 6, Fig. 32) pointed to the presence of two mutually 

coupled methylene groups, an amide triplet, an aromatic singlet that integrated to two 

protons, suggestive of a symmetrical 1,2,3,5-tetrasubstituted phenyl group, in addition 

to signals for a 1,3-dimethyl-5-methylsulfanylimidazole group. COSY, HSQC and 

HMBC correlations confirmed the presence of a substituted histamine in 12 since 

correlations from the methylene protons at δH 3.02 of an ethylamido group were 

observed to C-11 and C-12 of the imidazole moiety (Fig. 32 and 33). Strong HMBC 

correlations from the aromatic resonance at δH 7.96 to downfield carbons at δC 163.7, 

153.5 and 131.2 suggested 12 contained a para-hydroxy benzoyl moiety. An additional 

correlation from these protons to a carbon resonance at δC 111.7 supported the 

positioning of the two bromine atoms at C-2 and C-6 of the benzoyl system on the basis 

of the diagnostic carbon chemical shift at δC 111.7 being similar to that reported for the 

previously isolated compounds, cadiolides A and B.
267

 HMBC cross-peaks observed 
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from both the methylene protons at δH 3.48 and the amide proton at δH 8.69 to the 

benzoyl carbon at δC 163.7 (C-7) indicated that an amide bond linked the benzoyl group 

to the histamine moiety (Fig. 32). Leptoclinidamine E was therefore assigned structure 

12. 
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Figure 32. 
1
H (600 MHz) NMR and HMBC spectra for 12 in DMSO-d6. 

 

 

 

               

Figure 33. Key HMBC and ROESY correlations of leptoclinidamine E (12). 
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Table 6. NMR data for leptoclinidamine E (12).
*
 

Position 13C 1H (mult., J in Hz) gCOSY gHMBC ROESY 

1 153.5     

1-OH  10.66 (brs)    

2 111.7     

3 131.2 7.96 (s)  1, 3, 4, 6, 7 8-NH 

4 131.4     

5 131.2 7.96 (s)  1, 2, 4, 5, 7 8-NH 

6 111.7     

7 163.7     

8-NH  8.69 (t, 6.0) 9 7 5 

9 37.2 3.48 (dt, 6.0, 6.6) 10, 8-NH 7, 11 10 

10 26.6 3.02 (t, 6.6) 9 9, 11, 12 9 

11 137.3     

12 125.7     

12-SCH3  2.28 (s)  12  

13-CH3 33.8 3.81 (s) 14 12, 14 14 

14 138.2 9.19  (s) 13-CH3 11, 12, 13-CH3, 15-CH3 13-CH3, 15-CH3  

15-CH3 33.3 3.85 (s) 14 11, 14 10, 14 

*Spectra were recorded at 600 MHz in DMSO-d6 at 30°C. 

 

 

 

 

2.4.3. QID2243662 (Leptoclinides dubius Sluiter, 1909) 

The freeze-dried and ground sample of L. dubius (QID2243662) was 

exhaustively extracted with n-hexane, CH2Cl2 and MeOH. The combined 

CH2Cl2/MeOH extract (1.9 g) was initially separated on a semi-preparative HPLC using 

a Betasil C18 column and MeOH/H2O/0.1% TFA gradient (see Scheme 4). The resulting 

fraction 30 (Fig. 34A) was further purified on a semi-preparative HPLC using a Luna 

C18 and a MeOH/H2O/0.1% TFA gradient (Fig. 34B). This last purification step yielded 

the known marine natural product, aaptamine (14, 1.7 mg, 0.017% dry wt.), as its TFA 

salt (Fig. 34 and 36). 
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Scheme 4. Extraction and isolation procedure for L. dubius (QID2243662). All 

HPLC purifications were performed using gradient methods. 

 

 

 

 

 

 

 

Leptoclinides dubius (10 g) 

Sample code: QID2243662 

CH2Cl2/ MeOH 

extract 

1.9 g 

n-Hexane extract 

11.5 mg 

 

Semi-preparative HPLC 

Betasil C18 

MeOH/ H2O/ 0.1% TFA 

 

Semi-preparative HPLC 

Luna C18 

MeOH/ H2O/ 0.1% TFA 

 

Fraction 30 

3.4 mg 

 

Fractions 36+37 

Aaptamine (14) 

1.7 mg, 0.017% dry wt. 
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Figure 34. (A) HPLC UV chromatogram of the first large-scale purification step 

of L. dubius from which fraction 30 was obtained. (B) Further purification of fraction 

30 yielded compound 14 (fractions 36+37). Each minute in the chromatograms 

represents one fraction.  

 

 

 Analysis of 1D / 2D NMR [
1
H (Fig. 35), gCOSY, gHSQC, gHMBC, ROESY] 

and MS data for 14 combined with literature data comparison identified this compound 

as the TFA salt of aaptamine. Key HMBC and ROESY correlations used in the structure 

elucidation of aaptamine are shown in Fig. 37. This marine alkaloid was first isolated by 

Nakamura and collaborators from the tropical sea sponge Aaptos aaptos Schmidt, 

1864.
268

 Aaptamine, which contains a benzol[de][1,6]-naphthyridine framework and has 

been isolated from different species of sponge; nevertheless, all of them belong to the 

class Demospongiae. This is the first time that aaptamine has been isolated from an 

ascidian. Since 14 has been isolated from different sponge genera, collected in different 

locations, and even from a different phylum (i.e. Chordata), it is hypothesised that the 

real source of this natural product is a symbiotic microorganism. Proof that this natural 

A 

B 

UV key: 
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product is produced by a microbial symbiont has been provided with the report that the 

marine bacterium Suberea creba collected in New Caledonia also produces 

aaptamine.
269

 

 

 

Figure 35. 
1
H (600 MHz) NMR spectrum for 14 was recorded in DMSO-d6. 

 

 

 

Figure 36. Chemical structure of aaptamine, which was first isolated from the 

marine sponge Aaptos aaptos by Nakamura et al.
268

 

 

 

 The 1D and 2D NMR data used to confirm that compound 14 was the previously 

isolated marine natural product, aaptamine, can be found in Appendix 1. 
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Figure 37. Key HMBC and ROESY correlations aaptamine (14). 

 

 

2.4.4. QID019769 (Polysyncraton glaucum Kott, 2001) 

A freeze-dried and ground sample of P. glaucum was exhaustively extracted 

with n-hexane, CH2Cl2 and MeOH (see Scheme 5). The CH2Cl2/MeOH extracts were 

combined (720 mg) and then subjected to C18 semi-preparative HPLC (Fig. 38) using a 

MeOH/H2O/0.1% TFA gradient to yield the previously reported ascidian natural 

product, 9-{9H-pyrido[3,4-b]indol-9-yl}-9H-pyrido[3,4-b]indole (15, 5.73 mg, 0.057% 

dry wt.) as its TFA salt (Fig. 39). 
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Scheme 5. Extraction and isolation procedure for P. glaucum (QID019769). All 

HPLC purifications were performed using gradient methods. 

 

 

 

 

 

Figure 38. HPLC UV chromatogram of the first large-scale purification step of 

P. glaucum from which compound 15 (fraction 30) was obtained. Each minute in the 

chromatogram represents one fraction. 
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5.73 mg, 0.057% dry wt. 
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Figure 39. Chemical structure of the β-carboline dimer, which was first isolated 

from the marine ascidian Didemnum sp.
270

 

 

 

Compound 15 was isolated as a stable light brown gum. The purity was 

confirmed by 
1
H NMR spectroscopy (Fig. 40) and the molecular weight of the free base 

of 15 was determined to be 336 Da following (+)-LRESIMS analysis. 1D and 2D NMR 

data analysis for 15 in conjunction with literature searching identified this compound as 

the known natural product, -carboline dimer (Fig. 39 and 40). Key HMBC and 

ROESY correlations used in the structure elucidation of this symmetrical dimer are 

shown in Fig. 40. This compound has been previously synthesized
271

 and has also been 

isolated from the Great Barrier Reef ascidian, Didemnum sp.
270

 The 1D and 2D NMR 

data used to confirm the chemical structure for compound 15 can be found in Appendix 

1. 

 

 

Figure 40. Key HMBC and ROESY correlations for -carboline dimer (15).  
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Figure 41. 
1
H (600 MHz) and 

13
C (125 MHz) NMR spectra for 15 were recorded 

in DMSO-d6. 

 

 

2.5. Experimental 

 

2.5.1. General experimental procedures 

  NMR spectra were recorded at 30˚C on a Varian 500 MHz or 600 MHz 
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spectrometer. The latter instrument was equipped with a triple resonance cold probe. 

The 
1
H and 

13
C chemical shifts were referenced to the solvent peak for DMSO-d6 at δH 

2.49 and δC 39.5. LRESIMS were recorded on a Applied Biosystems Mariner 

Biospectrometry TOF workstation using either negative or positive electrospray 

ionization, and a mobile phase of 1:1 MeOH:H2O. HRESIMS were recorded on a 

Bruker Daltronics Apex III 4.7e Fourier-transform mass spectrometer. IR and UV 

spectra were recorded on a Bruker Tensor 27 spectrometer and a Shimadzu UV-1800 

UV spectrophotometer, respectively. Optical rotations were measured on a JASCO P-

1020 polarimeter and [α]D values are given in 10
–1

 deg cm
2
 g

–1
. Alltech Davisil 30–40 

µm 60 Å C18 bonded silica was used to pre-adsorb the ascidian extracts prior to HPLC 

separation. An Alltech stainless steel guard cartridge (10 × 30 mm) was used for 

packing the pre-adsorbed material. A Waters 600 pump equipped with a Waters 996 

PDA detector and a Waters 717 autosampler were used for HPLC separations. LC/MS 

analysis was performed on a Waters Alliance system (2790) using a Phenomenex Luna 

C18 3 µm 100 Å column (4.6 × 50 mm). A Phenomenex C18 Monolithic HPLC column 

(4.6 × 100 mm) was used for analytical HPLC separations of the crude ascidian 

extracts. A Betasil C18 5 µm 143 Å column (21.2 mm × 150 mm) and a Phenomenex 

Luna C18 5 μm 100 Å column (21.2  250 mm) were used for semi-preparative HPLC 

separations. All solvents used for chromatography, UV, and MS were Lab-Scan HPLC 

grade, and the H2O was Millipore Milli-Q PF filtered. All chemical reagents were 

purchased from Sigma-Aldrich. 

 

2.5.2. Small-scale extraction and HPLC of 143 ascidian samples 

A small amount (300 mg) of freeze-dried and ground sample from each of the 

143 chosen didemnids was obtained from the Nature Bank biota library. Each sample 

was packed into a SPE cartridge, and then extracted with CH2Cl2 (8 mL), then MeOH (8 
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mL). Both extracts were combined, dried down, and resuspended in DMSO (300 μL) to 

yield 143 separate ascidian-derived crude extracts. These extracts were fractionated by 

analytical HPLC in batches of 96 with 100 µL injected for each sample. The HPLC 

fractionation protocol used below was developed and reported by Camp et al. for 

natural product drug discovery.
272

 HPLC separations were performed on a Phenomenex 

C18 Monolithic HPLC column (4.6 mm × 100 mm) using conditions that consisted of: a 

linear gradient from 90% H2O (0.1% TFA)/10% MeOH (0.1% TFA) to 50% H2O (0.1% 

TFA)/50% MeOH (0.1% TFA) in 3 min at a flow rate of 4 mL/min; a convex gradient 

to MeOH (0.1% TFA) in 3.50 min at a flow rate of 3 mL/min, held at MeOH (0.1% 

TFA) for 0.50 min at a flow rate of 3 mL/min, held at MeOH (0.1% TFA) for a further 

1.0 min at a flow rate of 4 mL/min; then a linear gradient back to 90% H2O (0.1% 

TFA)/10% MeOH (0.1% TFA) in 1 min at a flow rate of 4 mL/min, then held at 90% 

H2O (0.1% TFA)/10% MeOH (0.1% TFA) for 2 min at a flow rate of 4 mL/min.  The 

total run time for each extract injection was 11 min, and 11 fractions were collected 

between 2.0–7.0 min, i.e. fraction 1 (time = 2.00–2.33 min), fraction 2 (time = 2.34–

2.66 min), fraction 3 (time = 2.67–3.00 min), fraction 4 (time = 3.01–3.50 min), fraction 

5 (time = 3.51–4.00 min), fraction 6 (time = 4.01–4.50 min), fraction 7 (time = 4.51–

5.00 min), fraction 8 (time = 5.01–5.50 min), fraction 9 (time = 5.51–6.00 min), fraction 

10 (time = 6.01–6.50 min), and fraction 11 (time = 6.51–7.00 min).  After injection of 

every eight crude ascidian extracts, a standard mixture consisting of methyl 4-hydroxy 

benzoate 99% (Aldrich Cat # M50109-5 g), ethyl 4-hydroxy benzoate 99% (Aldrich Cat 

# 111988-5 g), benzophenone 99% (Aldrich Cat # B930-0-25 g), and uracil 99% (Sigma 

Cat # U-0750-5 g) (all 0.125 mg/mL in DMSO) was injected as a positive control for 

the HPLC fractionation process. For the chemical investigation work, each fraction was 

dried down resuspended in 250 µL MeOH and transferred to a 96-well microplate. All 

fractions (20 µL) were injected at a flow rate of 3 mL/min into the mass spectrometer 
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(Mariner™ Biospectrometry Workstation, Applied Biosystem), and analyzed by (±)-

LRESIMS. 

 

2.5.3. LC/MS analysis of purified compounds 

All compounds were analyzed by LC/MS (Waters Alliance 2790) in order to 

determine their molecular weight and purity. The compounds were resuspended in 

100% MeOH and an aliquot was transferred to a 96-well microplate. An analytical C18 

Luna 3 µm 100 Å column (50 × 4.6 mm) was conditioned with 10% MeOH (0.1% 

Formic Acid)/90% H2O (0.1% Formic acid) at a flow rate of 1 mL/min for 5 min before 

the injection of the sample. The HPLC conditions involved a linear gradient from 90% 

H2O (0.1% Formic Acid)/10% MeOH (0.1% Formic Acid) to 100% MeOH (0.1% 

Formic Acid) in 11 min, followed by isocratic conditions of MeOH (0.1% Formic Acid) 

for 5 min. Finally, a linear gradient to 90% H2O (0.1% Formic Acid)/10% MeOH (0.1% 

Formic Acid) was performed in 1 min, and these conditions were maintained for 3 min 

prior to the next injection. The data was processed using the MassLynx MS Software 

(Waters). 

 

2.5.4. Collection and identification of the ascidians 

QID024908:  Leptoclinides kingi, Michaelsen, 1930 (Didemnidae) was collected 

by SCUBA diving at a depth of 26.7 m in the channel between Hook and Hardy Reefs, 

Great Barrier Reef, Queensland, Australia during June 1999. A voucher sample, 

G315000, has been deposited at the Queensland Museum, South Brisbane, Queensland, 

Australia. 

QID6001131: Leptoclinides durus, Kott, 2001 (Didemnidae) was collected by 

SCUBA diving at a depth of 23 m at Surprise Reef, Swain Reefs region of the southern 

Great Barrier Reef, Queensland, Australia during February 2001. A voucher specimen, 
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G317469, has been deposited at the Queensland Museum, South Brisbane, Queensland, 

Australia.  

QID2243662: Leptoclinines dubius, Sluiter, 1909 (Didemnidae) was collected 

by SCUBA diving at a depth of 30 m at Swain Reefs, Great Barrier Reef, in 

Queensland, Australia during February 2001. A voucher specimen, G317781, has been 

deposited at the Queensland Museum, South Brisbane, Queensland, Australia. 

QID019769: Polysyncraton glaucum, Kott, 2001 (Didemnidae) was collected by 

SCUBA diving at a depth of 18 m at Tenements II, Capricorn Bunker Group, Great 

Barrier Reef, Queensland, Australia during August 1996. A voucher specimen, 

G307367, has been deposited at the Queensland Museum, South Brisbane, Queensland, 

Australia. 

 

2.5.5. Extraction and Isolation 

  The freeze-dried and ground raw material (10 g) for each of the four prioritized 

ascidians (QID024908, QID6001131, QID2243662, QID019769) were poured into 

separate conical flasks (1 L); n-hexane (250 mL) was added and all flasks were shaken 

at 200 rpm for 2 h. The n-hexane extract was filtered under gravity, dried down, 

weighted and stored at −20ºC. CH2Cl2:MeOH (4:1, 250 mL) were added to the de-fatted 

samples in the conical flasks and shaken at 200 rpm for 2 h. The resulting extract was 

filtered under gravity, and set aside. MeOH (250 mL) was added to the ascidian 

samples, and the flasks shaken at 200 rpm for 2 h before filtration. Another volume of 

MeOH (250 mL) was then added and the MeOH/ascidian mixtures were shaken for a 

further 16 h at 200 rpm, followed by gravity filtration. Finally, all CH2Cl2/MeOH 

extracts were combined and dried under reduced pressure, weighed [QID024908 (1.0 

g); QID6001131 (883 mg); QID2243662 (1.9 g); QID019769 (720 mg)] and stored at 

−20ºC.  
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Each of the four CH2Cl2/MeOH extracts were subjected to identical reversed-

phase C18 HPLC conditions for the first fractionation step.  This involved the   

resuspension of each crude extract in MeOH/ CH2Cl2, and pre-adsorption to C18-bonded 

silica followed by packing into stainless steel guard cartridges (10 × 30 mm). These 

cartridges were subjected to semi-preparative HPLC using a C18 Betasil column (21.2 

mm × 150 mm) at a flow rate of 9 mL/min. Isocratic conditions of 10% MeOH (0.1% 

TFA)/90% H2O (0.1% TFA) were initially performed for the first 10 min, followed by a 

linear gradient to 100% MeOH (0.1% TFA) in 40 min, then isocratic conditions of 

100% MeOH (0.1% TFA) were run for 10 min. Sixty fractions (60 × 1 min) were 

collected from the start of the HPLC run, fractions containing some UV activity were 

analyzed by (±)-LRESIMS and 
1
H NMR spectroscopy.  

 

QID024908: Fraction 37 (11.2 mg) obtained from the first HPLC separation was 

further purified using a Luna C18 HPLC column (21.2 × 250 mm) at a flow rate of 

4 mL/min and isocratic conditions of 10% MeOH (0.1% TFA)/90% H2O (0.1% TFA) 

for 10 min, followed by a linear gradient to 65% MeOH (0.1% TFA)/35% H2O (0.1% 

TFA) in 10 min, and then to 85% MeOH (0.1% TFA)/15% H2O (0.1% TFA) for 

30 min. A linear gradient to 100% MeOH (0.1% TFA) for 5 min was then run, followed 

by isocratic conditions of 100% MeOH (0.1% TFA) for 5 min. Lyophilization of 

fraction 47 yielded kingamide A (1, 5.23 mg, 0.052% dry wt.). 

 

Kingamide A (1): stable yellow gum; [α]D −18 (c 

0.174, MeOH); UV (MeOH) λmax (log ε) 256 (4.33), 

274 sh (4.18), 296 sh (3.79) nm; IR νmax (film) 3600–
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3100 (br), 2360, 2342, 1709, 1591, 1548, 1453, 1267, 1165 cm
−1

; 
1
H (600 MHz) and 

13
C (125 MHz) NMR data see Table 3; (−)-LRESIMS m/z (rel. int.) 489 (100), 491 

(100); (−)-HRESIMS m/z 488.9933 [M − H]
−
 (calcd for C20H14

79
BrN2O8, 488.9939). 

 

Determination of absolute stereochemistry for kingamide A 

  Compound 1 (0.45 mg) was dissolved in 6N HCl (1.0 mL) and heated in an N2 

flushed sealed vial at 105ºC for 15 h.  The resulting hydrolysate was lyophilized, 

dissolved in H2O (25 µL) and 1N NaHCO3 (208 µL) then derivatized with 1-fluoro-2,4-

dinitrophenyl-5-L-alanine amide (FDAA)
 
(2.7 mg) in acetone (270 µL) at 40ºC for 1 h. 

The reaction mixture was neutralized with 2N HCl (104 µL) and stored in the dark until 

LC-MS analysis was undertaken. LC-MS analysis using a Phenomenex Luna C18 3 µm 

100 Å column (50 × 4.6 mm); linear gradient elution, H2O (0.1% formic acid)/MeOH 

(0.1% formic acid) from 100:0 to 80:20 in 5 min, then to 50:50 in 30 min, and to 0:100 

in 5 min, holding for 10 min at a flow rate of 1.0 mL/min) of FDAA-derivatized 

hydrolysates established the stereochemistry of the constituent amino acid. Each peak in 

the chromatographic traces was identified by comparing its retention time and 

molecular weight with that of the FDAA derivative of the pure amino acid standard and 

by co-injection. Based on (−)-LRESIMS data, HPLC retention times and co-injection 

with standard amino acid derivatives, the hydrolysate of 1 was shown to contain D-

aspartic acid 

 

QID6001131: Fractions 33 (4 mg) and 34 (3 mg) obtained from the first HPLC 

separation were further purified using a Luna C18 HPLC column (20 × 250 mm) at a 

flow rate of 4 mL/min and isocratic conditions of 5% MeOH (0.1% TFA)/95% H2O 

(0.1% TFA) for 10 min, followed by a linear gradient to 60% MeOH (0.1% TFA)/40% 

H2O (0.1% TFA) in 10 min, and then to 90% MeOH (0.1% TFA)/10% H2O (0.1% 
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TFA) for 30 min. The purifications were finalized by a linear gradient to 100% MeOH 

(0.1% TFA) in 5 min, followed by isocratic conditions of 100% MeOH (0.1% TFA) for 

5 min. Fraction 33 yielded fractions 43 and 44 that were combined and purified using 

the same conditions described above, to yield duramidine C (10, 0.35 mg, 0.004% dry 

wt.). Fraction 34 yielded duramidine D (11, 0.77 mg, 0.008% dry wt.) and 

leptoclinidiamine E (12, 0.67 mg, 0.007% dry wt.), following lyophilization. Fraction 

36 (3 mg) obtained from the first isolation step was purified using a Luna C18 HPLC 

column (20 × 250 mm) at a flow rate of 4 mL/min and a linear gradient starting at 10% 

MeOH (0.1% TFA)/90% H2O (0.1% TFA) and finishing at 50% MeOH (0.1% TFA)/ 

50% H2O (0.1% TFA) in 5 min. This was followed by a linear gradient to 80% MeOH 

(0.1% TFA)/20% H2O (0.1% TFA) in 30 min, and then a gradient to 100% MeOH 

(0.1% TFA) in 10 min, which was held at these conditions for a further 5 min. This 

afforded leptoclinidamine C (13, 1.3 mg, 0.013% dry wt.), which eluted at 43–44 min. 

 

Duramidine C (10): unstable yellow gum; [α]D +93 (c 

0.044, MeOH); UV λmax (MeOH)/nm (log ε) 233 (4.12), 

250 sh (3.98), 316 (4.24); 
1
H and 

13
C NMR data (DMSO-

d6) see Table 4; (−)-LRESIMS (rel. int.) m/z 427 [M - SO3H]
−
 (100); (−)-HRESIMS m/z 

507.0808 (calcd for C20H19N4O10S, 507.0827). 

 

Duramidine D (11): stable yellow gum; [α]D +7 (c 

0.023, MeOH); UV λmax (MeOH)/nm (log ε) 230 (3.77), 

249 sh (3.65), 313 (3.75); 
1
H and 

13
C NMR data 

(DMSO-d6) see Table 5; (−)-LRESIMS (rel. int.) m/z 427 [M – H]
−
 (100); (−)-

HRESIMS m/z 427.1244 (calcd for C20H19N4O7, 427.1244). 
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Trifluoroacetate Salt of Leptoclinidiamine E (12): 

stable yellow gum; UV λmax (MeOH)/nm (log ε) 224 

(4.24), 286 (3.30); IR νmax (film)/cm
−1

 3430, 2952, 

1684, 1653; 
1
H and 

13
C NMR data (DMSO-d6) see Table 6; (+)-LRESIMS (rel. int.)  

m/z 462 [M – CF3COO
-
]
+
 (50), 464 [M – CF3COO

-
]

+
 (100), 466 [M – CF3COO

-
]

+
 (50); 

(+)-HRESIMS m/z 461.9484 (calcd for C15H18
79

Br2N3O2S, 461.9481). 

 

Trifluoroacetate Salt of Leptoclinidamine C 

(13): stable colourless gum; [α]D
25  −32.3 (c 

0.06, MeOH); literature value
247

 [α]D
23  −39.4 

(c 0.036, MeOH); 
1
H NMR (600 MHz, 

DMSO-d6) H 2.31 (3H, s, 13-SCH3), 3.27 (1H, dd, J = 15.0, 9.8 Hz, H-11a), 3.46 (1H, 

dd, J = 15.0, 5.6 Hz, H-11b), 3.78 (3H, s, 14-NCH3), 3.88 (3H, s, 16-NCH3), 4.87 (1H, 

ddd, J = 9.8, 7.8, 5.6 Hz, H-10), 7.24 (1H, dd, J = 7.9, 1.8 Hz, H-5), 7.64 (1H, d, J = 1.8 

Hz, H-7), 8.07 (1H, d, J = 2.9 Hz, H-2), 8.41 (1H, d, J = 7.8 Hz, H-9), 9.16 (1H, s, H-

15), 11.72 (1H, brs, H-1); (+)-LRESIMS (rel. int.) m/z 451 (100) [M - CF3COO
-
]

+
, 453 

(100) [M - CF3COO
-
]

+
. 

 

QID2243662: Fraction 30 obtained from the first isolation step was purified at a 

flow rate of 4 mL/min and isocratic conditions of 10% MeOH (0.1% TFA)/90% H2O 

(0.1% TFA) for 10 min, followed by a linear gradient to 65% MeOH (0.1% TFA)/35% 

H2O (0.1% TFA) in 10 min, and then to 85% MeOH (0.1% TFA)/15% H2O (0.1% 

TFA) for 30 min. A linear gradient to 100% MeOH (0.1% TFA) for 5 min was then run, 

followed by isocratic conditions of 100% MeOH (0.1% TFA) for 5 min. Fractions 36 

and 37 were combined, lyophilized, and yielded aaptamine (14, 1.7 mg, 0.017% dry 

wt). 
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Trifluoroacetate Salt of Aaptamine (14): stable yellow 

gum; 
1
H NMR (600 MHz, DMSO-d6) H 3.82 (3H, s, 9-

OCH3), 3.98 (3H, s, 8-OCH3), 6.37 (1H, dd, J = 6.6, 0.6 Hz, 

H-3), 6.89 (d, J = 7.2 Hz, H-6), 7.14 (1H, s, H-7), 7.42 (1H, dd, J = 7.2, 5.1 Hz, H-5), 

7.85 (1H, dd, J = 6.6, 6.0 Hz, H-2), 12.25 (1H, brd, J = 6.0 Hz, H-1), 12.51 (1H, brd, J 

= 5.1 Hz, H-4); 
13

C NMR (125 MHz, DMSO-d6) C 56.5 (8-OCH3), 60.4 (9-O CH3), 

98.2 (C-3), 101.0 (C-7), 112.7 (C-6a), 116.6 (C-9b), 129.7 (C-5), 131.4 (C-9), 132.6 (C-

6a), 133.7 (C-9a), 142.0 (C-2), 149.7 (C-3a), 156.9 (C-8); (+)-LRESIMS (rel. int.) m/z 

229 (100) [M - CF3COO
-
]

+
. 

 

  QID019769: Lyophilization of fraction 30 obtained from the first HPLC 

separation afforded the previously reported ascidian natural product, 9-{9H-pyrido[3,4-

b]indol-9-yl}-9H-pyrido[3,4-b]indole (15, 5.73 mg, 0.057% dry wt.) as its TFA salt. 

 

Bis-Trifluoroacetate Salt of 9-{9H-pyrido[3,4-b]indol-9-

yl}-9H-pyrido[3,4-b]indole (15): stable yellow solid; 
1
H 

NMR (600 MHz, DMSO-d6) H 7.08 (d, J = 8.3 Hz, H-8), 

7.59 (dd, J = 7.8, 7.8 Hz, H-6), 7.67 (ddd, J = 8.3, 7.8, 1.0 Hz, H-7), 8.68 (1H, d, J = 7.8 

Hz, H-5), 8.78 (1H, d, J = 5.8 Hz, H-3), 8.81 (1H, d, J = 5.8 Hz, H-4), 8.98 (1H, brs, H-

1); 
13

C NMR (125 MHz, DMSO-d6) C 109.7 (C-8), 117.2 (C-4), 119.9 (C-4b), 123.3 

(C-6), 123.9 (C-5), 128.3 (C-1), 131.2 (C-4a), 131.6 (C-7), 135.8 (C-9a), 137.1 (C-3), 

141.3 (C-8a); (+)-LRESIMS (rel. int.) m/z 168 (100) [M - 2CF3COO
-
]
+
, 335 (10) [M - 

CF3COO
-
]

+
. 
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Chapter 3: Optimization of the cytotoxicity screening against LNCaP 

 

 The second part of this project consists of the screening and bioassay-guided 

fractionation of the ascidian extracts that comprise the small library generated in the 

previous chapter. These extracts were screened in the prostate cancer cell line LNCaP 

and the breast cancer cell line MDA-MB-231 using the real time cell analyzer 

xCELLigence system (RTCA). The RTCA measures proliferation rate, adherence and 

morphology based on impedance changes. Together these cellular parameters compose 

the cell index (CI) of the culture. For an optimal result, the cells used in this assay 

should have good adherence to the plate, should not dislodge, and have a minimum CI 

of 0.5 at the treatment step. 

 The breast cancer cell line MDA-MB-231 fulfilled all the requirements for the 

RTCA assay. However, LNCaP cells displayed a characteristically poor attachment to 

surfaces and could be easily dislodged through modest mechanical forces like fluid 

shear stress. The androgen-sensitive human prostate adenocarcinoma cell line, LNCaP, 

represents an early stage of the disease and is one of the most important model systems 

in prostate cancer research. It was derived from a metastatic lesion in the lymph node of 

a 50-year old Caucasian male in 1977.
273; 274

 Different surface coating substances and 

protocols were tested to increase the adherence of LNCaP cells to the substrate. Besides 

the optimization of the RTCA assay, the influence of the coatings on cell behavior was 

investigated using different approaches, such as high content screening, AlamarBlue
®

 

assay, confocal and time-lapse microscopy, qRT-PCR, and scratch wound assay. 
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3.1. Material and Methods 

 

3.1.1. Cell culture 

The prostate cancer cell line LNCaP
273; 274

, a lymph node metastasis of prostatic 

adenocarcinoma, was obtained from American Type Culture Collection (ATCC, USA). 

LNCaP cells were routinely maintained in T-25 or T-75 culture flasks at 37ºC in a 5% 

CO2 humidified environment. The cells were grown in Roswell Park Memorial Institute 

(RPMI) growth media without phenol red (Invitrogen, USA) supplemented with 10% 

(v/v) heat-inactivated fetal bovine serum (FBS, Invitrogen, USA) up to 80% confluence. 

The culture medium was changed two to three times per week. For cell passaging, cells 

were rinsed with Dulbecco's Phosphate-Buffered Saline (DPBS, Invitrogen, USA), 

harvested using TrypLE™ Express (Invitrogen, USA), centrifuged at 400 × g, and 

resuspended in culture medium. Spare cells were resuspended in FBS containing 5% 

dimethyl sulfoxide (DMSO, Invitrogen, USA) and stored in liquid nitrogen (1 × 10
6
 

cells/mL).  It has been reported that LNCaP cells change cellular behavior after many 

passages.
275

 Hence, all cells used in the experiments were taken from passages between 

27 and 40. 

 

3.1.2. Coating conditions 

All coating reagents were prepared as recommended by the manufacturers. The 

volume and concentration of the substances used for coating the wells were 1.3 µL 

laminin (LAM, 0.5 mg/mL in H2O, Invitrogen, USA), 1 µL collagen from human 

placenta type IV (COL, 1 mg/mL in H2O, Invitrogen, USA), 0.4 µL fibronectin (FN, 1 

mg/mL in H2O, Invitrogen, USA), and 0.32 µL poly-L-lysine (PLL, 1 mg/mL in H2O, 

Invitrogen, USA). These coating reagents were mixed with H2O to a total volume of 50 

µL per well of a 96-well plate. 50 µL poly-L-ornithine (PLO, 0.01% in H2O, Sigma-
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Aldrich) were directly added to the wells, and the plates were incubated overnight at 

37ºC in 5% CO2. The incubation time for LAM and FN was 4 h using the same 

conditions described above. The coated wells were washed once with DPBS followed 

immediately by cell seeding. The amount of coating substances was adjusted according 

to the growth area when different culture vessels were used.  

 

3.1.3. Real time cell analyzer (xCELLigence System) 

The real time cell analyzer (RTCA) xCELLigence system (Roche Applied 

Science) comprises 4 main parts: the RTCA analyzer, the RTCA SP station, which stays 

inside a tissue-culture incubator, the RTCA computer with integrated software, and a 

96-well E-plate
®
. The bottom of the disposable 96-well E-plate

® 
is approximately 80% 

covered with gold microelectrodes that monitor the electronic impedance, detecting 

physiological changes of the cells. Cells in contact with the electrode will act as 

insulators, leading to an increase in impedance. Thus, the electrode impedance changes 

proportionally with alterations to number, size and adherence of cells growing in a 

monolayer (Fig. 42).
276; 277

 

Changes in electrical measured impedance are translated as the unitless term cell 

index (CI). CI = (Zi-Z0)/15, where Zi is the impedance at an individual point of time 

during experiment and Zo is the impedance at the start of the experiment. Thus, cell 

index is a quantitative measure of overall status of the cells in an electrode-containing 

well. This instrument has some advantages such as it is label free and monitors cells in 

real time.
276; 277
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Figure 42. Illustration of impedance measurement. (A) Background impedance 

is measured in the presence of growth medium but in the absence of cells. (B) One cell 

blocks the electrical current, increasing the impedance. (C) Two similar-sized cells 

increase the impedance twice as much as a single cell. (D) Two cells of larger size or 

with stronger adhesion cover a larger area and increase the impedance more than in 

C.
278

 

 

 

First, 100 µL of complete medium were added to each well for measurement of 

the background because it affects the ionic environment in the well. Then, LNCaP cells 

were seeded in a 96-well E-plates
® 

uncoated or
 
coated as described above at a density 

between 3 × 10
3
 and 20 × 10

3
 cells per well in triplicate. The E-plate

®
 was allowed to 

incubate at room temperature for 30 min and placed on the reader in the incubator for 

continuous recording of impedance as reflected by the cell index. The E-plate was 

incubated for 96 h at 37ºC in 5% CO2, and the attachment of the cells was monitored via 

the CI for 4 h every 2 min. After this period, the CI was measured every hour for 92 h.  
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3.1.4. Viability assay 

Cells were seeded into a polystyrene black clear bottomed 96-well plate, 

uncoated or coated with PLO, PLL, FN, LAM, and COL at a density of 10 × 10
3
 cells 

per well. After 24 h, 48 h, 72 h and 96 h, AlamarBlue
®
 (Invitrogen, USA) in an amount 

equal to 10% of the culture volume was added. The plates were returned to the 

incubator, and after 4 h the fluorescence was measured with excitation at 530nm and 

emission at 590 nm using the EnVision
®
 Multilabel Reader (PerkinElmer). Average 

values of triplicates were calculated after background correction. Note that the 

AlamarBlue
®

 assay provides a more accurate and sensitive indication of mitochondrial 

activity of growing cells through reduction of the AlamarBlue
®
 redox indicator.

279
  

 

3.1.5. Adhesion and morphology  

LNCaP cells were seeded in a polystyrene 96-well plate, uncoated or coated, at a 

density of 10 × 10
3
 cells per well. After 24 h, 48 h, 72 h and 96 h the cells were fixed 

with 4% paraformaldehyde (PFA) for 20 min on ice, washed three times for 5 min each 

with PBS and permeabilized with 0.2% Triton X-100/PBS for 10 min. After three 

washes of 5 min each, the cells were incubated for 15 min in the dark at room 

temperature with CellMask™ Deep Red Plasma membrane Stain (2.5 µg/mL, 

Invitrogen, USA) and 1 µg/mL 4',6-diamidino-2-phenylindole (DAPI, Invitrogen, 

USA). Then the cells were washed as previously and left in PBS for analysis using the 

Operetta
®

 High Content Imaging System (PerkinElmer). The assessment of cell 

adhesion was performed measuring the number of cells left attached to the plate after 

the washing steps. The morphology of the cells was studied by determining the area of 

the cells and of their nuclei by high content screening (HCS). The morphology of 

LNCaP cells in the presence of different coatings was also monitored by phase contrast 

microscopy using an OlympusIX70 microscope (10× lens).  
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3.1.6. Time-lapse imaging 

Surfaces of a 6 well/plate were coated as described above. LNCaP cells were 

seeded at a density of 0.15 × 10
6
 cells/well and monitored for 96 h. Every 15 min an 

image was taken with a Zeiss Axio Observer light microscope (objective 10×) to follow 

shape changes and migration during time. The videos can be found in the Appendix II. 

 

3.1.7. Distribution of F-actin 

LNCaP cells were grown on autoclaved glass cover slips uncoated and coated 

with PLL, PLO, FN, COL and LAM for 24 h and 96 h. Cells were then fixed with 4% 

paraformaldehyde for 20 min on ice, permeabilized with 0.2% Triton X-100/PBS for 10 

min and blocked with 1% bovine serum albumin (BSA)/PBS for 45 min. The cells were 

then incubated in the dark for 1 h at room temperature with rhodamine-phalloidin (1:40, 

Invitrogen, USA) and 1 µg/mL DAPI (Invitrogen, USA) diluted in phosphate buffer 

containing 1% BSA. The cells were washed three times for 5 min each after each step 

and finally mounted in ProLong
®
 Gold antifade reagent (Invitrogen, USA) and 

incubated in the dark at room temperature overnight. The following day, the coverslips 

were sealed with nail polish.  The immunofluorescence complexes were visualized with 

an Olympus (FV1000 Spectral) confocal microscope using a 60× lens. Optical 

sectioning was carried out by acquiring a stack of images at different focal positions 

along the z-axis. 

 

3.1.8. Scratch wound assay 

LNCaP cells (10 × 10
3 

cells/well) were seeded in a 96-well Essen ImageLock 

plate (Essen BioScience) uncoated or coated as described previously, and were grown to 

confluence in a CO2 humidified incubator. After 24 h, the scratch was made using the 

96-pin WoundMaker (Essen BioScience), which simultaneously creates precise and 
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reproducible wounds in all wells. The culture medium was aspirated and 200 µL of new 

medium was added. The plate was loaded in the IncuCyte™ live-cell imaging system 

(Essen BioScience) localized inside a standard incubator. Wound images were taken 

every 1 h for 36 h, and the data was analyzed by the integrated metric Relative Wound 

Density. This metric was calculated by an algorithm, part of the IncuCyte software 

package (Essen BioScience). It relies on the cell density in the wound area relative to 

the cell density outside of the wound area. The experiment was done in triplicate. 

 

3.1.9. Sensitivity to simvastatin 

The influence of FN, PLO and PLL coating on the cell sensitivity to simvastatin 

was investigated. Simvastatin is a hypolipidemic drug used to treat dyslipidemia and to 

prevent cardiovascular diseases. Recently, it has been shown that simvastatin also 

displays anticancer effects against prostate cancer.
280

 LNCaP cells were seeded in 

triplicate and grown in a 96-well E-plates
®
 as described above. After 24 h incubation, 

the cells were treated with different concentrations of simvastatin and monitored every 1 

h for 60 h using the RTCA. The IC50 for 24 h, 48 h and 72 h treatment were calculated 

using the software GraphPad Prism 5 (GraphPad Software). 

 

3.1.10. Quantitative real time polymerase chain reaction (qRT-PCR) 

Surfaces of a 6 well-plate were coated as described above. LNCaP cells were 

seeded at a density of 0.1 × 10
6
 cells/well and grown in RPMI growth media without 

phenol red (Invitrogen, USA) supplemented with 5% (v/v) heat-inactivated FBS 

(Invitrogen, USA). After 72 h, the growth media was substituted by charcoal-stripped 

(androgen depleted) serum RPMI media (CSS, Invitrogen, USA) supplemented with 5% 

(v/v) CSS and the cells were cultured for 48 h. Finally, LNCaP cells were treated with 
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20% (v/v) ethanol as control or the androgens R1881 (1 nM) and DHT (10 nM) for 30 

h.  

Total ribonucleic acid (RNA) was obtained using the RNeasy mini kit (Qiagen, 

USA) according to the manufacturer’s instructions. In summary, the cells were 

disrupted on ice using 350 µL/well of RLT buffer containing 10 µL/mL of β-

mercaptoethanol (Sigma-Aldrich, USA). The lysates were collected and stored at 

−80°C. After thawing on ice, they were vortexed for 30 s, and 350 µL of 70% ethanol 

was added, followed by mix-pipetting. The samples were transferred to the RNeasy spin 

column placed in a 2 mL collection tube and centrifuged for 30 s at 7500 × g. The flow-

through was discarded and 350 µL of RW1 buffer was added to the column followed by 

30 s of centrifugation at 7500 × g. To eliminate contamination with genomic DNA, 80 

µL of DNA digestion kit (10 µL DNase I stock and 70 µL of RDD buffer) were added 

to the column and incubated for 20 min at room temperature. Then, 350 µL of RW1 

buffer was added and the columns were centrifuged. After discarding the flow-through, 

500 µL of RPE buffer was added, followed by centrifugation. The same procedure was 

repeated again. A new 2 mL collection tube was used to collect the RNA after adding 

25 µL RNase-free water and centrifugation for 1 min at 10000 × g.  

The quantity and the quality of the RNA were measured using a Nano-drop UV 

spectrophotometer (ThermoFisher Scientific, USA). Subsequently, first strand 

complementary deoxyribonucleic acid (cDNA) was synthesized using up to 2 µg per 

sample of total RNA as template, SuperScript III RT enzyme (Invitrogen, USA), 

random hexamers and deoxyribonucleotide triphosphates (dNTPs) according to the 

manufacturer’s instruction. The synthesized cDNA was then diluted 1:6 with distilled 

water. qRT-PCR was performed using the SYBR® Green PCR Master Mix technology 

(Invitrogen, USA). Reactions were set up in triplicates in a 384 well plate where 2 µL of 

cDNA were mixed with the primer pair (Table 7) and 4 µL of SYBR® Green PCR 
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Master Mix in a total volume of 8 µL. The qRT-PCR thermal cycling protocol on an 

Abi 7900HT (Applied Biosystems) equipped with SDS 2.4 software (Applied 

Biosystems) was set to 50°C for 2 min, 95°C for 10 min, the amplification phase was 

repeated 40 times at 95°C for 15 s followed by 60°C for 1 min, and the dissociation 

phase was set at 95°C for 15 s, 60°C for 15 s and 95°C for 15 s with melting curve data 

collection activated between the last two temperature steps. The mRNA expression 

levels were quantified using the relative standard curve method according to the 

manufaturer’s instructions (Applied Biosystems). The messenger ribonucleic acid 

(mRNA) expression levels were normalized relative to the expression levels of the 

house keeping gene (GAPDH or RPL32) of the respective treatment and expressed as 

fold change relative to the control. A more than 1.5-fold change in gene expression in 

relation to the reference sample was considered to be biologically significant. 

 

Table 7. Sequences of the sense and antisense primers used for qRT-PCR experiments. 

Genes Primer pairs Concentration (µM) 

RPL32n 5’-CCCCTTGTGAAGCCCAAGA 

5’-GACTGGTGCCGGATGAACTT 

0.2 

PSA 5’-AGTGCGAGAAGCATTCCCAAC 

5’-CCAGCAAGATCACGCTTTTGTT 

0.2 

FKBP5 5’-AAAAGGCCACCTAGCTTTTTGC 

5’-CCCCCTGGTGAACCATAATACA 

0.2 

TMPRSS2 5’-CCATTTGCAGGATCCGTCTG 

5’-GGATGTGTCTTGGGGAGCAA 

0.2 

MKI67 5’-CAAATTACAAGACTCGGTCCCTG 

5’-GGGAGGTCTTCATGGGCTTC 

0.2 

FOXM1 5’-TCTCAAAAGACGGAGGCTGC 

5’-CTTCCTTGGAGGCCTCTGC 

0.2 

TOP2A 5’-CATTGAAGACGCTTCGTTATGG 

5’-CCAGTTGTGATGGATAAAATTAATCAG 

0.2 

ID1 5’-GAACTCGGAATCCGAAGTTGG 

5’-GTTTCCCCGTCGGTATAAGG 

0.5 

GAPDH 5’-GCAAATTCCATGGCACCGT 

5’-TCGCCCCACTTGATTTTGG 

0.4 

FKBP5 5’-AAAAGGCCACCTAGCTTTTTGC 

5’-CCCCCTGGTGAACCATAATACA 

0.2 
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RNF43 5’-TGACGCTGAGAAGCTGATGG 

5’-CCACCACTGTCATTAGGATCC 

0.5 

TFF1 5’-GAATTGTGGTTTTCCTGGTGTC 

5’-CAGATCCCTGCAGAAGTGTC 

0.4 

GADD45G 5’-GAGTCAGCCAAAGTCTTGAACGT 

5’-CGCAGCCAGCACACAGAA 

0.5 

SNAI2 5’-AAGCCAAACTACAGCGAAC 

5’-ATCTCTGGTTGTGGTATGACAG 

0.2 

CDH1 5’-GAACGCATTGCCACATACAC 

5’-ATTCGGGCTTGTTGTCATTC 

0.2 

VIM 5’-ACCAGCTAACCAACGACAAAG 

5’-GCTTCCTCTCTCTGAAGCAT 

0.5 

 

 

3.2. Results 

 

3.2.1. Optimal growing condition using RTCA 

The RTCA is a label free methodology that measures proliferation rate, 

adherence and morphology based on impedance changes. Together these cellular 

parameters compose the CI of the culture. We performed RTCA analysis of LNCaP 

cells seeded in wells pre-treated with the different coatings at cell densities between 

3000–20000 cells/well, and investigated both the attachment phase (24 h post seeding) 

and the proliferation phase (24 h to 96 h post seeding) of the cell culture (Fig. 43). It 

was assumed that the attachment of cells out of suspension onto the substrate and the 

cell morphology changes associated with this process were the major contributors to the 

CI during the early phase of the experiment. Indeed, comparison of the different seeding 

densities of the control and the coating reagents at 10 × 10
3
 cells/well after 24 h 

revealed that PLL increased the CI to a similar extent as doubling the number of seeded 

cells, i.e. from 10 × 10
3
 to 20 × 10

3
 cells/well (Fig. 43A). Hence, the contribution of 

proliferation to the CI for this period was considered marginal, which was further 

supported by the fact that LNCaP cells grown under similar conditions displayed a 
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doubling time of 36 h.
281

 At all cell densities, coating with FN resulted in the highest CI 

after 24 h, followed by PLL and PLO. PLL and PLO increased the CI at very similar 

rates up to 10 × 10
3 

cells/well, while PLO decreased the slope at all cell densities (Fig. 

43B). The LAM coating did not affect the CI when compared to control, while COL 

caused the CI to rise slower. Interestingly, this order was not affected by increasing the 

number of seeded cells. These findings suggested that FN, PLL and PLO markedly 

improved the attachment of LNCaP cells, with the ECM protein being superior to the 

poly-amino acids.   

The proliferation phase was monitored from 24 h after seeding the cells to 96 h 

(Fig. 43B). Assuming that coating-mediated effects on adherence and cell morphology 

have stabilized during the seeding phase, cell proliferation was the major contributor to 

the rising CI during the second phase of the experiment. At all cell densities tested, 

LNCaP cells grown on LAM displayed a rate of CI increase that was indistinguishable 

from that of control. In contrast, LNCaP cells grown on COL substrate showed a lag 

phase where the CI did not increase up to 48 h after seeding and an overall reduced rate 

of CI rise. These effects were independent of the number of seeded cells. At all cell 

densities the PLL substrate caused a detectable slowdown in the CI increase. The same 

effect was visible on PLO substrate at the highest seeding density (20 × 10
3
 cells/well), 

while the CI increased faster on PLO-coated substrate at lower seeding densities. Apart 

from the lowest cell density (3 × 10
3
), the CI rate increase of cells grown on FN 

substrate were consistently higher than control; an effect which appeared to be 

unaffected by increases in the number of seeded cells. Taken together, rises in cell 

density negatively affected the CI when LNCaP cells were grown on substrates coated 

with poly-amino acids (PLL and PLO) but were symptomless with ECM proteins (COL, 

LAM and FN). This observation is of particular importance for cell culture experiments 

where a high cell confluence is desirable. Furthermore, a seeding density of 3 × 10
3
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cells/well was overall detrimental to cell culture of LNCaPs, which was probably due to 

a scarcity of cell-cell contacts. Assuming that adhesion and cell morphology did not 

change dramatically during the proliferation phase of the experiment, the results 

suggested that FN and PLO had a modest positive effect on the growth of LNCaP cells, 

LAM was symptomless, and PLL and COL were detrimental.  

 

 

 

 

Figure 43. Effect of different coatings and cell densities on proliferation rate, 

adherence and morphology of LNCaP cells. (A) The cells were monitored for 24 h to 

analyze cell-substrate adherence from the time cells were added to the wells (t=0) using 

a real-time cell analyzer (xCELLigence, Roche). (B) Effects of the coatings on LNCaP 

A 

B 
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cells from 24–96 h. The data was normalized at 24 h for comparison of the slopes. Each 

data point is represented by its means (n=3) ± SD.  

 

 

3.2.2. Cell viability 

The cell index is a combined measure of the proliferation rate, adherence and 

morphology of the cells. Hence, the effects of the coating reagents on each of these 

parameters were investigated separately. The viability of LNCaP cells seeded at 10 × 

10
3
 cells/well in a 96 well plate was assessed using AlamarBlue

®
 assay. No change was 

noticed up to 48 h post-seeding with any of the coating reagents when compared to the 

control (Fig. 44). However, at 96 h a substantial decrease in cell viability of the cells 

grown in the wells coated with COL and LAM was observed, while FN, PLO or PLL 

did not affect cell viability when compared to control. Taken together, these results 

showed that the coating reagents laminin and collagen IV have a negative effect on cell 

viability/ metabolic activity of LNCaP cells. 
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Figure 44. Viability of LNCaP cells cultured in the presence of different coating 

substances. LNCaP cells were seeded at 10 × 10
3
 cells/well for 24 h, and metabolic 

activity/ cell viability was measured at the indicated time points [mean (n=3) ± SD] by 

AlamarBlue
®
 assay. 
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3.2.3. Attachment and cell morphology  

The other two parameters, attachment and cell morphology, that compose the CI 

were investigated. LNCaP cells cultured in the presence of different coating substances 

had their morphology and adherence investigated through high content screening 

(HCS). HCS of 10 × 10
3
 cells/well measured a substantially higher cell density (better 

attachment) after pre-treatment of wells with PLO or PLL when compared to control, 

FN, COL or LAM at all time points (Fig. 45A). Cells cultured in the presence of FN 

attached better than the control cells at 72 h and 96 h. Regarding cell morphology 

changes, the area of the nucleus and the total cell area were affected by all coatings 

(Figs. 45B and 45C). Relative to the control, COL and LAM decreased the respective 

areas, while cells seeded on PLO and PLL displayed enlarged nuclei and cells. LNCaP 

cells cultured on FN showed a mild increase in the nuclear and cellular areas.  

Phase contrast microscopy revealed that, after 24 h, LNCaP cells were attached 

to the surface in all coating conditions. The cells grown in wells pre-coated with FN 

(Fig. 46B), PLL (Fig. 46C), PLO (Fig. 46D), as well as the control (Fig. 46A) 

displayed a fibroblast shape. In contrast, LNCaP cells cultured on LAM (Fig. 46E) and 

COL (Fig. 46F) had a round shape and tended to aggregate. Moreover, the wells coated 

with LAM and COL displayed fewer cells when compared to the other coatings after 

24h. The same was observed after 96 h (Fig. 47E and F). After 96 h, most of the cells 

acquired a spindle shape in all coating conditions. We observed that the cells cultured in 

the presence of PLL (Fig. 47C) and PLO (Fig. 47D) were more evenly spread on the 

surface than the control cells (Fig. 47A). Cells on COL grew in groups of aggregates at 

96 h (Fig. 47F). 
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Figure 45. LNCaP cells seeded in polystyrene plate coated with indicated 

compounds were analyzed for cell density (A), nuclear area (B) and cellular area (C) 

using a high content screening instrument. 

 

 

 

Figure 46. Morphology of LNCaP cells grown for 24 h on different coated 

polystyrene well substrates. (A) No coating. (B) Fibronectin. (C) Poly-L-lysine. (D) 

Poly-L-ornithine. (E) Laminin. (F) Collagen type IV. Images were taken with an 

OlympusIX70, 10×. Scale bar = 100 µm. 
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Figure 47. Morphology of LNCaP cells grown for 96 h on different coated 

polystyrene well substrates. (A) No coating. (B) Fibronectin. (C) Poly-L-lysine. (D) 

Poly-L-ornithine. (E) Laminin. (F) Collagen type IV. Images were taken with an 

OlympusIX70, 10×. Scale bar = 100 µm. 

 

 

3.2.4. Time-lapse microscopy 

In other to investigate the effect of the coating reagents on cell mobility and 

morphology in real-time LNCaP cells were studied by time-lapse microscopy. Time-

lapse microscopy revealed that COL (Fig. 48A) and LAM (Fig. 48B) caused LNCaP 

cells to form aggregates. Cells grown in LAM- and FN-coated wells (Fig. 48B and C) 

displayed a higher mobility relative to the control (see Appendix II). The PLL- and 

PLO-treated samples displayed a similar morphology when compared to the control. 

However, LNCaP grown in these conditions attached faster than the control cells and 

migrated less. Videos of the time-lapse microscopy over a period of 96 h can be found 

in the Appendix II. 

 



115 

 

 

Figure 48. Snap shots from the 96 h time-lapse microscopy video (20×, Zeiss 

Axio Observer) of LNCaP cells grown in polystyrene wells treated with the indicated 

coating compounds: collagen type IV (A), laminin (B), and fibronectin (C). Arrows 

indicate lamellipodia of polarized cells. Scale bar = 50 µm. 

 

 

3.2.5. F-Actin organization 

To investigate the changes in cell morphology and mobility of LNCaP cells in 

more detail, we performed confocal fluorescence microscopy and investigated the F-

actin organization of LNCaP cells, such as the presence of lamellipodia (Fig. 49 and 

50). These structures consist of parallel-bundled actin filaments that probe the substrate 

to decide where and how the focal adhesions should be established to attach the cell, 

and it also contributes to the formation of actin stress fibers.
282; 283

 The adhesion and 

spreading of cells involves the remodeling of the cytoskeleton. Dynamic structures 

called focal contacts form around integrins in the adhesion sites. The integrins are 

bound to ECM components on one side, and to actin filaments called stress fibers on the 

other side. The application of force in one side cause reaction on the other, and this, 

together with integrin signaling pathways, determines the cell shape.
284

 Consistent with 

the results observed in the time-lapse microscopy experiment, cells grown for 24 h on 

FN- and LAM-treated glass cover slips presented long lamellipodia with stress fibers 

(Fig. 49B and 49C). After 96 h of growth, FN caused a substantial increase in actin 

staining and the F-actin fibers became more disorganized with some cortical actin 
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accumulation around the cell body and a reduced number of stress fibers (Fig. 50B). 

Furthermore, the cells lost their polarity as shown in Fig. 50B. Cells grown in the 

presence of PLL (Fig. 49D and 50D) and PLO (Fig. 49E and 50E) displayed a more 

diffuse actin pattern with some concentrated actin staining at the cell periphery at 24 h 

and 96 h (Fig. 49). The presence of many actin bundles and radially extended actin 

filaments around the cells, which are called filopodia, were observed. The nuclei of the 

cells cultured on PLL displayed a strong DAPI intensity at 24 h (Fig. 49D), which was 

reduced at 96 h (Fig. 50D).  

 

 

Figure 49. Confocal fluorescence microscopy (60×, Olympus) of LNCaP cells 

grown for 24 h on glass cover slips without coating (A), or coated with fibronectin (B), 

laminin (C), poly-L-lysine (D), poly-L-ornithine (E), or collagen type IV (F). Arrows 

indicate lamellipodia of polarized cells and arrow heads mark filopodia. Scale bar = 50 

µm. 
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Moreover, the nuclei increased in size at 96 h. At 24 h, the cells in the wells 

coated with COL (Fig. 49F) showed an actin pattern similar to the control (Fig. 49A); 

however, the actin filaments became more organized in the COL sample (Fig. 50F) than 

in the control after 96 h, displaying many stress fibers (Fig. 50A). At both time points, 

the presence of lamellipodia, which indicate the migration direction of the polarized 

cell, were observed. 

 

 

Figure 50. Confocal fluorescence microscopy (60×, Olympus) of LNCaP cells 

grown for 96 h on glass cover slips without coating (A), and coated with fibronectin 

(B), laminin (C), poly-L-lysine (D), poly-L-ornithine (E), or collagen type IV (F). 

Arrows indicate lamellipodia of polarized cells and arrow heads mark filopodia. Scale 

bar = 50 µm. 
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3.2.6. Scratch wound assay 

Morphological changes are usually associated with alterations of other cell 

characteristics, including motility, differentiation and metabolic activity.
285

 To address 

this possibility, the motility of LNCaP cells grown on polystyrene treated with the 

different coating reagents was assessed in a wound healing assay (Fig. 51). Given the 

weak adherence of LNCaP cells, this is a technically challenging experiment, and thus a 

practical test of the coating reagents to facilitate such an important biological assay. 

LNCaP cells were seeded in a 96 well-plate at a high cell density for 24 h in wells 

coated with FN, LAM, PLL, PLO or COL, and the cell monolayer was scratched using 

a 96-pin WoundMaker. Wounds were monitored in real time by live cell imaging with 

an IncuCyte system to determine the migration rate of the cells. The wounds generated 

on PLL, PLO, or FN-coated wells were superior to the control (no coating) and LAM as 

judged by the relative smoothness of the edges of the scratch as well as a very similar 

wound area (Fig. 51A). Another observation was that LNCaP cells cultured in PLO or 

PLL-treated wells colonized the well in a semi-organized pattern, where the elongated 

cell bodies were aligned in parallel(Fig. 51A). Pre-treatment with LAM did not improve 

the adherence of LNCaP cells when compared to the control, and the WoundMaker 

generated wounds with uneven edges and of different size (Fig. 51A). LNCaP cells 

dislodged as large sheets of cells from COL-treated wells when processed with the 

WoundMaker (data not shown), indicating that COL was inferior to uncoated wells and 

not suitable for this application. Analysis of the relative wound density showed that 

cells grown in the presence of LAM migrated substantially faster into the wound area 

than the control or any of the other coatings (Fig. 51B). In comparison, PLL, PLO and 

FN caused LNCaP cells to migrate slower than the control, with PLO displaying the 

lowest wound density after 36 h. Notably, LNCaP cells displayed a doubling time 
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around 36 h,
281

 suggesting that the observed wound densities were caused 

predominantly by cell migration and not proliferation. 
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Figure 51. Wound healing assay by live cell imaging on the IncuCyte system. 

(A) Representative images of wounds made on confluent LNCaP cells grown for the 

indicated times on wells coated as labeled on the left side of the panel. The initial 

wound contour (t = 0 h) is marked by the dark cell mask and migrating cells are 

highlighted in light gray. (B) Relative wound density at different time points over a 

period of 36 h. The measurements are from wounds made on a monolayer of LNCaP 

cells cultured in the presence of different coating treatments and control. 

 

 

3.2.7. IC50 simvastatin 

Some studies showed that the pre-coating with ECM components affects the 

sensitivity of the cell to certain drugs. LAM and FN have been reported to increase 

resistance to ionizing radiation and to the cytotoxic drug Ukrain
®
 in human tumor and 

normal cells in vitro.
286

 Furthermore, it was reported that adherence to a FN substrate 

induced cholesterol synthesis through activation of HMGCR and also increased fatty 

acid synthesis in human fibroblasts and rat hepatoma cells, while a poly-L-lysine 

substrate or FN in solution had no effect on these pathways.
287

 

Hence, the effect of the coating reagents PLL, PLO and FN on the sensitivity of 

LNCaP cells to the HMGCR inhibitor simvastatin was investigated by RTCA, and the 

IC50 was calculated for treatment periods of 24 h, 48 h, and 72 h (Fig. 52). While the 

IC50 for simvastatin was relatively similar among the four coating conditions at 24 h, 

B 
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PLL increased the sensitivity of LNCaP cells to the HMGCR inhibitor by more than 

two-fold after 48 h of treatment when compared to control. At 72 h, LNCaP cells grown 

on a PLL substrate displayed a three-fold lower IC50. Similarly, PLO and FN increased 

the sensitivity of LNCaP cells to simvastatin by two-fold relative to the control at 72 h. 

Taken together, PLL, PLO and FN sensitize LNCaP cells for the HMGCR inhibitor 

simvastatin in a time-dependent manner. 
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Figure 52. LNCaP cells were cultured in uncoated wells or wells treated with the 

indicated coating reagents. 24 h after seeding, cells were treated with 98 nM–50 µM 

simvastatin and growth was monitored for 72 h by RTCA analysis. The IC50 was 

calculated for the indicated time points together with the 95% confidence interval (CI). 
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3.2.8. Investigation of adherence-mediated effects on androgen receptor 

signaling by qRT-PCR 

In the healthy human adult prostate epithelium, AR expression and cell adhesion 

to the substratum occur in separate cell layers, namely in luminal and basal cells. Hence, 

the pathways of AR signaling and cell adhesion do not interact. During the development 

of prostate cancer, malignant luminal epithelial cells change from cell-cell adhesion to 

cell-substratum adhesion, and signals from cell adhesion and AR are co-expressed.
288

 

The LNCaP cell line is an important model system to study androgen receptor (AR)-

mediated signaling in prostate cancer. It was recently shown that changes to cell-cell 

contacts and the extracellular matrix altered the response of LNCaP cells to 

androgens.
289

 Hence, it was important to investigate if the coating reagents affected AR 

signaling of this model system. To address this issue, the expression of genes directly or 

indirectly regulated by androgens (M. Sadowski and C.C. Nelson, unpublished results) 

with roles in different cellular pathways (cell cycle, proliferation, stress response, and 

epithelial-mesenchymal transition) were examined by qRT-PCR (Table 8). As shown in 

Figure 53 for the classic androgen-regulated genes PSA,
290

 TMPRSS2,
291

 and 

FKBP5,
289

 androgen-depleted LNCaP cells displayed a typical response to androgen 

treatment with DHT and the synthetic androgen R1881 by an up-regulation of gene 

expression when compared to the ethanol control. Next, the gene expression changes of 

PSA, TMPRSS2, FKBP5, AR, FOXM1, TOP2A, ID1, MKI67, RNF43, VIM, CDH1, 

SNAI2, GADD45G, TFF1, GAPDH, and RPL32 for each coating condition [uncoated 

control (NC), PLO, PLL and FN] were grouped by treatment (ethanol, R1881, DHT) 

and compared relative to the respective uncoated control (Fig. 54). With a cut-off of a 

1.5-fold change in gene expression as biological significant, only VIM and ID1 were 

differentially expressed by growing LNCaP cells on coated substrates. R1881 treatment 

of LNCaP cells grown on FN substrate caused a 1.6-fold change in gene expression of 
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the mesenchymal marker VIM relative to the uncoated control. VIM has been shown to 

participate in cell adhesion, epithelial-to-mesenchymal transition and metastatic 

progression. 
292; 293

 In comparison, PLO and PLL did not affect VIM expression. The 

expression of the transcription factor ID1 on the other hand was markedly increased by 

all three coating reagents after treatment with R1881 or DHT. This was a surprising 

result since ID1 has been shown to be negatively regulated by androgen through the 

androgen receptor.
294

 Overall, androgen responsiveness and AR signaling were in 

general not affected by growing LNCaP cells on PLO, PLL or FN substrates.  
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Figure 53. Relative expression levels of the classic AR-regulated genes PSA, 

TMPRSS2, and FKBP5 in response to androgen treatment. LNCaP cells were grown on 

uncoated wells in androgen-depleted medium for 72 h before androgen treatment with 

R1881 (1 nM) and DHT (10 nM) for 30 h. Control samples were treated with ethanol 

(E). The expression levels of the indicated genes were analyzed by qRT-PCR, 

normalized to that of the housekeeping gene GAPDH and calculated relative to the 

ethanol control (E).  
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Table 8. Genes investigated by qRT-PCR and their respective functions. 

Gene Function 

PSA Peptidase activity 

AR Androgen receptor activity 

FKBP5 Protein folding 

TMPRSS2 Peptidase activity, androgen response 

FOXM1 DNA binding transcription factor activity, genomic stability 

TOP2A DNA topoisomerase activity 

ID1 DNA binding transcription factor activity 

MKI67 Cellular proliferation 

RNF43 Protein binding, ubiquitin ligase activity 

VIM Protein binding, epithelial-to-mesenchymal transition 

CDH1 Cell-cell adhesion 

SNAI2 DNA binding 

GADD45G Protein binding, stress response 

TFF1 Growth factor activity 

GAPDH Protein binding, housekeeping gene 

RPL32 Structural constituent of ribosome, housekeeping gene 
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Figure 54. Investigation of genes directly or indirectly regulated by AR 

signaling. LNCaP cells were grown on uncoated (NC) and coated wells with poly-L-

ornithine (PLO), poly-L-lysine (PLL) and fibronectin (FN) under androgen-deprived 

conditions and treated  with ethanol (control), the synthetic androgen R1881 (1 nM) or 

DHT (10 nM) for 30 h. The expression levels of the indicated genes were analyzed by 
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qRT-PCR, normalized to that of the housekeeping genes GAPDH or RPL32 and 

calculated relative to the uncoated control (NC).  

 

 

3.3. Discussion 

 

 Most tissue-derived cells are anchorage dependent. Their attachment to a surface 

is mandatory for viability and growth. It is also necessary for events such as cell 

spreading, cell migration and differentiation.
295

 The use of ECM components such as 

FN, COL and LAM to improve cell attachment is a common practice in tissue culture. 

The use of other substances such as poly-amino acids and different textures of the 

substrate surface are alternative strategies used to improve the adherence of cells. 

Nevertheless, an increase in cell-substrate adherence can affect various aspects of 

cellular behavior. For example, cell surface receptors (integrins) that mediate the cell 

attachment also control processes such as survival, proliferation, differentiation and 

migration.
296

 

The prostate cancer cell line LNCaP is the most popular model system to study 

androgen-regulated events in PCA. Nevertheless, their use in applications like siRNA 

knockdown, immunofluorescence microscopy, wound healing etc. which involve 

mechanical forces like fluid shear stress is currently negatively impacted by their weak 

attachment to polystyrene and glass surfaces. To facilitate the use of LNCaP cells for 

cytotoxic screening with the RTCA instrument, different coating reagents and seeding 

densities were tested (Fig. 43). Three ECM proteins (FN, COL and LAM) and two 

poly-amino acids (PLL and PLO) were used to pre-coat the wells before cells were 

seeded at different cell densities. The RTCA instrument measures the CI of the cell 

culture in real time based on changes to the impedance, which is influenced by 

adherence, cell morphology and cell number. Hence, in a proliferating cell culture the 
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CI increases over time, which is mainly due to an increase in the cell number. 

Nevertheless, RTCA results need to be interpreted with caution because major changes 

to cell morphology and adherence can give a misleading understanding of the 

proliferative status of a cell culture.  This was highlighted by the first 24 h of the RTCA 

experiment where coating-mediated changes in cell adherence increased the CI to the 

same extent as doubling of the cell number (Fig. 43). Hence, the RTCA experiment was 

divided into two phases, the attachment phase (24 h, Fig. 43A) and the proliferation 

phase (24 h to 96 h, Fig. 43B). Monitoring of the attachment process in real time 

revealed that FN, PLL and PLO markedly improved adherence of LNCaP cells. 

Notably, the ECM protein (FN) was superior to the relatively unspecific poly-amino 

acids (PLL and PLO). An accelerated increase of the CI in the presence of FN was 

previously reported for NIH3T3 and ND7/23 cells. 
297; 298

 The effect of all five coating 

reagents on LNCaP cells during the attachment phase was not impacted by alterations in 

the seeding cell density (Fig. 43A). However, this was not the case during the 

proliferation phase, i.e. substrate coated with PLO negatively affected the CI when 

LNCaP cells were seeded at high cell numbers (> 10 × 10
3
 cells/well, Fig. 43B) and 

PLL decreased CI slope at al cell densities. PLL has been previously shown to slow 

down the rising CI over time in NIH3T3 cells.
297

 This density-dependent effect was not 

observed with ECM proteins (COL, LAM and FN). This observation is of particular 

importance for cell culture experiments where a high cell confluence is desirable. 

Furthermore, the results shown here advise against a seeding density of 3 × 10
3
 

cells/well or less and recommend a seeding cell number between 5 × 10
3
 and 10 × 10

3
 

cells/well in a 96-well plate. Assuming that adhesion and cell morphology did not 

change dramatically during the proliferation phase of the experiment, the results 

suggested that FN and PLO had a modest positive effect on the growth of LNCaP cells, 

LAM was symptomless, and COL and PLL was detrimental. The decrease in CI 
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observed with COL-coated wells could be explained by the clustering of cells into 

aggregates (Fig. 48, see Appendix II), the round cell morphology (Fig. 46F and 47F) 

and the reduction in the number of viable cells (Fig. 44). This phenomenon was also 

observed with platelets cultured in the presence of collagen type IV.
299

 HCS data 

confirmed the smaller area acquired by the cells and also the weak attachment of the 

cells to the substrate (Fig. 45). LNCaP cells dislodged as a sheet of cells during the 

scratch making, and it was not possible to obtain a useful scratch in the presence of 

COL. In contrast, the data obtained from confocal fluorescence microscopy indicated 

that the cells grown on COL-coated surfaces attached well to the substrate and 

displayed a morphology that was similar to the control (Fig. 49F and 50F). An increase 

in stress fibers and in lamellipodia for the cells cultured on COL was also observed, 

suggesting increased cell mobility (Fig. 50F). The structures observed are the result of 

integrin-mediated cell adhesion that re-organizes the actin cytoskeleton of the cells. This 

event comprises the recruitment of signaling complexes to the membrane.
296

 The 

disparity between the results with COL coating can be due to the difference in the 

surface substrate material used (polystyrene versus glass). It has been previously shown 

that different substratum characteristics, including surface charge, topography, 

hydrophobicity or hydrophilicity, surface chemistry and surface energy may influence 

cell behavior.
300

 The characteristics of the substrate may also affect the 

polymerization/conformation of the ECM protein that could exhibit different binding 

sites to interact with integrins. Thus, the modified cell-substrate interaction could affect 

the generation of intracellular signals.
301-303

 The experiments using RTCA, HCS and 

bright field microscopy were performed with polystyrene plates, while glass cover slips 

were used for confocal fluorescence microscopy. The response of cells to diverse 

textures is different than when they are on a smooth surface.
295

 It has been demonstrated 

that rough surfaces are advantageous for cell attachment. This fact is continuously used 
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in the development of osteoimplants.
304-306

 The glass substratum may have induced the 

expression of proteins which improved the attachment of LNCaP cells on COL-coated 

cover slips.  

LAM did not affect the CI compared to control. However, LAM decreased the 

viability (Fig. 44) and the adherence of LNCaP cells (Fig. 45), as shown by the slightly 

worse scratches during the wound making process when compared to the control (Fig. 

51A). Despite this, calculation of the relative wound density revealed that cells grown 

on LAM substrate migrated into the wound much faster than the control or any of the 

other coatings (Fig. 51A and B). This increased cell mobility was also observed by time 

lapse microscopy (see Appendix II) and was also indicated by the large number of 

polarized cells with expanded filopodia (Fig 49C and 50C). The glass substratum may 

have induced the expression of proteins, which improved the attachment of LNCaP cells 

on LAM coated cover slips.  

The influence of FN on impedance increase was investigated and results 

indicated that it was mainly due to an improvement in adherence (Fig. 43). LNCaP cells 

seeded on FN quickly attached to the substrate as observed by time-lapse microscopy 

(Fig. 48C, see Appendix II). These findings were supported by the increase in cell area 

observed by HCS (Fig. 45C), and by the increase of cellular F-actin and filopodia (Fig. 

50B). Despite the increase in stress fibers and lamellipodia, FN reduced the mobility of 

LNCaP cells (Fig. 51B), which may be related to the increase in attachment of the cells 

to the substrate and to the reduction in polarization (Fig. 50B). FN did not speed up the 

proliferation rate of LNCaP cells (Fig. 44). Intriguingly, a study reported a decrease in 

LNCaP cell proliferation following FN propagation.
307

 This result could be due to the 

difference in the substrate used as mentioned above. In our work, polystyrene wells or 

glass cover slips were coated with FN. However, their work was carried out with plastic 
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cover-slips coated with FN. Furthermore, the FN concentrations used in both studies 

were different 

As shown by HCS, F-actin staining and wound assay, PLO and PLL improved 

adherence of LNCaP cells to polystyrene and glass when compared to control. It is the 

first time that PLO has been reported to increase the adherence of LNCaP cells. The use 

of this poly-amino acid has been preferable to PLL in some applications for being less 

immunogenic.
308

 The flat morphology and the high intensity of F-actin staining could be 

observed on the confocal images (Fig 49 and 50). Furthermore, it is noteworthy to 

mention the presence of many filopodia around the cells. Work by the Faix lab 

demonstrated that the number of filopodia is directly proportional to the dDia2 protein 

level in the cell.
309

 The rise in the number of filopodia in the presence of PLL and PLO 

was possibly caused by increased dDia2 expression levels; however, this is just a 

speculation. Abundant filopodia have been linked to invasive phenotype in cancer cells 

when most of the filopodia are found at the lamellipodia of a migrating cell and not all 

around the cell like in our data.
310

The finding that PLL and PLO improved adherence 

was further supported by a reduction in cell migration as seen in the wound healing 

assay (Fig. 51) and time lapse microscopy (see Appendix II). A correlation between 

strong cell adhesion and reduced mobility was noted when NHK cells were grown on 

laminin-332 matrix.
311

 The cells also displayed a more disorganized actin pattern with 

many filopodia around the cells. The reduced number of stress fibers, lamellipodia and 

polarized cells suggest that the cells were not constantly migrating (Fig 49 and 50). A 

similar phenotype was observed in MDA-MB-231 cells treated with strongylophorine-

26. The inhibition of cell migration by this marine natural product is in part due to the 

transient activation of the small GTPase Rho. This protein is important in the regulation 

of actin dynamics and cell adhesion in migratory cells though the formation of stress 

fibers and focal adhesions. In addition, Rho, Rac proteins and CDC42 seem to be likely 
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candidates affected by the coatings because of their roles in the induction of 

lamellipodia and polarization.
312; 313

 On the other hand, PLL and PLO had only minor 

effects on cell morphology such as a slightly increased cellular area (Fig. 46 and 47). 

Interestingly, cells cultured on PLL and PLO grew in an organized pattern where cells 

were aligned parallel to each other (Fig. 51A). Filopodia have an important function in 

the assembling of adherens junctions between cells. Thus, the interdigitation of the 

abundant number of filopodia observed on the cells grown on PLL and PLO might have 

contributed to the parallel cell alignemnt.
310

 Hence, the increased CI rate/doubling time 

relative to control observed by RTCA was probably predominantly caused by a stronger 

adherence and increased cell surface area attached to the well. 

It is well known that physico-chemical characteristics of the substratum can 

modulate gene expression by remodeling chromatin structure. The reorganization of 

chromatin may allow access of protein complexes and transcription factors.
314; 315

 

LNCaP cells grown on PLL displayed elevated DAPI staining intensity compared to the 

control at 24 h (Fig 49D). The increase in DAPI staining might be related to the 

increase in chromatin condensation. Interestingly, the nuclear area of these cells was 

larger at 96 h along with reduced DAPI staining (Fig. 50D). Vergani and collaborators 

showed that modifications of cell shape directly reflected on the nucleus and the nuclear 

architecture, followed by chromatin condensation, and finally affecting the 

transcriptional profile of genes.
316

 In addition, the integrins presented by the cells are an 

effect of the surface substrate which can control the expression levels of their 

subunits.
317

  

FN, PLO and PLL were the coating reagents that improved LNCaP cell-

substrate adherence and the first two increased CI. A previous study found that 

adherence to a FN substrate induced cholesterol (HMGCR activity) and fatty acid 

synthesis in human fibroblasts and rat hepatoma cells, while a PLL substrate or FN in 
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solution had no effect on these pathways.
287

 In addition, FN has been reported to 

prevent cells from undergoing apoptosis, the mode of death induced by simvastatin.
307

 

Studies with the HMGCR inhibitor simvastatin showed that FN, PLL and PLO 

sensitized LNCaP cells to the drug in a time-dependent manner (Fig. 53). PLL was the 

coating substance that most affected the sensitivity to simvastatin. The reason for this 

somewhat unexpected result is unclear.  

The LNCaP cell line is an important model system to study androgen receptor 

(AR)-mediated signalling in prostate cancer. It was recently shown that changes to cell-

cell contacts and the extracellular matrix altered the response of LNCaP cells to 

androgens.
289

 Importantly, qRT-PCR analysis revealed that coating with FN, PLL or 

PLO in general did not alter AR signaling in LNCaP cells (Fig. 54). Only two of the 16 

tested genes showed differential gene expression with respect to the coating conditions 

(Fig. 54). Firstly, R1881 treatment of LNCaP cells grown on FN substrate caused a 

modest increase in gene expressen of the mesenchymal marker VIM, which participate 

in cell adhesion, epithelial-to-mesenchymal transition and metastatic progression.
292; 293

 

Secondly, the expression of the transcription inhibitor ID1 was markedly increased by 

all three coating reagents after treatment with R1881 and DHT. This result was a 

somewhat surprising since ID1 has been shown to be negatively regulated by androgen 

through the androgen receptor.
294

 ID1 has been shown to regulate endothelial cell 

adhesion and cytoskeletal organization through 1-integrin and Rho-kinase 

signalling.
318

 Although the data shown here investigated only a small cohort of 

androgen-regulated genes, they strongly suggest that coating with FN, PLL or PLO did 

not in general change the response of LNCaP cells to androgen, highlighting that these 

coating reagents are suitable for this important model system of prostate cancer.  
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3.4. Conclusions 

 

In this chapter two aspects of cell culture (surface coating and cell density) were 

investigated to facilitate the use of LNCaP cells in drug screening with the RTCA 

system. LNCaP cells are technically challenging to work with due to their weak cell-

substrate adherence. Five different coating reagents were compared for their impact on 

various cellular parameters (proliferation, morphology, adherence, actin organization, 

migration, androgen response, and gene expression) to better understand their biological 

effects and to identify the best suited coating reagents for studies with LNCaP cells. 

Coating with PLO, PLL or FN and a cell density of 10 × 10
3
 cells/ well for a 96 well 

plate were found to be ideal with respect to improved adherence and minimal adverse 

effects on aforementioned cellular parameters. Based on the above findings, researchers 

at the APCRC-Qld now routinely use PLO coating for studies of LNCaP cells (siRNA 

gene knock-down, microscopy, RTCA, Incucyte, and wound healing assays) where 

there is a risk of cell loss due to fluid shear stress through media changes or other 

mechanical manipulations. 
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Chapter 4: Screening for cytotoxic ascidian compounds and bioassay-

guided fractionation of ascidian extracts. 

 

The ascidian compounds purified in Chapter 2 were all tested in the breast 

cancer cell line MDA-MB-231 and the prostate cancer cell line LNCaP. The ascidian 

extract library (143 extracts) generated in Chapter 2 was also screened in both these 

cancer cell lines, and four prioritized active extracts were subjected to bioassay-guided 

fractionation. The pure compounds and extract library were tested using RTCA 

(xCELLigence System, Roche Applied Science). RTCA is a label-free high-throughput 

instrument that monitores cells in real-time. The optimization process with respect to 

optimal cell seeding density and surface coating for LNCaP cells on this system was 

described in Chapter 3. This chapter describes the optimization process for MDA-MB-

132 cells. In order to assist in the prioritization of the active library extracts for 

bioassay-guided fractionation, the data generated from cell cycle effects studies, specific 

and general cytotoxicity, cell morphology investigations, and intrinsic characteristics, 

such as amount of extract available were taken into account. Any active compounds 

identified during the bioassay-guided fractionation were characterized using identical 

spectroscopic techniques (e.g. NMR, MS, etc) to those discussed in Chapter 2. Finally, 

the IC50 values of the ascidian-derived bioactive compounds in MDA-MB-231 and 

LNCaP cells are reported 
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4.1. Materials and Methods 

 

4.1.1. Sample preparation 

4.1.1.1. Pure compounds  

The seven compounds [kingamide A (1); duramidine C (10); duramidine D (11); 

leptoclinidamine C (13); leptoclinidamine E (12); aaptamine (14); β-carboline dimer 

(15)] resulting from the chemical investigation project described in Chapter 2 were 

prepared for the cytotoxicity assay. Stock solutions of 10 mM were prepared in DMSO 

and sonicated to provide complete dissolution of the natural products. For cell 

treatment, the stock solutions were diluted to 10 µM in DMEM (Invitrogen, USA) or 

RPMI (Invitrogen, USA) without phenol red containing 10% FBS.  

4.1.1.2. Ascidian extracts 

 MDA-MB-231 and NFF: For the screening in the breast cancer cell line (MDA-

MB-231) and the normal primary culture of human foreskin fibroblast cells (NFF) the 

143 ascidian extract library described in Chapter 2 was used.  

 LNCaP: For the screening in the prostate cancer cell line the extracts were 

prepared in an identical manner to those reported in Chapter 2, however an additional 

chromatographic step was employed using the analytical C18 Onyx monolithic HPLC 

method also described in Chapter 2.  The extra chromatography enabled the generation 

of a 143 ascidian fraction library that was optimized from drug discovery purposes.
272

 

Pre-fractionated libraries have been shown to reduce the number of false positives 

obtained during screening with the typical exclusion of highly-hydrophobic and 

lipophilic compounds.
272

 One hundred microliters of each of the DMSO-solubilized 143 

ascidian extracts was separately injected onto a C18 Onyx monolithic column and 

fractionated as described on Chapter 2. Material eluting from the column between 2–7 
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min were collected, dried down and resuspended in 50 µL DMSO for the cytotoxicity 

assay.  

4.1.1.3. Bioassay-guided fractionation 

Following identification of a cytotoxic extract, fresh ascidian material was 

obtained and large-scale extraction (>10 g) and subsequent bioassay-guided 

fractionation was undertaken. The extraction process and C18 HPLC semi-preparative 

fractionation methodology was identical to that described in Chapter 2. This resulted in 

60 fractions in total. For bioassay purposes, 45 µL of every five sequential fractions 

obtained after the HPLC were combined to form 12 screening fractions.  These pooled 

fractions were dried down and resuspended in 50 µL of DMSO for the cytotoxicity 

screening. The final concentration of each screening fraction was 1000 µge/µL. The 

formula below was used to calculate the volume of each fraction sampled in order to 

yield the same final concentration for each of the 12 screening fractions. This is an in-

house formula that was generated by other researchers at the Eskitis Institute during the 

AstraZeneca natural products drug discovery program.  

 

µge/µL × µL × mL            × 10
3
 = χµL 

g × 10
6
                      

 

 

Formula Key: 

µge/µL = the required screening concentration of each fraction (ge = gram equivalents); 

g = the amount of ascidian extracted in grams that was HPLC fractionated; 

µL = the amount of DMSO added to the dried aliquot for screening; 

mL = the amount in mL collected for each HPLC fraction; 

χ µL = the amount of aliquot needed from each fraction for screening. 
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4.1.2. Cell culture 

LNCaP, MDA-MB-231 and NFF cells were routinely maintained in T-25 or T-

75 culture flasks at 37ºC in a 5% CO2 humidified environment. LNCaP and MDA-MB-

231 were obtained from ATCC. NFF cells were donated to our group by Dusan Zencak 

(Eskitis Institute). LNCaP cells were grown in RPMI growth media without phenol red 

(Invitrogen, USA), MDA-MB-231 and NFF cells were cultured in Dulbecco's Modified 

Eagle Medium (DMEM, Invitrogen, USA). Both culture media were supplemented with 

10% (v/v) heat-inactivated FBS (Invitrogen, USA) and grown to 80% confluence.  The 

culture medium was changed two to three times per week. For cell passaging, cells were 

rinsed with DPBS (Invitrogen, USA), harvested using TrypLE™ Express (Invitrogen, 

USA), centrifuged at 400 × g, and resuspended in culture medium. Spare cells were 

resuspended in FBS containing 5% DMSO and stored in liquid nitrogen (1 × 10
6
 

cells/mL).  

 

4.1.3. Determination of the optimal cell seeding density for MDA-MB-231 

After a TrypLE™ (Invitrogen, USA) treatment, the cells were transferred to a 

BD Falcon tube (15 mL) and centrifuged at 400 × g for 3 min. An aliquot was stained 

with Trypan Blue Solution (0.4%, Invitrogen, USA), followed by cell counting using a 

hemocytometer (Neubauer Improved, BRAND). MDA-MB-231 cells were seeded in a 

96-well E-plate at a density between 1 × 10
3
 and 8 × 10

3
 cells/well in triplicate to 

determine the optimal number of cells per well for an experiment running for 96 h. 

First, 100 µL of complete medium were added to each well for measurement of the 

background, followed by the addition of 100 µL of cell suspension with the desired 

amount of cells. The E-Plate (96-well plate) was incubated at room temperature for 

30 min and placed on the reader in the incubator for continuous recording of CI. The E-

plate was incubated for 24 h at 37ºC in 5% CO2, and the attachment of the cells was 
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monitored for 4 h every 2 min. After this period, the conditions of the cells were 

analyzed every 1 h. The culture medium was changed twice during the experiment (96 

h). In the first experiment the medium was changed after 24 h and 72 h, while the 

medium change occurred after 48 h and 72 h in the second experiment, as can been seen 

by the spikes in the CI readings. 

 

4.1.4. Cytotoxicity screening of the ascidian pure compounds 

The pure ascidian compounds isolated in this work were screened in MDA-MB-

231 (4000 cells/well) and LNCaP cells (10000 cells/well). First, 50 µL of complete 

medium were added to each well for measurement of the background, followed by the 

addition of 100 µL of cell suspension containing the desired amount of cells. The E-

Plate (96-well plate) was incubated at room temperature for 30 min and placed on the 

reader in the incubator for continuous recording of impedance as reflected by the cell 

index. The E-plate was incubated for 24 h at 37ºC in 5% CO2, and the attachment of the 

cells was monitored for 4 h every 2 min. After this period, the conditions of the cells 

were analyzed every 1 h.  After 24 h, 50 µL of fresh medium containing the ascidian 

compound (final concentration 10 µM), 0.1% (v/v) DMSO (Sigma-Aldrich) as negative 

control or 10 µM of doxorubicin (Sigma-Aldrich) as positive control were added. The 

CI was measured every minute for 2 h and then every 1 h for the next 70 h.  Two 

independent experiments were carried out in triplicates and analyzed using the RTCA 

software program version 1.2.1 (Roche). The CI readings were normalized at the last 

measurement time point prior to the start of treatment.  

 

4.1.5. Cytotoxicity screening of the ascidian extracts. 

The 143 ascidian extracts (see Chapter 2) were tested for cytotoxicity in MDA-

MB-231 (4000 cells/well) and LNCaP cells (10000 cells/well). This work was 
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undertaken in order to identify ascidian samples for bioassay-guided fractionation. The 

assay was performed as described above. After 24 h, the cells were treated with 0.1% 

(v/v) of ascidian extract (200 µge), 0.1% (v/v) DMSO (Sigma-Aldrich) or 10 µM of 

doxorubicin (Sigma-Aldrich). The final total volume pre well was 200 µL. One sample 

of each extract was analyzed in two independent experiments. The ascidian extract was 

considered active only if a cytotoxic or cytostatic cell response was confirmed with both 

samples. The CI readings were obtained by RTCA software program version 1.2.1 

(Roche), and normalized at the last measurement time point prior to the start of 

treatment.  

 

4.1.6. Biological evaluation of the bioactive extracts 

4.1.6.1. Cell counting after treatment 

The CH2Cl2/MeOH ascidian extracts that were active in the RTCA cytotoxicity 

screening were used to treat MDA-MB-231 cells for further biological evaluation. Each 

well of a 6 well/plate was seeded with 0.3 × 10
6
 cells. After 24 h, the growth medium 

was substituted by 2 mL of fresh medium containing 200 µge of the CH2Cl2/MeOH 

extracts, 0.1% (v/v) DMSO (Sigma-Aldrich), 10 µM doxorubicin (Sigma-Aldrich), 25 

µM etoposide (Sigma-Aldrich) or only culture medium. The plates were incubated at 

37ºC in 5% CO2 for 24 h after which time the cells were harvested with TrypLE™ 

(Invitrogen, USA), transferred to a BD Falcon tube (15 mL) and centrifuged at 400 × g 

for 3 min. An aliquot was stained with Trypan Blue Solution (0.4%, Invitrogen, USA), 

followed by cell counting using a hemocytometer (Neubauer Improved, BRAND). The 

experiment was carried out in duplicate. The results were expressed as mean ± SD and 

analyzed using Student’s t-test. The samples with p < 0.05 were considered significant. 
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4.1.6.2. Cell morphology analysis by microscopy.  

The CH2Cl2/MeOH ascidian extracts that were active in the RTCA cytotoxicity 

screening were used to treat MDA-MB-231 cells for further biological evaluation. Each 

well of a 6 well/plate was seeded with 0.3 × 10
6
 cells. After 24 h, the growth medium 

was substituted by 2 mL of fresh medium containing 200 µge of the CH2Cl2/MeOH 

extracts, 0.1% (v/v) DMSO (Sigma-Aldrich), 10 µM doxorubicin (Sigma-Aldrich) or 

only culture medium. The plates were incubated at 37ºC in 5% CO2 for 24 h. After 24 h 

of incubation, the cells were photographed using an objective of 20× (OlympusIX70). 

4.1.6.3. Cell cycle studies 

The CH2Cl2/MeOH ascidian extracts that were active in the breast cancer cells in 

the RTCA cytotoxicity screening were further evaluated using cell cycle studies. The 

DNA and RNA intercalating fluorescent dye propidium iodide (PI) was used to measure 

cellular DNA content and calculate the number of cells in the different phases of the cell 

cycle. MDA-MB-231 (0.3 × 10
6
 cells) cells were seeded in a 6 well/plate. After 24 h, 

the cells were treated with 200 µge of the CH2Cl2/MeOH extracts, 0.1% (v/v) DMSO 

(Sigma-Aldrich), 10 µM doxorubicin (Sigma-Aldrich) or culture medium for 24 h. Cells 

were harvested by centrifugation and washed twice with ice cold DPBS (Invitrogen, 

USA). After overnight fixation with 70 % ethanol (v/v) in DPBS at −20°C, the cells 

were centrifuged and resuspended in 1 mL of 30 µg/mL PI (w/v) (Sigma-Aldrich) and 

20 µg/mL RNAse A (w/v) (Sigma-Aldrich) in DPBS (Invitrogen) and incubated 

overnight at 4°C in the dark. DNA content was determined by flow cytometry using a 

BD FACSCanto™ Flow Cytometer. A minimum of 10000 events were recorded per 

sample and the percentage of cells in each stage of the cell cycle was calculated using 

ModFit 3.3 software (Verity Software). The results were expressed as mean ± SD of 

each cell cycle phase, and were analyzed using Two-way ANOVA. The samples with p 

< 0.05 were considered significant. 
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4.1.6.4. Cytotoxic activity against NFF cells 

 The bioactive extracts were tested in NFF cells using the RTCA instrument in 

order to identify extracts that were more selective towards cancer cells. This selectivity 

was used to prioritize the active extracts for bioassay-guided fractionation studies. The 

optimal cell density of 2000 cells/well was previously determined (Dusan Zencak, 

personal communication). The assay was performed as described above in section 4.1.5. 

 

4.1.7. Determination of IC50 of the bioactive compounds 

MDA-MB-231: The IC50 of the cytotoxic compound isolated in the bioassay-

guided fractionation was determined using the AlamarBlue
® 

assay (Invitrogen, USA). 

Because the pure compound active against MDA-MB-231 cells induced the cells to 

increase their superficial area in contact with the substrate, RTCA instrument could not 

be used. Breast cancer cells were seeded into a polystyrene black clear bottomed 96-

well plate at a density of 4 × 10
3
 cells per well. After 24 h, the cells were treated with 

different concentrations of the bioactive compound and incubated for 72 h. After this 

period of time, a volume of AlamarBlue
® 

(Invitrogen, USA) equivalent to 10% of the 

culture volume was added. The plate was returned to the incubator, and after 4 h the 

fluorescence was measured with excitation at 530 nm and emission at 590 nm using the 

EnVision® Multilabel Reader (PerkinElmer). Average values of triplicates were 

calculated after background correction. The IC50 was calculated by non-linear 

regression analysis with GraphPad Prism 5 (GraphPad Software). 

LNCaP: The IC50 of the cytotoxic compounds isolated in the bioassay-guided 

fractionation was determined by RTCA. The prostate cancer cell line was treated with 

different concentrations of the bioactive compound in triplicate for 72 h. The 

experiment and analysis of the IC50 were performed as described above. 
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4.2. Results 

 

4.2.1. Determination of the optimal cell seeding density for MDA-MB-231 

The optimal seeding conditions for the RTCA experiment with LNCaP were 

determined in Chapter 3. It was shown that seeding of 10000 cells/well in PLO-, PLL- 

or FN-coated wells of a 96-well plate was ideal for a 96 h RTCA experiment with 

LNCaP cells. This density was chosen because above this number the cells started to 

enter into the stationary phase, and below it the cell index was too low and the cells 

took too long to enter into the log phase. PLO-coated wells were chosen for the 

cytotoxicity screening in LNCaP cells. In order to determine the optimal cell seeding 

density for the breast cancer cell line MDA-MB-231, a similar cell titration experiment 

was performed, where between 1000 and 8000 cells were seeded per well. Analysis of 

the CI profile (Fig. 55) revealed that between 3000–5000 cells/well was the optimal 

seeding density for MDA-MB-231. Notably, seeding of densities of 2000 cells/well or 

less substantially reduced proliferation of MDA-MB-231 cells (Fig. 55A).  

In the second experiment, it was decided that the first change of medium should 

be after 48 h instead of 24 h (Fig. 55B). This decision was based on the fact that cell 

growth was in the lag phase for the first 48 h with all cell densities, thus depletion of 

nutrients and growth factors from the culture medium was not a concern (Fig. 55A). 

Interestingly, the results of the second assay showed that the growth of MDA-MB-231 

cells seeded at a density higher than 3000 cells/well entered the log phase within 24 h 

(Fig. 55B).  

It was decided that 4000 cells/well should be used in the cytotoxicity screening 

because at the treatment time-point (24 h) the CI was close to the value (CI > 0.5) 

recommended by the manufacturer. 
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Figure 55. Real-time monitoring of the proliferation of MDA-MB-231 cells 

seeded at various cell densities. The cells were seeded in a 96-well E-plate at a density 

between 1 × 10
3
 and 8 × 10

3
 cells/well in triplicate. The culture medium was changed 

after 24 h and 72 h (A) or after 48 h and 72 h (B). The results are shown as the mean 

(n=3) ± SD. 

 

 

 

 

 

 

A 

B 
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4.2.2. Analysis of cytotoxicity of ascidian extracts by RTCA 

From the 143 ascidian extracts tested in MDA-MB-231 cells, 21 extracts 

affected the CI when compared to the controls (Fig. 56 and Table 9). Twenty of these 

extracts decreased the CI (Fig. 56A-C), while one extract increased the CI (Fig. 56D). 

Overall, the CI profiles were quite heterogeneous. For example, extract 38 and 92 

caused a faster increase in the CI during the first 24 h than the control and then 

substantially declined over the remainder of the experiment (Figs. 56B and 56C). Cells 

treated with extracts 43, 71, 81, 102 and 128 showed similar profiles but with different 

kinetics (Fig. 56C), while other extracts (29, 53, 83, 106, 117, 133) slowed down the 

rise of the CI (Figs. 56B and 56C). This bell shaped profile could indicate a time or 

metabolism-dependent mechanism of action, i.e., the compound has first to be 

bioactivated to become cytotoxic, or inhibition leads to product depletion, or toxic 

substrate/intermediate accumulation. The screening in LNCaP cells revealed seven 

active extracts (Fig. 57). These extracts were also active in the breast cancer cell line. 

Extracts 15, 63, 75, and 83 were cytotoxic in LNCaP but cytostatic in MDA-MB-231 

cells. Interestingly, extract 114 was the only one to increase the CI in MDA-MB-231 

cells (Fig. 56D), whereas it decreased the CI in LNCaP cells (Fig. 57D).  

 

 

 

 

 

 

A B 
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Figure 56. Representative RTCA data for the effects of the cytotoxic/ cytostatic 

ascidian extracts against MDA-MB-231 cells. The real-time growth profiles display the 

seeding period (−24 h to 0 h) followed by the treatment period (0h to 72 h). At 0 h, the 

ascidian extracts were added to a final concentration of 0.1% (v/v), and the CI was 

measured every 2 hours. (A) Extracts 15 and 17. (B) Extracts: 43, 53, 44, 29, 38, 63, 61, 

71. (C) Extracts: 133, 106, 117, 81, 83, 92, 75, 85, 128, 102. (D) Extract 114. The 

controls are represented by DMSO (0.1%), complete medium, and doxorubicin (Dox, 

10 µM). 

 

 

 

Figure 57. Representative RTCA data for cytotoxic/ cytostatic ascidian extracts 

in LNCaP cells. The real-time growth profiles display the seeding period (−24 h to 0 h) 

followed by the treatment period (0h to 72 h). At 0 h, the ascidian extracts were added 

C D 
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to a final concentration of 0.1% (v/v), and the CI was measured every 2 hours. The 

controls are represented by DMSO (0.1%), complete medium, and doxorubicin (Dox, 

10 µM). 

 

 

Table 9. Details of the ascidian extracts that displayed cytotoxic activity in the breast 

cancer cell line MDA-MB-231. 

Extract number QID code Amount (g) Species 

15 QID6014438 11.6 Polysyncraton millepore 

17 61488.9 18.1 Trididemnum cf. cerebriforme 

29 QID6018077 16.7 Trididemnum pigmentatum 

38 QID6014574 28.2 Polysyncraton echinatum 

43 QID6011654 51.7 Leptoclinides kingi 

44 QID016122 48.2 Leptoclinides durus 

53 60039.9 27.1 Trididemnum sibogae 

61 QID6014500 15.5 Lissoclinum badium 

63 QID6009697 35.1 Polysyncraton pseudorugosum 

71 QID2243662 3.8 Leptoclinides dubius 

75 QID6003301 66.3 Polysyncraton pseudorugosum 

81 QID6018078 14.3 Leptoclinides durus 

83 QID021411 14.6 Leptoclinides dubius 

85 61500.9 588.4 Lissoclinum fungium 

92 QID024908 2.8 Leptoclinides kingi 

102 QID6014575 36.6 Didemnum candidum 

106 QID6016608 195.7 Didemnum multispirale 

114 QID6014341 41.2 Didemnum candidum 

117 QID016121 24.0 Didemnum membranaceum 

128 QID6009536 15.1 Didemnum membranaceum 

133 QID6016607 130.2 Didemnum guttatum 

 

 

4.2.3. Cell count after treatment with ascidian extracts 

 In order to prioritize the active ascidian extracts for bioassay-guided 

fractionation, different biological effects of the extracts on MDA-MB-231 cells were 

investigated. MDA-MB-231 cells were treated with 0.1% (v/v) of ascidian extracts. 

After 24 h cells were harvested and counted (Fig. 58). The samples that showed a 
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significantly reduced cell number were extracts 15, 17, 38, 61, 63, 75, 81, 83, 102 and 

114 and the percentage in cell number reduction is listed in Table 10. 

 

 

Figure 58. Number of MDA-MB-231 cells after treatment for 24 h with the 

indicated ascidian extracts. MDA-MB-231 cells were seeded for 24 h and treated with 

0.1% (v/v) ascidian extracts. After 24 h, these cells were harvested and counted using a 

hemocytometer. The results are shown as mean (n=2) ± SD. Significant results (p < 

0.05) are marked with an asterisk. 
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Table 10. Cytotoxic ascidian extracts to MDA-MB-231 cells. The percentage of cells 

relative to the DMSO control (100%) was obtained by counting the number of cells 

harvested after treatment with 0.1% (v/v) ascidian extracts for 24 h using a 

hemocytometer. The experiment was performed in duplicate. Treatment of cells with 

DMSO (0.1%) for 24 h was used as negative control. Cells treated with 25 µM 

etoposide and 10 µM doxorubicin were used as positive controls. 

Ascidian extract Percentage of cells relative to control 

15 57.6% 

17 40.3% 

38 37.7% 

61 49.2% 

63 40.3% 

75 40.8% 

81 65.8% 

83 12.3% 

102 14.1% 

114 51.8% 

DMSO  100% 

Doxorubicin 48.7% 

Etoposide 23.9% 

 

 

4.2.4. Analysis of cell morphology by microscopy 

MDA-MB-231 cells seeded for 24 h were treated with the ascidian extracts 

which displayed cytotoxicity in the RTCA experiment. Images were taken after 24 h 

treatment and analyzed for cell morphology changes (Fig. 59). Cells treated with 

extracts 43, 128 and 133 displayed cell morphologies which were similar to the negative 

controls (DMSO and medium), where the cell shape was mostly round with only a few 

cell-cell contacts, suggesting the cells were not yet fully attached. Extracts 15, 17, 106 

and 83 induced morphological changes like loss of cell-cell contacts, cell shrinkage and 
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membrane blebbing, which were also observed for doxorubicin treatment, and are 

typical signs of cell death.
319

 Extracts 29, 38, 44, 85, 92, 102 and 117 appeared to fasten 

the process of cell attachment to the surface, as indicated by a reduced number of round 

cells and an increase in eccentricity and cell-cell contacts, while extracts 53, 63 and 75 

seemed to detach cells from the substrate. Extracts such as 61, 71, 81 and 114 produced 

a phenotype where cells were flat and enlarged. 
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Figure 59. Morphology analysis of MDA-MB-231 cells treated with the 

indicated ascidian extracts 0.1% (v/v) after 24 h seeding. As controls, cells were treated 

with complete medium, DMSO (0.1%), or doxorubicin (Dox, 10 µM). The images were 

obtained with an OlympusIX70 microscope using a 10× objective. Scale bar = 100 µm. 

 

 

4.2.5. Cell cycle studies 

MDA-MB-231 cells were seeded in a 6-well plate for 24 h and treated with 

0.1% (v/v) ascidian extracts. After 24h, cells were harvested and prepared for DNA 

quantification by flow cytometry. More than half of the ascidian extracts studied 

affected the cell cycle distribution when compared to control (0.1% DMSO, Table 11, 

Fig. 60). The majority of extracts arrested or substantially slowed down cells in S phase 

as shown by a significant increase in the number of cells in S phase and a sharp drop in 

the numbers of cells in G0/G1. Extracts 15, 29, 38, 61, 63, 71, 75, 81 and 114 caused a 

significant increase in the number of cells in S phase with concomitant reductions of the 

G0/G1 population, which suggested an S phase cell cycle arrest. From these samples, 

extracts 81 and 114 also arrested the cells in G2/M phase.  A significant increase in the 

G2/M population followed by a significant decrease in G0/G1 phase and no alteration of 

the number of cells in the S phase were observed in the extracts 17 and 83, suggesting a 
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G2/M arrest. Extracts 15, 63, 81 and 114 caused an increase in the number of sub-G1 

cells, indicating a rise in cell death. 

 

 

Figure 60. Representative histograms of MDA-MB-231 cells treated for 24 h 

with 0.1% DMSO as control (A), the active ascidian extracts 15 (B) and 17 (C). Cell 

cycle distribution was determined by flow cytometry through DNA quantification of 

cells stained with propidium iodide. 
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Table 11. Cell cycle distribution of MDA-MB-231 cells treated with the active ascidian 

extracts was determined by flow cytometry through DNA quantification of cells stained 

with propidium iodide. The results are presented as mean ± SD of triplicates. Significant 

samples compared to the negative control (DMSO) are marked with an asterisk (p < 

0.05). Doxorubicin (10 µM) was used as positive control. 

 

Sub-G1   G0/G1 
 

S 

 
G2/M 

Treatment Mean ±SD   Mean ±SD 
 
Mean ±SD 

 
Mean ±SD 

DMSO 6.4 1.7   43.1 3.2 
 
52.0 0.9 

 
5.0 2.3 

Doxorubicin 23.7* 1.4   3.0* 1.4  78.0* 7.0  19.0 5.9 

15 15.2* 2.2   18.3* 1.6 
 
67.6* 2.3 

 
14.1 3.0 

17 8.4 0.6   1.4* 0.2 
 
62.4 0.6 

 
36.2* 0.3 

29 5.8 1.5   18.7* 15.7 
 
69.4* 11.9 

 
11.9 9.5 

38 11.1 3.4   19.3* 2.6 
 
72.2* 4.1 

 
8.5 2.3 

43 5.0 1.7   30.3 4.1 
 
60.5 1.2 

 
9.2 3.0 

44 4.4 2.5   33.5 15.6 
 
55.7 6.3 

 
10.8 9.3 

53 4.5 0.6   41.1 2.4 
 
52.7 3.6 

 
6.2 1.5 

61 8.0 1.6   22.4* 10.4 
 
71.4* 6.0 

 
6.2 4.4 

63 17.2* 6.6   1.3* 0.8 
 
84.4* 9.5 

 
14.4 2.0 

71 3.4 1.0   27.7* 1.7 
 
66.4* 0.5 

 
5.9 1.3 

75 6.4 4.9   4.3* 2.4 
 
95.7* 2.4 

 
0.0 0.0 

81 14.2* 4.7   3.8* 1.0 
 
75.1* 2.0 

 
21.1* 1.0 

83 6.8 1.6   16.7* 6.3 
 
58.5 2.9 

 
24.9* 9.2 

85 6.5 1.9   39.0 0.6 
 
56.0 2.7 

 
5.7 1.4 

92 5.3 1.5   31.7 2.8 
 
63.3 4.4 

 
5.0 4.7 

102 2.1 5.4   28.9* 0.5 
 
64.9 1.1 

 
6.3 0.6 

106 8.6 1.2   51.4 0.8 
 
44.3 1.0 

 
4.3 1.1 

114 16.4* 2.7   5.5* 0.1 
 
69.6* 1.1 

 
25.0* 0.8 

117 9.7 3.5   54.0 1.6 
 
39.8 2.7 

 
6.1 1.4 

128 5.2 1.7   31.6 3.4 
 
58.6 1.2 

 
9.8 2.3 

133 7.2 4.2   43.9 7.4 
 
49.8 5.4 

 
6.3 2.1 

 

 

4.2.6. Cytotoxicity towards normal primary NFF cells 

 Of the 21 ascidian extracts that were cytotoxic in MDA-MB-231 cells, 16 

extracts (15, 17, 29, 38, 43, 61, 63, 71, 75, 83, 85, 92, 106, 117, 128 and 133) were also 

toxic in NFF cells. In contrast, extracts 53 and 114 displayed CI profiles that were 

similar to the controls (medium and DMSO, Fig. 61), suggesting that these extracts did 

not affected NFF cells. Extracts 44, 81 and 102 showed slower kinetics in the CI 
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growth, implying a slight cytostatic effect which was time-dependent. For example, 

growth of cells treated with extract 81 displayed a lag phase for the first 24 h, where the 

CI remained static. Then the CI increased with kinetics similar to the controls (medium 

and DMSO), only to become static again 48 h post treatment. In comparison, extract 44 

started to show cytostatic effects after 24 h, while extract 102 became cytotoxic after 36 

h, as judged by a decreasing CI (Fig. 61). These time-dependent cytotoxic and cytostatic 

effects could indicate a metabolism-dependent mechanism of action. Most of the 

extracts that were not toxic to NFF cells, with the exception of 114, were also not toxic 

to LNCaP cells. Extracts 44 and 53 were cytostatic, and extracts 81,102 and 114 were 

cytotoxic in MDA-MB-231 cells. Most of the extracts active in NFF cells were 

cytostatic, with the exception of extracts 38, 61, 83 and 117 that were cytotoxic (data 

not shown). 

 

 

Figure 61. RTCA cytotoxicity assay with the active ascidian extracts in normal 

NFF cells. The real-time growth profiles display the seeding period (−24 h to 0 h) 

followed by the treatment period (0h to 72 h). At 0 h, the ascidian extracts were added 

to a final concentration of 0.1% (v/v), and the CI was measured every 2 hours. The 

controls are represented by DMSO (0.1%), complete medium, and doxorubicin (Dox, 

10 µM). Data are shown as mean ± SD. 
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4.2.7. Bioassay-guided fractionation of cytotoxic ascidian extracts 

 Extracts 38 (Polysyncraton echinatum), 63 (Polysyncraton pseudorugosum), 81 

(Leptoclinides durus) and 114 (Didemnum candidum) identified by RTCA as being 

cytotoxic in MDA-MB-231 and/ or LNCaP cells were selected for bioassay-guided 

fractionation based on the biological investigations detailed above.  All four prioritized 

ascidian samples were subjected to semi-preparative C18 HPLC and 60 fractions were 

generated for each sample. Initially, a portion of each of these 60 fractions were pooled 

together in groups of five (i.e. 12 fractions in total) then tested in the breast and prostate 

cancer cell lines. Next, each fraction of a pool, which showed a cytotoxic or cytostatic 

effect, was separately tested in MDA-MB-231 and LNCaP cells to identify the active 

fraction(s). Extracts 63 and 81 did not display active fractions after the HPLC work and 

it was hypothesized that the activity was potentially lost due to unstable compounds. 

These ascidian samples were de-prioritized. Priority was given to the ascidian extracts 

that had active HPLC fraction(s) identified, which included extracts 38 and 114 (Fig. 

62). Notably, all fractions identified in this process showed activity in both cell lines, 

MDA-MB-231 and LNCaP. 
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Figure 62. HPLC UV chromatograms of the active ascidian extracts selected for 

bioassay-guided fractionation. Every minute of the chromatogram represents one 

fraction. The yellow shading highlights the active region identified through bioassay-

guided fractionation. 

 

 

4.2.8. Spectroscopic studies of the bioactive compounds and fractions 

The active fractions identified during the bioassay-guided fractionation in MDA-

MB-231 and LNCaP cells were investigated by LC-MS and NMR. Fractions 38–41 

from extract 38 were shown to contain predominantly mixtures of polyaromatic 

compounds, while fraction 40 was determined to be a pure compound. LC-MS analysis 

of the pure metabolite identified that its molecular weight was 283 Da, which in 
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conjunction with 
1
H NMR spectroscopic analysis (Fig. 64) and literature searching

114
 

was determined to be the known pyridoacridine alkaloid,  ascididemin (16) (Fig. 63). 

This compound has previously been isolated from extract 38 by other researchers at the 

Eskitis Institute.
320

 

 

 

Figure 63. Structure of the pyridoacridine alkaloid ascididemin (16). 

 

 

 

Figure 64. 
1
H (600 MHz) NMR spectrum of ascididemin (16) in DMSO-d6. 

 

 

 Fractions 40 and 41 were identified as the active fractions from the ascidian 

extract 114. NMR and MS analysis showed that both fractions contained the same 

compound. The (+)-LRESIMS data for 17 showed an isotope cluster at m/z 787/789/791 
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in a ratio of 1:3:1 that indicated the compound contained two bromine atoms. A search 

of the DNP database
114

 using both the MS and taxonomic data suggested that 17 could 

be the previously reported bis-indole alkaloid eusynstyelamide B (17, Fig. 66). 

Comparison of the 
1
H / 

13
C NMR (Fig. 65 and Appendix I) data of 17 with literature 

values confirmed that we had isolated the bis trifluoroacetate salt of eusynstyelamide 

B.
321

 

 

 

Figure 65. 
1
H (600 MHz)NMR spectrum of eusynstyelamide B (17) in DMSO-d6. 

 

 

 

 

Figure 66. Structure of eusynstyelamide B (17). 
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4.2.9. Experimental data for β and eusynstyelamide B 

 

Ascididemin (16): stable brown gum (0.86 mg); 
1
H 

NMR (600 MHz, DMSO-d6) H 7.80 (1H, dd, J = 7.8, 

4.5 Hz, H-10), 8.04 (1H, dd, J = 8.0, 8.0 Hz, H-3), 8.10 

(1H, dd, J = 8.0, 8.0 Hz, H-2), 8.46 (1H, d, J = 8.0 Hz, 

H-1), 8.64 (1H, dd, J = 7.8, 1.2 Hz, H-11), 8.94 (1H, d, J = 5.6 Hz, H-5), 9.04 (1H, d, J 

= 8.0 Hz, H-4), 9.12 (1H, dd, J = 4.5, 1.2 Hz, H-9), 9.23 (1H, d, J = 5.6 Hz, H-6); (+)-

LRESIMS (rel. int.) m/z 284 (100%) [M + H]
+
. 

 

Bis-Trifluoroacetate Salt of 

Eusynstyelamide B (17): stable 

brown gum (3.54 mg); [α]D
26 = ±0 

(c 0.133, MeOH); literature value 

[α]D
19 = ±0 (c 0.1, MeOH);

321
 

1
H 

NMR (600 MHz, DMSO-d6) H 10.93 (1H, d, J = 2.3, H-1), 6.86 (1H, d, J = 2.3, H-2), 

7.01 (1H, d, J = 8.5 Hz, H-4), 6.77 (1H, dd, J = 8.5, 1.7 Hz, H-5), 7.45 (1H, d, J = 1.7 

Hz, H-7), 3.26 (1H, d, J = 14.5 Hz, H-8), 2.78 (1H, d, J = 14.5 Hz, H-8), 6.18 (1H, s, 9-

OH), 3.21 (1H, m, H-12), 2.91 (1H, m, H-12), 1.48 (2H, m, H-13), 1.40 (2H, tt, J = 6.5, 

6.5 Hz, H-14), 3.04 (2H, dt, J = 5.5, 6.5 Hz, H-15), 7.49 (1H, t, J = 5.5 Hz, H-16), 7.65 

(1H, d, J = 2.4 Hz, H-19), 6.81 (1H, d, J = 8.5 Hz, H-21), 6.92 (1H, dd, J = 1.7, 8.5 Hz, 

H-22), 7.51 (1H, d, J = 1.8 Hz, H-24), 11.15 (1H, d, J = 2.4 Hz, H-25), 5.42 (1H, s, 26-

OH), 7.72 (1H, t, J = 6.0 Hz, H-28), 2.88 (1H, m, H-29), 2.76 (1H, m, H-29), 1.12 (2H, 

m, H-30), 1.12 (2H, m, H-31), 2.87 (2H, m, H-32), 7.37 (1H, t, J = 5.8 Hz, H-33), (17-

NH3
+
, 17-NH, 34-NH3

+
, and 34-NH exchangeable signals not observed); 

13
C NMR (125 

MHz, DMSO-d6) C 125.6 (C-2), 109.1 (C-3), 126.7 (C-3a), 120.5 (C-4), 120.5 (C-5), 
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113.6
c
 (C-6), 113.3 (C-7), 136.6 (C-7a), 29.0 (C-8), 78.2 (C-9), 175.3 (C-10), 40.2 (C-

12), 25.9
d
 (C-13), 25.5 (C-14), 40.3 (C-15), 156.7

b
 (C-17), 126.7 (C-19), 105.9 (C-20), 

127.5 (C-20a), 120.3 (C-21), 120.8 (C-22), 113.5
c
 (C-23), 113.5 (C-24), 135.9 (C-24a), 

44.0 (C-25), 90.3 (C-26), 168.9 (C-27), 38.4 (C-29), 25.1
d
 (C-30), 25.6 (C-31), 40.0 (C-

32), 156.6
b
 (C-34); 

b,c,d
interchangeable signals; (+)-LRESIMS (rel. int.) m/z 787 (30%) 

[M – 2CF3COO
−
 + H]

+
, 789 (100%) [M – 2CF3COO

−
 + H]

+
, 791 (30%) [M – 

2CF3COO
−
 + H]

+
. 

 

 

4.2.10. Analysis of the pure compounds for cytotoxicity by RTCA 

The seven compounds purified during the PhD studies and reported in Chapter 2 

were initially evaluated for their cytotoxic activity at 10 μM in prostate and breast 

cancer cell lines using RTCA. After 72 h of treatment, none of the compounds showed 

any cytotoxic effects in the breast cancer cell line used when compared to the positive 

and negative controls (DMSO, medium, and doxorubicin). One compound, the 

previously isolated β-carboline dimer (BD), displayed mild cytostatic activity in LNCaP 

cells at 10 M (Fig. 67).  

 

 

Figure 67. Cytotoxicity assay by RTCA with the purified compound β-carboline 

dimer (BD) in LNCaP cells. The real-time growth profiles display the seeding period 
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(−24 h to 0 h) followed by the treatment period (0 h to 72 h). At 0 h, BD was added to a 

final concentration of 10 M, and the CI was measured every 2 hours. DMSO (0.1% 

v/v), complete medium, and doxorubicin (Dox, 10 µM) were used as controls. 

 

 

4.2.11. Determination of IC50 

The β-carboline dimer (BD) was cytostatic in LNCaP cells at 10 µM. Dose 

titration experiments in this cell line with BD showed that 25 µM was the minimum 

concentration to obtain the maximum cytostatic effect in 48 h (Fig. 68A). The IC50 

calculated for BD was 4.62 µM with a 95% confidence interval (CI) from 3.50 to 

6.09 µM (Fig. 68B).  

 

        

 

                                        

Figure 68. Cytotoxicity assay of BD against LNCaP cells. (A) Dose titration of 

BD against LNCaP cells. The cells were monitored for 48 h after treatment using the 
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xCELLigence System (Roche). (B) IC50 of BD in LNCaP cells after 48 h based on the 

data in A. 

 

 

 Eusynstyelamide B (EB) was identified and isolated by bioassay-guided 

fractionation in LNCaP and MDA-MB-231 cells. This cytotoxic compound displayed 

similar IC50 values in both cell lines. After 72 h the IC50 in MDA-MB-231 was 4.95 µM 

with a 95% CI varying from 3.86 to 6.30 µM (Fig. 69A); the IC50 in LNCaP cells was 

5.00 µM with a 95% CI from 3.40 to 7.34 µM (Fig. 69B) 

 

     

Figure 69. Dose response curves for EB in the breast cancer cell line MDA-MB-

231 (A) and the prostate cancer cell line LNCaP (B) at 72 h post treatment. The data 

used to calculate the IC50 of EB in MDA-MB-231 were acquired in an AlamarBlue
®

 

assay, while the data for LNCaP were obtained through RTCA experiment. 
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4.3. Discussion 

 

In order to purify cytotoxic ascidian-derived compounds, 143 ascidian extracts 

were selected (see Chapter 2) and screened in MDA-MB-231 and LNCaP cells. It was 

determined that 4000 cells/well should be used in the RTCA screening in MDA-MB-

231 cells. Above this number the cells enter stationary phase before the end of the 

experiment (Fig. 55). Besides attending the linear CI increase criteria, the CI value for 

4000 cells/well at the time point of treatment, 24 h, was higher than 0.5, a parameter 

suggested by the manufacturer.
298

  

Out of 143 ascidian extracts, we identified 21 extracts that affected the growth of 

MDA-MB-231 (Fig. 56) cells when tested by RTCA. Seven of these 21 extracts also 

showed activity in LNCaP cells (Fig. 57). The reduction in the number of active 

extracts might be because of the different sample preparation strategy used for the 

LNCaP screening. The HPLC fractionation step used prior to LNCaP screening 

eliminated highly lipophilic material (i.e. compounds with log P values >5) that may 

have been responsible for the activity identified during the in vitro breast cancer (MDA-

MB-231) extract screening. Highly lipophilic compounds (log P >5) do not make for 

good lead compounds or drugs, due to solubility and permeability issues.
322

  

We observed substantial differences in the CI profiles among the extracts. Some 

of them, such as extracts 61 and 63, had an immediate effect as soon as the cells were 

treated, while other samples like extract 43, took a longer time before cytotoxic effects 

were observed (Fig. 56). This could have happened due to the necessity of bioactivation 

of the compound, accumulation of the compound and differences in compound 

membrane solubility/uptake across membranes among other reasons.
323

 It was observed 

that the seven extracts displayed different potencies when tested at the same 

concentration in LNCaP and MDA-MB-231 cells, with the breast cancer cell line in 
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general less sensitive to the extracts. This is a triple negative breast cancer cell line (ER
-

, PR
-
, and no HER2 overexpression) and has mutant p53.

324; 325
 MDA-MB-231 cells 

were reported to be the most resistant in a chemotherapeutic drug screen in four 

different breast cancer cell lines. In this work, it was shown that resistance was related 

to a higher level of phosphorylation-mediated activation of PKD2 that is required for 

the expression of drug efflux pump P-glycoprotein, which is linked to multi-drug 

resistance.
326

 

The identification of 21 and 7 hit extracts towards the MDA-MB-231 and 

LNCaP cells, respectively, might have been an underestimation of the total number of 

cytotoxic extracts for several reasons. It might have been that the concentration of the 

active compound in the extract was too low to be detected in the screening. Cytotoxic 

extracts might have been also missed where the active compound had poor solubility, 

was chemically or biologically unstable or interacted with other compounds.
17

 

The following criteria were used to prioritize the ascidian extracts for bioassay-

guided fractionation: cell cycle effects, cell line-specific cytotoxicity, cell morphology, 

and extract logistics, such as the amount of ascidian material available in NatureBank. 

Cell counting of MDA-MB-231 cells after 24h of treatment revealed that extracts 15, 

17, 38, 61, 63, 75, 81, 83, 102 and 114 significantly reduced the number of cells 

compared to the control (Fig. 58). While it was unclear if these extracts reduced 

proliferation and/or induced cell death in this experiment, the RTCA data (Fig. 56) 

suggested that extracts 15, 17, 61, 63, 75 and 83 had a cytostatic effect and that extracts 

38, 81 and 102 led to cell death. A significant increase of sub-G1 population was 

observed in cells treated with extracts 15, 63 and 81, demonstrating that these extracts 

induce cell death (Table 11). Cell cycle analysis (Table 11) confirmed that all the 

aforementioned extracts arrested cells in S phase or G2/M. Moreover, some of the 

extracts that induced S phase arrest, such as 15, 63 and 38, also showed a substantial 
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increase of cells in G2/M. Interestingly, MDA-MB-231 cells treated with extract 114 

showed a reduced cell count and an increase in dead sub-G1 cells, but a 4-fold increase 

in CI when compared to control as shown by RTCA (Fig. 56D). Phase contrast 

microscopy (Fig. 59) revealed that extract 114 led to a substantial increase of the cell 

area, and cells displayed a round, flat morphology with condensed chromatin, which is 

symptomatic for the observed G2/M arrest (Table 11). Similarly, an increase in cell 

area was also observed after treatment with extracts 61, 71 and 81, which also induced a 

cell cycle arrest in S phase or G2/M (Table 11). The increased cell area was most 

probably due to the inability of the cells to progress through mitosis and enter 

cytokinesis.
327; 328

 G2/M arrest is commonly observed in cancer cells treated with DNA 

damaging agents, such as etoposide and doxorubicin. Literature data show that 

innumerous DNA intercalators and topoisomerase inhibitors have been isolated from 

ascidians.
329; 330

 Both classes of compounds cause DNA damage which can lead to cell 

cycle arrest at G2/M and are usually cytotoxic. RTCA screening of the 21 extracts in the 

non-malignant primary fibroblast cell line NFF revealed a relatively high level of 

general toxicity among the extracts, reinforcing the hypothesis of the presence of the 

aforementioned compounds in the ascidian extracts. Only extracts 44, 53, 81, 102 and 

114 were less toxic or cytostatic at the same dose in NFF cells when compared to the 

breast and prostate cancer cell lines (Fig. 61), suggesting some anti-cancer specificity. 

Taking all this data into consideration, extracts 81 and 114 were chosen for 

bioassay-guided fractionation because they reduced the number of cells after treatment, 

caused a cell cycle arrest, and altered breast cancer cell morphology, but did not display 

cytotoxicity in NFF cells. Extracts 38 and 63 were also selected for bioassay-guided 

fractionation because they affected all the aforementioned parameters; however, they 

were toxic to NFF cells. Extract 102 was active only in MDA-MB-231 cells, while 

extracts 38, 63 and 114 were active in the breast and the prostate cancer cells. Bioassay-
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guided fractionation of the remaining active extracts was followed up by LC-MS and 

NMR analysis of the active fractions (see Appendix 1). The active pool of fractions 

could be determined for extracts 38 and 114, but not for extracts 63 and 102. The loss of 

activity might have occurred during the HPLC fractionation process or sample 

preparation, where samples were subjected to high pressure, TFA, and elevated 

temperatures which might have affected the stability of the active compounds. 

Moreover, the observed activity of the extract could have been the effect of synergistic 

action of one or several different compounds, which was lost when the compounds were 

separated through the fractionation process.
331

 

The active fractions of extracts 38 and 114 were analyzed by two independent 

methods, LC-MS and NMR analysis, to identify individual compound(s). LC-MS and 

NMR analysis (Fig. 64) of the active fractions 38–41 of extract 38 identified the 

presence of ascididemin (Fig. 63) along with mixtures of related pyridoacridines. This 

ascidian compound was previously isolated and studied by colleagues at the Eskitis 

Institute. Ascididemin was reported as an anti-trypanosomal natural product, which 

displayed a 46-fold selectivity toward Trypanosoma brucei brucei when compared to 

the human embryonic kidney cell line HEK293.
320

 Ascididemin was first isolated from 

the Okinawan tunicate Didemnum sp.
332

 Pyridoacridines are aromatic alkaloids that 

were first described in 1983 with the report of amphimedine.
333

 They are products of 

aromatic amino acid metabolism, and are typically cytotoxic in various types of tumor 

cells.
334

 Their cytotoxicity has been attributed to their nonspecific intercalation into 

DNA that is primarily due to their planar structure. However, studies have demonstrated 

that these compounds may present selective effects. Pyridoacridines have been 

described as anti-bacterial,
335

 anti-fungal,
336

 anti-viral,
337

 insecticidal,
338

 anti-

parasitic,
339

 and anticancer.
340

 There are a number of studies that have focused on the 

mechanism of action of the pyridoacridine structure class.
341

 It has been shown that the 
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intercalation into DNA may result in inhibition of macromolecule synthesis,
336

 

inhibition of topoisomerase enzymes
342

 and generation of reactive oxygen species.
343; 344

 

Neoamphimedine,
345

 a pyridoacridine from Xestospongia sp., induced topoisomerase II-

mediated catenation.
346

 Ascididemin is another representative of the pyridoacridine 

group that targets topoisomerase; specifically this compound is a topoisomerase II 

poison that promotes DNA cleavage and induces apoptosis in HL-60 and P388 

leukemia cells.
347

 Due to the previous mechanism of action studies on the 

pyridoacridine structure class, no further biological investigations on ascididemin (or 

any of the mixtures of pyridoacridine analogues present in active fractions from extract 

38) were undertaken during the PhD project. 

Bioassay-guided fractionation on extract 114 revealed that fractions 40 and 41 

contained the bioactive compound of interest. LC-MS, 1D and 2D NMR experimental 

data analysis (Fig. 65) showed that both fractions contained the modified tryptophan-

arginine dipeptide dimer eusynstyelamide B (EB) (Fig. 66). These fractions were 

combined for further studies. The IC50 was 5.0 µM in both cancer cell lines [MDA-MB-

231(Fig. 69A) and LNCaP (Fig. 69B)]. EB was previously isolated from the Great 

Barrier Reef ascidian Eusynstyela latericus.
321

 EB is the stereoisomer of 

eusynstyelamide A which was first isolated from the ascidian Eusynstyela misakiensis, 

but whose chemical structure was initially misassigned.
321; 348

 Motti et al. suggested that 

EB might be the result of the dimerization of two modified dipeptides formed from α-

keto acid, derived from tryptophan, and agmatine, derived from the decarboxylation of 

arginine.
321

 EB has been reported to inhibit neural nitric oxide synthase with an IC50 of 

4.3 µM, which is similar to the IC50 determined for LNCaP and MDA-MB-231 cells 

during our studies. Thus, the nitric oxide synthase family (NOS) could be a potential 

target of EB in these cancer cells. Moreover, EB had mild antibacterial activity towards 

Staphylococcus aureus (IC50 6.5 µM), and inhibited the C4 plant regulatory enzyme 



168 

 

pyruvate phosphate dikinase (IC50 20 µM).
321

 Furthermore, EB was found to display no 

cytotoxicity in the cancer cell lines MCF-7 (breast), SF-268 (CNS), and H-460 (lung) 

when tested at 32 mM.
321

 The detection of cytotoxic activity for EB in our work might 

be due to differences in methodology and characteristics of the cell lines used. Motti et 

al. used a colorimetric cytotoxicity assay developed by the National Cancer Institute in 

1990 that measures the cellular protein content using sulforhodamine B.
349

 Moreover, 

the breast cancer cell line MCF-7 used by this group is estrogen-sensitive and has wild-

type p53, while MDA-MB-231 does not express the estrogen receptor and has mutant 

p53.
350; 351

 The other two cell lines tested, SF268 (brain) and H460 (lung), have a 

mutant
352

 and wild-type p53 gene,
353

 respectively. The enantiomer of EB isolated from 

the Arctic bryozoan Tegella cf. spitzbergensis was found to display anti-bacterial 

activity in S. aureus (MIC 7.95 µM) and Escherichia coli (MIC 15.9 µM). Moreover, it 

was weakly active in Candida albicans (MIC 127.2 µM).
354

 The presence of 

stereoisomers and enantiomers of EB in different phyla localized in different climatic 

zones suggests that their biosynthesis is carried out by different microorganisms 

associated with the organisms.
42; 43

 Recently, the total synthesis of eusynstyelamide A 

was accomplished in six steps in 13% overall yield from 6-bromoindole, methyl 

glycidate, and Boc-protected agmatine.
355

 Many compounds with bromotryptophan 

(BrTrps), such as jaspamide,
356

 makaluvamine F
357

 and eudistomin H,
358

 display 

therapeutic properties, which include anti-fungal, anti-bacterial, anti-helminthic, 

insecticidal and/or anticancer activities. The presence of bromine in many MNPs is 

probably result of enzymatic action of bromo- and lacto-peroxidases Notably, BrTrps 

are produced by post-translational modification.
359

 

Seven pure compounds, including the β-carboline dimer (BD), isolated from 

Didemnid ascidians in Chapter 2 were tested in MDA-MB-231 and LNCaP cells by 

RTCA. Surprisingly, none of the seven compounds isolated during the chemical 
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investigation component of this thesis showed cytotoxic or cytostatic activity in MDA-

MB-231 cells at 10 µM. Nevertheless, BD was found to be cytostatic in LNCaP cells 

(Fig. 68A). BD was first isolated from an ascidian Didemnum sp. collected from the 

GBR in Australia in 1995.
360

 It is part of the large group of indole alkaloids that possess 

a tricyclic pyrido[3,4-b]indole ring structure.
361

 Nonsymmetrical β-carboline dimers 

with the same molecular formula as BD were isolated from Didemnum sp., and had 

their structures confirmed by nonselective synthesis prepared from tryptophan using UV 

irradiation.
362

 Numerous β-carboline alkaloids have been isolated from marine 

invertebrates and have been evaluated using a variety of different biological assays 

which identified neurological,
363

 antitumor,
364

 anti-viral,
365

 antimicrobial,
366

 anti-

parasitic
367

 and anti-thrombotic activities.
368

 Remarkably, this is the first report of a 

biological activity for BD. The pharmacological effects of β-carbolines are in part due 

to their ability to intercalate in DNA.
369

 However, more specific mechanisms have been 

reported, including inhibition of cyclin-dependent kinases
370; 371

 and interactions with 5-

hydroxytryptamine,
372

 dopamine,
373; 374

 benzodiazepine
375

 and imidazoline receptors.
376

 

Interestingly, aaptamine was not cytotoxic to either LNCaP or MDA-MB-231 

cells. Aaptamine has previously been reported to be cytotoxic in some cancer cell lines, 

including HeLa,
377

 KB16, A549, HT29,
378

 and CEM-SS.
379

 Hamann et al. suggested a 

mechanism of action where cytotoxicity of aaptamine is caused by its capacity to 

intercalate DNA.
380

 The lack of cytotoxicity in our assay could be due to the 

characteristics of the cancer cell lines and/or the assay concentration of aaptamine (10 

µM). For example, previous work showed that only concentrations above 20 µM led to 

an increase in p21 expression, which is required to maintain G2/M arrest, in human 

osteosarcoma MG63 cells.
381

  

 

 



170 

 

4.4. Conclusions 

 

 The cytotoxicity screening of the ascidian compounds purified during the 

chemical investigation component of this thesis (Chapter 2) identified BD as being 

active in the prostate cancer cell line LNCaP (IC50 4.6 µM). The natural product 

eusynstyelamide B isolated during the bioassay-guided fractionation exhibited 

cytotoxicity in MDA-MB-231 (IC50 5.0 µM) and LNCaP (IC50 5.0 µM) cells. This is the 

first report of activity in cancer cell lines for both these marine natural products. Little is 

known about how these molecules affect these cells, thus, EB, the most active 

compound, was selected for mechanism of action studies, which are described in the 

next chapter. 
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Chapter 5: Investigation of the mechanism of action of 

eusynstyelamide B in MDA-MB-231 and LNCaP cells 

 

In the previous chapter, the known ascidian-derived compound eusynstyelamide 

B (EB) was isolated through bioassay-guided fractionation using both LNCaP and 

MDA-MB-231 cells. This compound was previously isolated from another species of 

ascidian from the Great Barrier Reef.
321

 Different biological activities have been 

attributed to EB, including antimicrobial, inhibition of neuronal nitric oxide synthase, 

and inhibition of the C4 plant regulatory enzyme pyruvate phosphate dikinase.
321

 This is 

the first time that cytotoxic activity of EB was observed in cancer cells. Previous studies 

of EB in the cancer cell lines MCF-7 (breast), SF-268 (CNS), and H-460 (lung) did not 

reveal any cytotoxicity at concentrations up to and including 32 mM.
321

 The mechanism 

of action of EB against the prostate cancer cell line LNCaP and the breast cancer cell 

line MDA-MB-231 is currently unknown. A better understanding of what EB targets 

and its mechanism of action towards these cancer lines may assist in the further 

development of this molecule (or optimized analogues) as potential therapeutic agents. 

Elucidation of the cytotoxic mechanism of EB was initiated by analyzing the effect of 

EB on the cell cycle distribution by flow cytometry analysis of the DNA content. The 

observed G2/M phase arrest was further investigated by Western blot analysis (WB) of 

histone H3 phosphorylation, HCS, and confocal microscopy to reveal whether EB 

induces a cell cycle arrest in G2 or during mitosis (M). Furthermore, EB-induced 

apoptosis was studied by WB and flow cytometry with annexin V staining. Gene 

expression profiling by DNA micro array and pathway analysis were performed to 

determine the pathway(s) activated by the treatment with EB in LNCaP cells. The 

expression level changes of candidate genes were validated by qRT-PCR. Based on 

these data, DNA damage response pathways were focused on, and EB action in DNA 
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damage was investigated in MDA-MB-231 and LNCaP cells by neutral COMET assay 

and quantification of γH2AX foci. Functional studies investigated potential interactions 

of EB with DNA and topoisomerase II. Finally, the toxicity of EB in two non-malignant 

cell lines was investigated, and its interaction with different drugs was assessed. 

 

 

5.1. Materials and Methods 

 

5.1.1. Sample preparation 

A stock solution of 10 mM EB was prepared in DMSO and sonicated to provide 

complete dissolution of the natural product. For cell treatment, the stock solution was 

diluted to the desired concentration in the appropriate complete cell culture medium.  

 

5.1.2. Cell culture 

The prostate cancer cell line LNCaP, the breast cancer cell line MDA-MB-231, 

the primary normal human foreskin fibroblast cell line NFF and the non-malignant 

human prostate cell line RWPE-1 were routinely maintained in T-25 or T-75 culture 

flasks at 37ºC in a 5% CO2 humidified environment. RWPE-1 was a kind gift from G.P. 

Risbridger, and NFF was obtained from D. Zencak, the other two cell lines were 

obtained from ATCC. LNCaP cells were grown in RPMI growth media without phenol 

red (Invitrogen, USA), MDA-MB-231 and NFF cells were cultured in Dulbecco's 

Modified Eagle Medium (DMEM, Invitrogen, USA). RWPE-1 cells were grown in 

Keratinocyte Serum Free Medium with supplements (K-SMF, Invitrogen, USA). RPMI 

and DMEM medium were supplemented with 10% (v/v) heat-inactivated FBS 

(Invitrogen, USA) and grown up to 80% confluence. The culture medium was changed 

two to three times per week. For cell passaging, cells were rinsed with DPBS 
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(Invitrogen, USA), harvested using TrypLE™ Express (Invitrogen, USA), centrifuged 

at 400 × g, and resuspended in culture medium. Spare cells were resuspended in FBS 

containing 5% DMSO and stored in liquid nitrogen vapor phase (1 × 10
6
 cells/mL). 

 

5.1.3. Cell morphology analysis 

LNCaP (0.1 × 10
6
) and MDA-MB-231 (0.05 × 10

6
) cells were seeded in a 6 

well/plate and grown for 24 h. After 24 h, the cells were treated with 5 µM EB for 24 h, 

48 h, 72 h and 96 h. The morphology of the cells was documented at each time point 

using an OlympusIX70 with a 10× lens. 

 

5.1.4. Cell cycle distribution 

The cell cycle distribution of LNCaP and MDA-MB-231 cells after treatment 

with EB was carried out as described previously (see Chapter 4). LNCaP (0.2 × 10
6
 

cells) and MDA-MB-231 (0.1 × 10
6
 cells) cells were seeded in a 6 well/plate. After 24 

h, the cells were treated with 5 µM EB for 24 h, 48 h, 72 h and 96 h or with different 

concentrations of EB for 72 h. At the end of the experiment cells were stained for DNA 

quantification and analyzed by flow cytometry as previously described in Chapter 4. 

The results were expressed as a mean ± SD of each cell cycle phase, and were analyzed 

using Two-way ANOVA. The samples with p < 0.05 were considered significant. 

 

5.1.5. Annexin V assay 

During the initial phase of apoptosis cells translocate the membrane 

phosphatidylserine (PS) from the inner face of the plasma membrane to the cell 

surface.
382

 Surface exposure of PS in apoptotic cells was detected using FITC-Annexin 

V, which has high affinity for PS.
383

 The assay was carried out according to the 

manufacturer’s instruction (BioVision, USA). Briefly, MDA-MB-231 (0.1 × 10
6
) and 
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LNCaP (0.1 × 10
6
) cells were seeded in a 6 well/plate and treated with 5 µM EB, 0.1% 

DMSO or triclosan (TCS, 15 µM for LNCaP and 35 µM for MDA-MB-231). TCS is a 

fatty acid synthase inhibitor which induces apoptosis (M. Sadowski, personal 

communication). After 96 h, 1 × 10
5
 cells were harvested and washed twice with cold 

DPBS (Invitrogen, USA) and resuspended in 500 µL 1X binding buffer. Next, 1 µL of 

FITC-conjugated Annexin V and 1 µL of propidium iodide (PI, 1mg/mL) were added 

and incubated at room temperature for 20 min in the dark. Compensation controls for 

the spectral overlap between the FITC and PI channels were set up as follows: 1 × 10
5
 

TCS-treated cells (positive control) were left unstained or stained only with PI or 

Annexin V-FITC. 20,000 cells were measured by flow cytometry using FACSCanto 

(BD Biosciences) and data were analyzed with FASCDiva software (BD Biosciences). 

Results were analyzed using Two-way ANOVA (p < 0.05). 

 

5.1.6. Microarray gene expression profiling 

For gene expression profiling, triplicates of each cRNA sample were analyzed 

on a custom-made 180k Agilent oligo microarray (ID032034). This array contains 

probes mapping to human protein-coding as well as non-coding loci; with probes 

targeting exons, 3’UTRs, 5’UTRs, intronic and intergenic regions. For sample 

preparation, LNCaP cells were seeded at a density of 0.2 × 10
6
 cells/well and grown in 

RPMI growth media without phenol red (Invitrogen, USA) supplemented with 10% 

(v/v) heat-inactivated FBS (Invitrogen, USA). After 24h, cells were treated with 5 µM 

EB for 24 h.  

RNA was isolated using the RNeasy Mini Kit (Qiagen) including an on-column 

DNAse treatment step as described in Chapter 2. RNA purity and quality were 

evaluated on a NanoDrop1000 and Agilent 2100 Bioanalyzer. 150 ng RNA of each 

sample were reverse transcribed into cDNA, amplified and labeled using the Agilent 
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‘Low Input Quick Amp Labeling Kit’ for One-Color Microarray-Based Gene 

Expression Analysis. In brief, the input RNA is reverse transcribed into cDNA, using an 

oligo-dT/T7-promoter hybrid primer which introduces a T7 promoter region into the 

newly synthesized cDNA. The subsequent in vitro transcription uses a T7 RNA 

polymerase, which simultaneously amplifies the target sequence and incorporates 

cyanine 3-labeled CTP. cDNA synthesis and in vitro transcription were performed at 

40°C for 2 h, respectively. The labeled cRNA was purified using the RNeasy Mini Kit 

(Qiagen) and quantified on a NanoDrop1000 (ThermoFisher Scientific, USA). Finally, 

1650 ng cRNA of each sample were hybridized at 65°C for 17 h and the arrays 

subsequently scanned on an Agilent Microarray Scanner G2565CA. 

 

5.1.7. Microarray data analysis 

The microarray raw data were processed using the Agilent Feature Extraction 

Software (v10.7). A quantile between array normalization was applied and differential 

expression was determined using the Baysian adjusted t-statistic linear model of the 

‘Linear Models for Microarray Data’ (LIMMA) package in R. The p-values were 

corrected for a false discovery rate of 5%. Genes that were significantly different 

between two groups were identified with an adjusted p-value of ≤ 0.05, and an average 

fold change of ≥ 1.5. The filtered gene lists were examined by Ingenuity Pathway 

Analysis (IPA, Ingenuity Systems Inc.) for functional annotation and gene network 

analysis. 

 

5.1.8. Quantitative real time PCR (qRT-PCR) 

qRT-PCR is based on the incorporation of a fluorescent dye during thermal 

cycling, therefore monitoring a change in fluorescence that correlates with the 

accumulation of amplified product.
384

 LNCaP (0.2 × 10
6
) and MDA-MB-231 (0.1 × 
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10
6
) cells were grown and treated as described for the microarray gene expression 

profiling. Total RNA was obtained using the RNeasy Mini Kit (Qiagen) as described 

previously (see Chapter 3). RNA purity and quality were evaluated on a 

NanoDrop1000 (ThermoFisher Scientific, USA). Subsequently, first strand cDNA was 

synthesized using the SuperScript III RT enzyme (Invitrogen, USA). The reaction 

mixture (11 µL) containing 1 µL random hexamers (200 ng/ µL), 1 µL dNTPs (10 mM) 

and 1.5 µg RNA (Sigma-Aldrich) (Table 12) was assembled on ice and then incubated 

for 5 min at 65°C followed by 1 min at 4°C. Next, the reverse transcription reaction (20 

µL) was set-up by adding 4 µL 5x buffer, 1 µL DTT (0.1 M), 1 µL RNAseOut 

(Invitrogen, USA), and 1 µL SuperScript III (200 u/µL, Invitrogen, USA). The reaction 

was incubated for 5 min at 25°C, followed by 60 min at 50°C, and finally for 15 min at 

70°C in a thermal cycler (BioRad). The synthesized cDNA was then diluted 1:4 with 

H2O before qRT-PCR. qRT-PCR was performed using the SYBR
®
 Green PCR Master 

Mix (Invitrogen, USA). Reactions were set up in duplicates and run on an Abi 7900HT 

(Applied Biosystems) with SDS 2.4 software. The mRNA expression levels were 

quantified using the relative standard curve obtained for each primer pair with the 

DMSO control, and results were normalized to GAPDH mRNA levels of the respective 

treatment. The results were presented as fold change in expression relative to the control 

(0.1% DMSO).  
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Table 12. Sequences of the sense and antisense primers and the concentrations used for 

qRT-PCR. 

Genes Primer pairs Concentration (µM) 

CDK1 5’-GTCAGCTCGTTACTCAACTCC 

5’-CCACACTTCATTATTGGGAGTG 

0.2 

0.2 

CCNB1 5’-AGAGCCATCCTAATTGACTG 

5’-CAACCAGCTGCAGCATCTTC 

0.2 

0.2 

CDKN1A 5’-GTGGACCTGTCACTGTCTTG 

5’-CCTCTTGGAGAAGATCAGCC 

0.2 

0.2 

CDC25A 5’-TGAATGGCAAGTTTGCCAACC 

5’-GTAGGTACAATGGGCTTCTTC 

0.2 

0.2 

MKI67 5’-CAAATTACAAGACTCGGTCCCTG 

5’-GGGAGGTCTTCATGGGCTTC 

0.2 

0.2 

GADD45A 5’-CTGGAGAGCAGAAGACCGAAAG 

5’-GCAGGCACAACACCACGTTA 

0.4 

0.4 

GADD45G 5’-GAGTCAGCCAAAGTCTTGAACGT 

5’-CGCAGCCAGCACACAGAA 

0.4 

0.4 

 

 

5.1.9. Western blot 

Western blot is a popular technique used to detect specific proteins in a sample. 

Proteins of the sample are separated by electrophoresis and transferred to a membrane, 

which is stained with antibodies specific to the protein of interest.
385

 LNCaP (0.15 × 10
6
 

cells) and MDA-MB-231 (0.05 × 10
6
 cells) were seeded in a 6 well/plate and treated 

with 5 and 2.5 µM EB, respectively, for different incubation times. As positive controls, 

cells were treated with different compounds (Sigma Aldrich), including doxorubicin 

(1µM, 48 h), etoposide (25 µM, 24 h), chloroquine (25 µM, 48 h), taxol (2 nM, 24 h), or 

nocodazole (83 nM, 24 h). Doxorubicin and etoposide are topoisomerase II (topo II) 

poisons that cause DNA DSBs and arrest the cells at G2/M phase of the cell cycle.
386

 

Taxol and nocodazole are anti-mitotic compounds that arrest cells at M phase.
387

 

Chloroquine is a well know inducer of autophagy in some cell lines.
388

 0.1% DMSO 

was used as vehicle control. At the end of the treatment, cells were harvested and 

washed with ice cold DPBS (Invitrogen). The cell lysate was prepared by incubating the 
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cell pellet in cell extraction buffer (Invitrogen) containing EDTA, 30 mM NaF, 20 mM 

NaPPi, 10mM glycerophosphate, 1 mM vanadate, and protease inhibitor cocktail for 30 

min on ice. All chemicals were purchased from Sigma-Aldrich. Lysates were cleared by 

centrifugation at 15,000 × g for 15 min at 4°C, the supernatants were collected, and the 

protein concentration determined through a bicinchoninic protein assay kit (BCA assay, 

Thermo Fisher Scientific). Thirty micrograms of protein lysates per sample were mixed 

with 4X sample buffer (200 mM Tris-HCl pH 6.8, 10% (w/v) SDS, 0.4% (w/v) 

bromophenol blue, 40% (v/v) glycerol, 400 mM DTT) incubated for 5 min at 95°C and 

subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) 

on NuPAGE® 4–12% Bis-Tris Gel (Invitrogen) for 90 min at 135 V. The separated 

proteins were transferred onto nitrocellulose membranes, followed by blocking with 5% 

BSA (w/v) in TBST (10 mM Tris, 100 mM NaCl, 0.1% Tween 20) for 1 h at room 

temperature. Membranes were then incubated with primary antibodies (Table 13) 

overnight at 4°C. After washing four times for 5 min with TBST, the membranes were 

incubated at room temperature for 1 h with the appropriate horseradish peroxidase-

conjugated secondary antibody (Table 13) diluted in 2% BSA (w/v) (1:5000). Proteins 

were visualized by an enhanced chemiluminescence reaction system (Immobilon 

Western Chemiluminescent HRP Substrate, Merck Millipore). Beta-actin was used as a 

loading control. Protein signals were quantified using Image Lab™ software, 

normalized to the respective loading control, and expressed relative to the control 

treatment. 
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Table 13. Details of the primary antibodies used to investigate the mechanism of action 

of EB. 

Antibody Dilution Isotype Brand 

Phospho-cdc2 (Tyr15) 1:1000 Rabbit IgG Cell Signaling Technology 

Phospho-ChK1 (Ser345) 1:1000 Rabbit IgG Cell Signaling Technology 

Phospho-ChK2 (Thr68) 1:1000 Rabbit IgG Cell Signaling Technology 

Phospho-Rb (Ser795) 1:1000 Rabbit IgG Cell Signaling Technology 

Phospho-Rb (Ser807/811) 1:1000 Rabbit IgG Cell Signaling Technology 

Phospho-p53 (Ser15) 1:1000 Rabbit IgG Cell Signaling Technology 

Anti-rabbit IgG, HRP-linked 1:5000 Goat Merck Millipore 

Phospho-histone H3 (Ser10) 1:1000 Rabbit IgG Abcam 

Cdc2 (POH1) 1:1000 Mouse IgG2a Cell Signaling Technology 

PARP (46D11) 1:1000 Rabbit IgG Cell Signaling Technology 

CDC25A (144) 1:1000 Rabbit IgG Santa Cruz Biotechnology 

LC3B 1:1000 Rabbit IgG Cell Signaling Technology 

Beta-actin (13E5) 1:3000 Rabbit IgG Cell Signaling Technology 

Anti-mouse IgG, HRP-linked 1:5000 Sheep IgG Cell Signaling Technology 

 

 

5.1.10. Mitotic studies 

 Cell cycle investigation of EB-treated cells showed that EB induced a G2/M 

arrest. In order to identify if EB was an anti-mitotic compound or arrested cells in the 

G2 phase, three different methods were employed. 

5.1.10.1. Quantification of phospho-histone H3 (S10) 

 The protein histone H3 is phosphorylated during chromosome condensation and 

is a widely used marker of mitosis.
389

 LNCaP and MDA-MB-231 cells were grown and 

treated as described above for the Western blotting analysis. The nitrocellulose 

membranes were probed with the mitosis marker anti-histone H3 (phosphorylated S10) 

antibody (1:1000, Abcam) over-night at 4°C under constant agitation. The secondary 

antibody used was a goat anti-rabbit IgG (1:5000, Merck Millipore). The visualization 

and quantification of the bands were carried out as described above. 
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5.1.10.2. Mitotic index 

The mitotic index is the percentage of cells in mitosis in relation to the total 

number of cells. To determine this number, LNCaP (10 × 10
3
) and MDA-MB-231 (5 × 

10
3
) cells were grown in a 96 well/plate for 24 h. To improve attachment, wells were 

coated with poly-L-ornithine before seeding of LNCaP cells as described in Chapter 3. 

The cells were treated with 5 µM EB, 0.1% DMSO or 83 nM nocodazole for 24 h. After 

treatment, the cell culture medium was removed and the cells were fixed and blocked as 

described before (see Chapter 3). Then, cells were incubated with the mitosis marker 

anti-histone H3 (phosphor S10) (1:100, Abcam) over-night. After washing, the cells 

were incubated with DAPI (1:500, Invitrogen) and Alexa Fluor
®
 568 donkey anti-rabbit 

IgG (1:500, Invitrogen) in the dark for 1 h at room temperature. The cells were washed 

three times for 5 min with PBS in the dark. The samples were analyzed using the HCS 

machine Operetta (PerkinElmer), and the calculation of the mitotic index was performed 

using the Harmony
®

 software. The results were expressed as a mean ± SD (n=3), and 

were analyzed using One-way ANOVA. The samples with p < 0.05 were considered 

significant. 

5.1.10.3. Analysis of chromosome segregations 

LNCaP (6 × 10
4
) and MDA-MB-231 (3 × 10

4
) cells were grown on glass 

coverslips (coated with poly-L-ornithine for LNCaP) placed in a 12 well/plate inside a 

CO2 humidified incubator. After 24 h, cells were treated with 0.1% DMSO, 5 µM EB, 

83 nM nocodazole, and incubated for 24 h, 48 h, 72 h and 96 h. Cells were fixed and 

processed as described in Chapter 3 followed by an over-night incubation with anti-

histone H3 (phospho S10) (1:100, Abcam). After washing, the cells were incubated with 

DAPI (1:500, Invitrogen), α-tubulin (DM1A) mouse mAb (Alexa Fluor
®
 488 

conjugated, 1:100, Cell Signalling Technology), and Alexa Fluor
®

 568 donkey anti-

rabbit IgG (1:500, Invitrogen) in the dark for 1 h at room temperature. The cells were 
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washed three times for 5 min and finally mounted in ProLong
®

 Gold anti-fade reagent 

(Invitrogen). The samples were imaged using an Olympus FV1000 Spectral, 100× lens. 

 

5.1.11. DNA damage studies 

The activation of pathways related to cellular DNA damage response was 

observed in the microarray gene expression profiling results. In order to identify the 

presence of DNA double-strand breaks (DSBs) two assays were employed. 

5.1.11.1. Quantification of γ-H2AX Foci 

LNCaP (6 × 10
4
) and MDA-MB-231 (3 × 10

4
) cells were grown on glass 

coverslips (coated with poly-L-ornithine for LNCaP) in a CO2 humidified incubator. 

After 24 h, cells were treated with 0.1% DMSO, 5 µM EB, or 1 µM doxorubicin, and 

incubated for different periods of time (4 h, 48 h or 72 h).  Cells were fixed and 

processed as described in Chapter 3, followed by over-night incubation at 4°C with anti-

phospho-histone H2A.X (Ser139) antibody (1:500, Merck KGaA, Germany). After 

washing, the cells were incubated with DAPI (1:500, Invitrogen, USA) and Alexa 

Fluor® 488 goat anti-mouse IgG (H+L) (1:500, Invitrogen, USA) in the dark for 1 h at 

room temperature. The cells were washed three times for 5 min with DPBS and finally 

mounted in ProLong
®
 Gold antifade reagent (Invitrogen). The γ-H2AX foci were 

imaged using the DeltaVision microscope and quantified with MetaMorth software 

(Molecular Devices, USA). A minimum of 100 cells were counted per sample. 

5.1.11.2. Neutral COMET Assay 

LNCaP and MDA-MB-231 cells were grown in a 6 well/plate for 24 h and 

treated with 5 µM EB for 4 h and 72 h at 37°C. Cells treated with 1 µM doxorubicin for 

48 h and 0.1% DMSO for 72 h were used as controls. Cells were washed once with 

DPBS (Invitrogen) and harvested to obtain a single cell suspension of 1 × 10
6
 cells/mL 

in 1X Tris-borate-EDTA (TBE, 89 mM Tris Base, 89 mM Boric acid, 2 mM EDTA). 
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Approximately 4 × 10
3
 cells were suspended into a 150 µL of 0.6% low melting-point 

agarose (Sigma-Aldrich) and 60 µL of this mixture was applied onto each well of a 

COMET slide (Trivigen Inc). Slides were then placed on a cold surface (4°C) for 10 

minutes followed by immersion in ice cold lysis buffer (2.5 M NaCl, 100 mM EDTA, 

10 mM Tris, 1% Triton-X-100; pH 10). Slides were incubated in lysis buffer over-night 

at 4°C and washed in 100 mL of 1X TBE for 15 min at 4°C the next day. After 

removing excess salts with 1X TBE, slides were placed in an electrophoresis tank 

(BioRad) containing 1X TBE buffer. Electrophoresis was performed for 30 minutes at 

70 V and 90 mA by adjusting the height of the buffer. After the completion of 

electrophoresis, slides were immersed in distilled water for 5 min followed by 5 min 

incubation in 70% ethanol. Slides were then incubated at 45°C for about 10 minutes and 

left to cool down at RT. 100 µL of DAPI (1 µg/ml) we added onto each well and 

incubated at 4°C for 5 minutes. Excess DAPI was removed and slides were scanned 

using an epifluorescence microscope (Nikon Eclipse) equipped with a 10× objective. 

Comets were scored using the COMET Score software (TriTek Corp). Results were 

presented as box-and-whisker diagram and were analyzed by One-way ANOVA. 

Samples with p < 0.05 were considered significant. 

 

5.1.12. DNA interaction studies 

 EB treatment induced DSBs in LNCaP and MDA-MB-231 cells. In order to 

verify if the observed DNA damage was a result of a direct interaction of EB with 

DNA, two techniques were used: displacement of DNA-bound ethidium bromide by EB 

and EB-induced changes to DNA melting temperature. 

5.1.12.1. Displacement assay 

 An ethidium bromide (EtBr) displacement assay was performed to identify the 

ability of EB to interact with DNA. As a positive control, increasing concentrations of 
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the DNA intercalator DAPI (0.04–360 µM) were tested in this assay. Notably, DAPI is 

a fluorescent DNA stain itself with an absorption maximum at a wavelength of 358 nm 

and an emission maximum at 461 nm. Hence, there is no spectral overlap with EtBr 

(excitation 530 nm and emission maxima at 600 nm). Increasing concentrations of EB 

(6.25–100 µM) were incubated with 2.5 g plasmid DNA in the presence of 1.3 µM 

EtBr in a 96 well/plate completed with TE up to the final volume of 100 µL. Controls 

consisted of the individual components (EtBr, DNA, and EB) and EtBr with DNA. Each 

sample was set up in triplicate, and fluorescence was measured in a FLUOstar Omega 

plate reader (BMG Labtech) with an excitation at 530 nm and emission recorded at 600 

nm. Readings were corrected for background fluorescence. 

5.1.12.2. Melting curve analysis 

 To study DNA binding/ intercalation of EB, increasing concentrations of EB 

(6.25–100 µM) were incubated with 8 µL of a 151 bp PCR product of the RPL32 gene 

and subjected to melting curve analysis. First, PCR product was synthesized in a batch 

of 12 reactions by mixing 4 µL of SYBR
®
 Green PCR Master Mix (Invitrogen, USA) 

with 2 µL cDNA, 0.32 µL RPL32 fwd (5 µM), 0.32 µL RPL32 rev (5uM) and 1.36 µL 

H2O per reaction and amplified according to the following PCR protocol: 50°C 2 min, 

95°C 10 min, 95°C 15 s, and 60°C 1 min (40 cycle of last two steps). Then, 8 µL of 

each sample was transferred to a 384-well plate and mixed with different concentrations 

of EB (6.25–100 µM) in triplicate; DMSO (0.1%) and DAPI (0.12–1.00 µM) were used 

as controls. Melting curves were generated with an Abi 7900HT qRT-PCR machine 

(Applied Biosystems) using the protocol: 50°C 2 min, 95°C 15 s, 60°C 15 s, and 95°C 

15 s and analyzed with SDS 2.4 software. 
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5.1.13. Topoisomerase II assay 

 The in vitro inhibition of topoisomerase II decatenation of kinetoplast DNA was 

carried out using the kDNA based Topoisomerase II Drug Screening kit (TopoGen) as 

described by the manufacturer. In brief, 4 µL reaction buffer (0.25 M Tris-HCl pH 8, 

0.75 M NaCl, 50 mM Mg2Cl, 2.5 mM DTT, 300 µg/mL BSA, 10 mM ATP), 250 ng 

kDNA, EB (100–25 µM), 2 µL topoisomerase II (2 units/µL) and sufficient H2O to 

make up to 20 µL were incubated for 30 min at 37°C. One unit of topoisomerase II is 

defined as the amount of enzyme required to fully decatenate 0.1 µg of kDNA in 15 min 

at 37°C. Etoposide (100–25 µM) was used as the positive control for inhibition, DMSO 

as vehicle control, and a reaction without inhibitors was used as positive control for 

topo II activity. Other controls included 2 µL kDNA and 2 µL linear DNA. The 

reactions were stopped by addition of 4 µL of 5X stop buffer (5% sarkosyl, 0.025% 

bromophenol blue, 50% glycerol). In the first experiment samples were directly 

analyzed on a 1% agarose gel containing 1.3 µM of EtBr. In the second experiment, in 

order to investigate the presence of linear DNA, samples were digested with 50 µg/mL 

of proteinase K for 15 min at 37°C and DNA extracted with 20 µL of 

chloroform/isoamyl alcohol (24:1) (Sigma-Aldrich). Subsequently, samples were 

centrifuged for 5 s and the aqueous phase was withdrawn and analyzed on a 1% agarose 

gel containing SYBR
®
 Safe (Invitrogen). Electrophoresis of both experiments was 

carried out in TAE buffer for 30 min at 100 V. The gels were photographed under UV 

light using the gel documentation system Quantum ST4 (Vilber Lourmat). 

 

5.1.14. IC50 of eusynstyelamide B in NFF and RWPE-1 cells 

The primary normal cell line NFF (1.8 × 10
3
) and the non-malignant RWPE-1 (4 

× 10
3
) cells were seeded in triplicate and grown in 96-well E-plates

®
 as previously 

described (see Chapter 3). After 24 h of incubation, the cells were treated with different 
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concentrations of EB and monitored for 60 h every 1 h using the xCELLigence System. 

The IC50 for 72 h of treatment was calculated using GraphPad Prism 5 software. 

 

5.1.15. Drug combination studies with EB 

LNCaP (4 × 10
3 

cells/well) and MDA-MB-231 cells (2 × 10
3 

cells/well) were 

seeded in a 96-well Essen ImageLock plate in a total volume of 100 L. For LNCaP 

cells, wells were coated with poly-L-ornithine prior seeding as described in Chapter 3. 

After 24 h, 100 µL of new medium containing 5 µM EB, the desired drug or a 

combination of both was added in triplicate. The plate was loaded into an IncuCyte™ 

live-cell imaging system (Essen BioScience), and images were taken every 1 h for 72 h. 

Cell confluence was calculated by image analysis with Incucyte software (Essen 

BioScience). 
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5.2. Results 

 

5.2.1. Cell morphology analysis 

In the previous chapter, it was observed that the extract from which EB was 

isolated induced morphological alterations in MDA-MB-231 cells. Breast cancer cells 

treated for 24 h with EB presented a flat and enlarged phenotype. In order to verify that 

the pure compound EB has the same effects on cell morphology, LNCaP and MDA-

MB-231 cells were treated with 2.5 µM and 5 µM EB, respectively and imaged by 

phase contrast microscopy at 24 h, 48 h, 72 h and 96 h of treatment. No cell 

morphology changes were observed after 24 h of treatment with EB in MDA-MB-231 

cells when compared to control (Fig. 70A). At 48 h, cells treated with EB displayed a 

larger cellular and nuclear area with condensed chromatin than the control. The amount 

of cells which displayed these characteristics increased with treatment time, and after 96 

h most of the cells presented these morphology features. In addition, cell death was 

observed, which was preceded by loss of cell-cell contacts, cell shrinkage and 

membrane blebbing. No difference in the morphology of EB-treated LNCaP cells was 

observed when compared to the control (Fig. 70B). However, the samples treated with 

EB displayed in general fewer cells when compared to the control. In summary, the 

phenotype of EB-treated MDA-MB-231 cells was similar to the extract-treated cells. 
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Figure 70. MDA-MB-231 (A) and LNCaP (B) cells treated with 2.5 µM, 5 µM 

EB or 0.1% DMSO for the indicated times. The cells were imaged using an Olympus 

IX70 microscope (10× objective). Scale bar = 100 µm. 
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5.2.2. Cell cycle distribution 

In the previous chapter it was shown that the extract and fractions 40 and 41 

from which EB was isolated arrested MDA-MB-231 cells in the G2/M phase of the cell 

cycle. In order to verify that EB caused the cell arrest, LNCaP and MDA-MB-231 cells 

were treated with 5 µM EB for 72 h, and cell cycle distribution was analyzed by flow 

cytometry. A significant arrest in the G2/M phase was observed in both cell lines treated 

with EB (Fig. 71). Corresponding with this, a statistically significant decrease of cells in 

G0/G1and S phase was observed in the MDA-MB-231 sample (Fig. 71A). Similarly, 

LNCaP cells treated with EB also presented less cells in G0/G1 and S phase compared 

to the control, though the differences did not reach statistical significance (Fig. 71B). 

No significant increase in sub-G1 (apoptotic/necrotic cells) was observed in both cell 

lines. 

 

 

 

 

Figure 71. Cell cycle distribution of MDA-MB-231 (A) and LNCaP (B) cells 

after 72 h treatment with 5 µM EB or 0.1% DMSO (control). Cells were stained with PI, 
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and DNA content analyzed by flow cytometry using a FACSCanto instrument (BD 

Biosciences). 

 

 

 Next, the EB-induced G2/M arrest was studied in a time course experiment. 

LNCaP and MDA-MB-231 cells were treated for 24 h, 48 h, 72 h and 96 h with 5 M 

EB. A G2/M arrest of MDA-MB-231 cells and decrease in the proportion of cells in 

G0/G1 were observed as early as 24 h after treatment with EB (Fig. 72A). Thereafter, 

the proportion of cells in G0/G1 slightly increased. This analysis also showed a 

substantial increase in sub-G1 population after EB treatment at all time points, 

indicating that EB induced cell death. The earliest sign of EB action in LNCaP cells was 

a dramatic reduction of the proportion of cells in S phase after 24 h of treatment, along 

with a G0/G1 and G2/M arrest. The G2/M population of EB-treated LNCaP cells 

increased after 24 h and stabilized, while the number of cells in G0/G1 decreased only 

after 96 h of treatment (Fig. 72B).  

MDA-MB-231 and LNCaP cells were treated with different concentrations of 

EB to determine the effective dose for a 72 h treatment. An increase in the number of 

cells in the G2/M phase was observed with 0.625 M EB for the breast cancer cell line 

(Fig. 73A). A clear G2/M arrest was noticed after a treatment with 2.5 µM EB as 

indicated by a strong reduction in the amount of cells at G0/G1. Similar results were 

observed in the prostate cancer cell line LNCaP (Fig. 73B) with the exception that a 

decrease in the number of cells in S phase and a relatively unchanged G0/G1 cell 

population was noticed. Furthermore, the sub-G1 cell population of treated MDA-MB-

231 cells increased with the compound concentration. 
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Figure 72. Cell cycle distribution of MDA-MB-231 (A) and LNCaP (B) cells 

after treatment with 0.1% DMSO or 5 µM EB for the indicated times. Cells were 

stained with PI, and DNA content analyzed by flow cytometry using a FACSCanto 

instrument (BD Biosciences). 
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Figure 73. Cell cycle distribution of MDA-MB-231 (A) and LNCaP (B) cells 

after 72 h treatment with increasing concentrations of EB (4.9 nM–5000 nM) or 0.1% 

DMSO (control). Cells were stained with PI, and DNA content analyzed by flow 

cytometry using a FACSCanto instrument (BD Biosciences). 

 

 

5.2.3. Investigation of EB-induced G2/M arrest 

 With the purpose of determining if EB was arresting LNCaP and MDA-MB-231 

cells in G2 or in the M phase (mitosis) of the cell cycle, three different experimental 

approaches were pursued. First, cell lysates of EB-treated cells were probed for the 

expression of the mitotic marker phospho-histone H3 (PHH3) by Western blotting. 

Thus, an increase in PHH3 indicates an increase in the amount of cells in mitosis. This 
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was observed with MDA-MB-231 and LNCaP cells when treated with the cancer 

chemotherapeutic drugs taxol or nocodazole, which both arrest cells in mitosis (Fig. 

74). Taxol stabilizes microtubule, while nocodazole inhibits microtubule 

polymerization.
387

 In contrast, the DNA intercalating drug and topoisomerase II 

inhibitor doxorubicin, which has been shown to induce a G2/M arrest in MDA-MB-231 

and LNCaP cells, reduced PHH3 by two-fold in MDA-MB-231 cells and, relative to the 

effect of taxol and nocodazole, very mildly increased PHH3 in LNCaP cells.
390; 391

 

These results strongly suggest that doxorubicin arrests both cell lines in G2. Similarly, 

EB treatment decreased the phosphorylation of histone H3 in MDA-MB-231 cells (Fig. 

74A), while histone H3 phosphorylation remained unchanged in LNCaP cells (Fig. 

74B), indicating that EB does not cause a mitotic arrest. 

 

 

 

Figure 74. Western blot analysis of phospho-histone H3 levels. MDA-MB-231 

(A) and LNCaP (B) cells were treated with the indicated concentrations of EB and 

extracted at the indicated time points for Western blot analysis. Blots were probed with 

anti-PHH3 antibody to investigate mitotic arrest. β-actin levels were determined as 

loading control. As a control (C) cells were treated with the drug vehicle DMSO (0.1%) 

for 96 h. Other controls used were doxorubicin (Dox, 1 µM for 48 h), and the anti-

mitotic drugs taxol (Tax, 2 nM for 24 h) and nocodazole (Noc, 83 nM for 24 h). The 

A 

B 



194 

 

bands were quantified, normalized against the loading controls and the results were 

expressed in relation to the control sample (C). 

 

 

 Next, the mitotic index of EB-treated MDA-MB-231 and LNCaP cells was 

calculated by HCS based on PHH3 staining. After 24 h of treatment with EB, both cell 

lines presented a statistically significant lower mitotic index compared to the control 

cells (Fig. 75), demonstrating that EB prevented the cells from entering mitosis. EB 

treatment decreased the mitotic index in MDA-MB-231 cells by 30-fold and in LNCaP 

cells by 3-fold. In contrast, treatment of both cell lines with the mitotic inhibitor 

nocodazole increased the mitotic index by 5-fold in the breast cancer cell line and by 3-

fold in the prostate cancer cell line. 

 

 

 

Figure 75. Quantification of the mitotic index by HCS after phospho-histone H3 

labelling. MDA-MB-231 (A) and LNCaP (B) cells were treated with 5 µM EB for 24 h 

and probed with anti-phospho-histone H3 antibody. Control cells were treated for 24 h 

with 0.1% DMSO or 83 nM of nocodazole. Quantification of PHH3 staining and 

calculation of the mitotic indices were carried out on the HCS instrument Operetta 

(PerkinElmer). Asterisks indicate results with p < 0.05 in a One-way ANOVA analysis. 
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 Finally, EB-treated MDA-MB-231 and LNCaP cells were investigated by 

confocal immunofluorescence microscopy. Briefly, cells were immunostained with anti-

PHH3 and α-tubulin antibodies, and DNA was counterstained with DAPI. Confocal 

immunofluorescence microscopy confirmed that EB treatment strongly reduced the 

number of mitotic cells (PHH3-positive) in both cell lines (data not shown). 

Interestingly, the few mitotic cells that remained after EB treatment showed aberrations 

in the organisation of the spindle apparatus (α-tubulin), e.g. multiple spindles, and were 

arrested at prometaphase (Fig. 76). Similar phenotype was observed in the control cells 

treated with nocodazole. This compound inhibits the formation of the metaphase plate 

through inhibition of microtubule polymerization, and arrests cells at prometaphase. 

The low mitotic index of EB-treated cells compared to control along with decrease in 

the levels of PHH3 indicated that EB arrested LNCaP and MDA-MB-231 in G2 phase 

of the cell cycle. 

  

          

Figure 76. MDA-MB-231 (A) and LNCaP (B) cells were treated with 5 µM EB, 

nocodazole (83 nM) or 0.1% DMSO as vehicle control for 24 h, 48 h, 72 h and 96 h, 

fixed with formaldehyde and labelled with anti-PHH3 antibody (red) and anti-α-tubulin 
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antibody (green), and DNA was counterstained with DAPI (blue). Representative 

images are shown above. Images were acquired using a confocal microscope Olympus 

FV1000 Spectral (100× lens). Scale bar = 30 µm. 

 

 

5.2.4. Mode of death investigation 

 As shown above, EB treatment caused an increase in the number of MDA-MB-

231 cells in sub-G1, which indicates DNA fragmentation and cell death (Fig. 73). 

Moreover, phase contrast microscopy (Figs. 71A and B) revealed that EB induced cell 

death which was preceded by loss of cell-cell contacts, cell shrinkage and membrane 

blebbing. Two modes of cell death, autophagy and apoptosis, were analyzed by Western 

blot. During autophagy, cleavage of the protein light chain 3 (LC3B) at the carboxyl 

terminus yields the cytosolic LC3B-I form. LC3B-I is converted to LC3B-II through 

lipidation. Detection of LC3B-II by Western blot analysis is a widely used measurement 

of autophagy.
392

 MDA-MB-231 cells treated with 2.5 µM EB for different lengths of 

time did not increase the formation of LC3B-II (Fig. 77A). Similar results were 

observed with LNCaP cells treated with 5 M EB (Fig. 77B), demonstrating that EB 

did not induce autophagy. Interestingly, besides the positive control for autophagy, 

chloroquine, doxorubicin, taxol and nocodazole also induced autophagy in MDA-MB-

231 but not in LNCaP cells.  

PARP (116 kDa) is involved in DNA repair and is the main cleavage target of 

caspase-3. Cleaved PARP (89 kDa) is a well-known marker of apoptosis.
393

 The DNA 

intercalator and topoisomerase II inhibitor doxorubicin was used as a positive control 

for the induction of cell death by apoptosis.
394

 PARP cleavage was not observed in 

LNCaP cells treated with 5 µM EB for up to 96 h (Fig. 77B). Nevertheless, MDA-MB-
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231 cells treated with EB for 72 h and 96 h presented the cleaved PARP product, 

indicating that EB induced apoptosis (Fig. 77A).  

 

 

 

Figure 77. MDA-MB-231 (A) and LNCaP (B) cells were treated with the 

indicated concentrations of EB, and protein lysates were extracted at the indicated time 

points for Western blot analysis. Blots were probed with antibodies raised against PARP 

andLC3Band β-actin as a loading control. Control (C) cells were treated with the drug 

vehicle DMSO (0.1%) for 96 h. Other controls used were doxorubicin (Dox, 1 µM for 

48 h), taxol (Tax, 2 nM for 24 h) and nocodazole (Noc, 83 nM for 24 h) as positive 

control for PARP cleavage, and chloroquine (Cq, 25 µM for 48 h) as positive control for 

autophagy. The bands were quantified, normalized against the loading controls, and the 

results were expressed in relation to the control sample (C). 

 

 

 In addition, EB-mediated induction of apoptosis was also studied by staining 

with FITC-labelled Annexin V and flow cytometry. The Annexin V protein has a strong 

and specific affinity for phosphatidylserine (PS). In normal, healthy cells, negatively 
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charged PS molecules reside on the inner side of the cellular membrane and are not 

detected by Annexin V. During the early phase of apoptosis, PS translocates to the outer 

cell surface and is accessible for binding of Annexin V. Thus Annexin V-FITC positive 

cells are identified as early apoptotic. PI is a fluorescent compound that intercalates to 

DNA. It is plasma membrane impermeable and not taken up by viable cells.
395

 

However, during late apoptosis the plasma membrane is compromised and allows PI to 

enter the cell. Positive staining for both Annexin V-FITC and PI identifies late apoptotic 

or necrotic cells.  Flow cytometry of Annexin V / PI-stained cells demonstrated that EB 

induced apoptosis in both cell lines after 96 h of treatment (Fig. 78). There was a 

statistical significant increase in the number of cells in early apoptosis (bottom right 

quadrant) and a reduction of viable cells (bottom left quadrant). EB-treated MDA-MB-

231 cells displayed a 10 times increase of early apoptotic cells and more than 6 times 

more late apoptotic/ necrotic cells (top left quadrant) than the control (Fig. 79A). EB 

treatment of LNCaP cells increased by 11-fold the number of cells in early apoptosis 

and by 14-fold cells in late apoptosis/ necrosis when compared to control (Fig. 79 B). 

The two approaches used to investigate EB-induced apoptosis showed that MDA-MB-

231 cells died through apoptosis. On the other hand, apoptotic cell detection in EB-

treated LNCaP cells occurred only through annexin V staining (Fig. 79 B). No increase 

in the sub-G1 cell population or cleaved PARP was observed in EB-treated LNCaP cells 

(Fig. 71 and 77B). 
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Figure 78. Investigation of EB-induced apoptosis in MDA-MB-231 cells using 

Annexin V-FITC. (A) Cells treated for 96 h with 0.1% DMSO or (B) 5 µM EB. MDA-

MB-231 cells were harvested, stained with PI and Annexin V-FITC and analyzed by 

flow cytometry. The bottom left quadrant indicates viable cells (negative for Annexin V 

and PI), the bottom right quadrant indicates early apoptotic cells (Annexin V positive 

and PI negative) and the top right quadrant indicates late apoptotic / necrotic cells 

(positive for Annexin V and PI). The dot plots are representatives of three independent 

experiments. 
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Figure 79. Investigation of EB-induced apoptosis in MDA-MB-231 (A) and 

LNCaP (B) cells using Annexin V-FITC. Cells were treated for 96 h with 5 µM EB or 

0.1% DMSO. MDA-MB-231 and LNCaP cells were then harvested, stained with PI and 

Annexin V-FITC, and analyzed by flow cytometry. Late apoptotic population also 

includes necrotic cells. The results are shown as a mean ± SD (n=3). *p < 0.05. 

 

 

5.2.5. Investigation of drug-drug interactions with EB 

 In order to investigate additive or antagonistic drug-drug interactions of EB with 

known inhibitors, we treated LNCaP cells with EB alone or in combination with drugs 

targeting various cellular pathways, including topoisomerase, androgen receptor (AR) 

signalling, metabolic pathways, and the cell cycle (Table 14) and monitored cell growth 

as a function of increasing confluence in real-time by phase contrast microscopy on an 

IncuCyte system. Three different topoisomerase antagonists (etoposide, cisplatin and 

doxorubicin) were tested individually or in combination with EB (Fig. 80). Co-

treatment of LNCaP cells with etoposide and cisplatin did not exacerbate the effect of 

EB.  Similarly, the cytotoxicity of the more potent drug doxorubicin was only mildly 

increased by co-treatment with EB. Inhibition of DNA synthesis (hydroxyurea), 

lysosome function (chloroquine), protein glycosylation (tunicamycin), cholesterol 

synthesis (simvastatin) or activation of AMPK (metformin) did not alter the cytotoxic 

profile of LNCaP cells co-treated with EB. EB partially rescued cytotoxicity of the anti-

B 
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microtubule drugs nocodazole and vinblastine, which both cause a cell cycle arrest in 

mitosis. EB’s protective effect was probably caused by its ability to induce a G2 arrest. 

Interestingly, inhibition of fatty acid synthesis (triclosan, C75) or AR signalling 

(bicalutamide, MDV3100) antagonized the cytotoxicity of EB in LNCaP cells.   
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Figure 80. Cytotoxic assays of EB in combination with other drugs in LNCaP 

cells. LNCaP cells were seeded in a 96-well plate for 24 h and treated with 5 µM EB 

alone or in combination with 10 µM etoposide, 20 µM cisplatin, 500 nM doxorubicin, 

25 µM chloroquine, 83 nM nocodazole, 2.5 nM vinblastine, 3 µM simvastatin, 1 µg/mL 

tunicamycin, 75 µg/mL hydroxyurea, 1 mM metformin, 10 µM MDV3100, 5 µM 

triclosan, 20 µM C75, or 10 µM bicalutamide. LNCaP cells treated with each of these 

drugs alone were used for comparison. Control cells were not treated (medium) or 

treated with 0.1% DMSO (dmso) for 72 h. The assay was carried out using the 

IncuCyte™ instrument. Cells were monitored every 2 h for 72 h. Results are displayed 

as mean (n=3) ± SD. 
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Table 14. Concentration of the drugs used alone or in combination with EB. 

Drug Concentration Target/ Function 

etoposide 10 µM Topo II, DNA damage, M phase arrest 

cisplatin 20 µM Topo II, DNA damage, M phase arrest 

doxorubicin 500 nM Topo II, DNA damage, M phase arrest 

vinblastine 2.5 nM Microtubule polymerization, M phase arrest 

chloroquine 25 µM Lysosome function 

nocodazole 83 nM Microtubule polymerization, M phase arrest 

simvastatin 3 µM HMG-CoA reductase, cholesterol synthesis 

tunicamycin 1 µg/mL Protein glycosylation, G1 arrest 

eusynstyelamide B (EB) 5 µM Topo II, DNA damage, G2/M phase arrest 

hydroxyurea (HU) 75 µg/mL Ribonucleotide reductase, DNA damage, S phase arrest 

metformin (MetF) 1 mM AMPK activator, lipogenesis 

triclosan (TCS) 5 µM Fatty acid synthase, palmitoylation 

C75 20 µM Fatty acid synthase, palmitoylation 

bicalutamide (Bic) 10 µM AR antagonist 

MDV3100 (MDV) 10 µM AR antagonist 
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 5.2.6. Transcriptional profile of prostate cancer cells exposed to EB 

 As a strategy to understand the mode of action of EB in LNCaP cells, 

differential gene regulation was studied by DNA microarray. Validation of the DNA 

microarray replicates (n=3) by hierarchical clustering analysis revealed that samples 

clustered according to treatment. Untreated controls (C) and DMSO treated controls 

(D) clustered together with a high correlation coefficient (red in the heat map), 

indicating that gene expression profiles from both treatments were very similar (Fig. 

81). There was also no differential expression between the untreated and DMSO 

controls, demonstrating that DMSO did not cause significant changes in LNCaP cells. 

The three replicates of each treatment group highly correlated in terms of gene 

expression.  

With cut-offs of p value ≤ 0.05 and fold change ≥ 1.5, EB caused up-

regulation of 1763 genes and down-regulation of 2771 genes. The 20 most 

differentially regulated genes after EB treatment of LNCaP cells relative to DMSO 

control are shown in Table 15.  
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Figure 81. Hierarchical clustering analysis and heat map of the correlation 

coefficients of the gene expression profiles. Cells remained either untreated (C) or 

were treated with 0.1% DMSO (D) or 5 µM EB. Samples with similar gene 

expression profiles displayed a high correlation coefficient and are coloured in 

yellow. Samples with different gene expression profiles showed a low correlation 

coefficient and are coloured in red. 
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Table 15. Top 20 differentially regulated genes by EB treatment in LNCaP 

cells. Up-regulated genes are indicated by ↑ and down-regulated genes are indicated 

by ↓. 

Gene Fold change Biological role 

SULF2 ↑61.4 cell signalling, expression in proliferation and abnormal 

cell morphology, activation in apoptosis 

TP53I3 ↑47.8 induction of apoptosis by oxidative stress 

IGF2 ↑23.5 proliferation, differentiation, growth, apoptosis, survival 

CYP4B1 ↑21.7 drug metabolism and synthesis of cholesterol, steroids and 

other lipids 

APOBEC3H ↑17.7 salvage pathways of pyrimidine ribonucleotides 

TGFB1 ↑13.4 cell proliferation and inhibition of cellular adhesion 

KANK3 ↑13.2 negative regulation of Stress fibber assembly 

CDKN1A ↑12.4 cell cycle regulation 

SERPINB5 ↑11.6 participates in apoptosis, motility, adhesion invasion and 

proliferation 

APOD ↑11.0 response to reactive oxygen species 

NCAPG ↓58.0 condensation and stabilization of chromosomes during 

mitosis and meiosis 

HMMR ↓56.9 metabolism and cytoskeleton organization 

CDC20 ↓56.9 required for two microtubule-dependent processes, nuclear 

movement prior to anaphase and chromosome separation 

PBK ↓53.4 protein phosphorylation and mitosis 

NDC80 ↓51.1 organize and stabilize microtubule-kinetochore interactions 

and is required for proper chromosome segregation 

HJURP ↓51.0 CenH3-containing nucleosome assembly at centromere; 

chromosome segregation 

TOP2A ↓49.3 chromosome condensation; chromosome segregation; DNA 

replication and repair 

UBE2C ↓49.1 activation of anaphase-promoting complex activity and 

mitotic cell cycle spindle assembly checkpoint 

SPC25 ↓48.8 kinetochore-microtubule interaction and spindle checkpoint 

activity 

BIRC5 ↓48.7 G2/M transition of mitotic cell cycle 
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Pathway analysis of differentially regulated genes with Ingenuity IPA 

software indicated that EB strongly changed the expression of 615 genes involved in 

cell cycle regulation and of 504 genes involved in DNA replication, recombination 

and repair. Many genes related to the role of BRCA1 in DNA damage response, such 

as CHEK2 and PLK1, were substantially down-regulated (17- and 48-fold, 

respectively). Pathways related to DNA repair, including homologous and non-

homologous recombination, showed down-regulation of most of its genes. 

Furthermore, ATM signalling, which comprises part of the DNA damage response, 

was another pathway highly de-regulated by EB. EB treatment affected 28 out of 47 

genes related to G2/M check point regulation and 44 genes out of 99 involved in p53 

signalling, respectively. For example, EB treatment increased CDKN1A expression by 

12-fold and MDM2 by 4-fold, and decreased BRCA1 expression by 17-fold and 

CHEK1 by 13-fold (Fig. 82).  
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Figure 82. Ingenuity pathway analysis of G2/M DNA damage checkpoint 

regulation. The canonical pathway of G2/M DNA damage checkpoint regulation was 

overlaid with the gene expression changes of EB-treated LNCaP cells. Genes in red 

were up-regulated and in green down-regulated. 

 

 

Furthermore, IPA suggested that EB exposure activated genes involved in 

apoptosis, such as TNFRRSF/FAS, CASP 8 and 10, and BAX and apoptosis-associated 

morphological pathways (SPTAN1 and LMNA) regulating cell shrinkage and 

membrane blebbing (Fig. 83). 
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Figure 83. Ingenuity pathway analysis of apoptosis. The canonical pathway of 

apoptosis was overlayed with the gene expression changes of EB-treated LNCaP 

cells. Genes in red were up-regulated and in green down-regulated. 

 

 

5.2.7. Validation of Microarray results by qRT-PCR and Western blot 

analysis 

 Gene expression profiling by microarray analysis showed a strong differential 

regulation of genes involved in the control of cell growth, cell cycle and DNA 

damage response pathways. Hence, seven genes that were differentially regulated by 
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EB based on the microarray results were validated by qRT-PCR. As shown in the 

microarray results, the cell cycle regulation genes CDK1, CCNB1 and CDC25A were 

transcriptionally down-regulated by 14- , 12- and 9-fold, respectively, while the CDK 

inhibitor CDKN1A which encodes the p21
Cip1/Waf1

 protein was up-regulated 12-fold. 

As shown in Figure 84A, substantial changes between 10- to 14-fold in the 

transcription levels of these four genes in LNCaP cells were confirmed by qRT-PCR 

(Fig. 84A). The cell proliferation marker MKI67 which encodes the nuclear 

proliferation marker Ki67 was down-regulated by 15-fold as indicated by the 

microarray results. Similarly, qRT-PCR showed a down-regulation of MKI67 

expression by 25-fold (Fig. 84A). Consistent with the results of the microarray 

experiment, qRT-PCR demonstrated that the growth-arrest and DNA-damage-

inducible stress response genes GADD45A and GADD45G were up-regulated by 3- 

and 2-fold, respectively (Fig. 84A). In summary, the qRT-PCR results support the 

data obtained from microarray gene expression profile of EB-treated LNCaP cells. 

 Like in LNCaP cells, EB caused a cell cycle arrest in G2 in MDA-MB-231 

cells. Hence, the transcriptional expression of the abovementioned genes were 

interrogated by qRT-PCR after treatment of MDA-MB-231 cells with 5 µM EB for 24 

h. Similar to LNCaP cells, EB treatment up-regulated the expression of CDKN1A by 

4-fold, while the CCNB1 gene was down-regulated 1.9-fold (Fig. 84B). The 

transcription levels of CDK1, CDC25A, MKI67, GADD45A and GADD45G did not 

change significantly (fold change < 1.5) after EB treatment, suggesting cell line-

specific difference in the regulation of these genes. 
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Figure 84. qRT-PCR results of EB-treated LNCaP (A) and MDA-MB-231 

cells (B). Both cell lines were incubated for 24 h with 5 µM EB prior to RNA 

extraction and analysis of gene expression. Control cells were treated with 0.1% 

DMSO for 24 h. The results are shown as the mean of triplicates relative to the 

control ± SD. 

 

 

 In order to validate the gene profiling result and to further study the molecular 

basis of the EB induced G2 cell cycle arrest, the expression of proteins involved in 

DNA damage response and G2/M check point regulation was investigated in both cell 

lines by Western blot analysis. The retinoblastoma tumor suppressor protein, Rb, 

regulates cell proliferation by controlling G1-S phase progression of the cell cycle 

through its inactivation by phosphorylation. Rb phosphorylation sites Ser795, Ser807 

and Ser 811 are targets of CDK4/cyclin D-mediated phosphorylation which is 

important for G1-S phase progression.
396; 397

   The phosphorylation of Rb releases and 

activates the transcription complexes of E2 promoter-binding–protein-dimerization 

partners (E2F-DP). Phosphorylation of S807 and/or S811 is required to abolish pRb 

binding to c-Abl, while phosphorylation of S795 is required to inactivate pRb-

imposed growth suppression.
396; 397

 DNA damage can lead to Rb dephosphorylation, 
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which causes a cell cycle arrest in G1.
398; 399

 In breast cancer cells, EB treatment 

showed only moderate alterations in Rb phosphorylation (Ser795, Ser807 and 

Ser811), indicating that G1-S phase progression was not affected by EB treatment 

(Fig. 85). On the other hand, the amount of phosphorylated Rb at Ser807/811 reduced 

over time after treatment of LNCaP cells, while Ser795 phosphorylation remained 

unchanged (Fig. 86). It is unclear why these three CDK4/cyclin D target sites were 

differentially regulated in LNCaP cells. Nevertheless, loss in Rb phosphorylation 

leads to Rb activation and inhibition of S phase progression as indicated by the 

reduced number of cells in S phase (Fig. 71B). The transcription levels of TP53, a 

gene responsible for the expression of protein p53, did not change after EB treatment 

in LNCaP cells. Protein p53 is activated by phosphorylation in the presence of cellular 

stress, and regulates the expression and activation of molecules associated with cell 

cycle arrest, apoptosis, DNA repair, senescence or changes in metabolism. 

Phosphorylation of p53 in LNCaP lysates was not detected up to 96 h after treatment 

with EB (Fig. 86). Moreover, EB treatment reduced the expression levels of p53, 

suggesting that the cell cycle arrest observed after EB treatment is p53 independent. 

In contrast, p53 phosphorylation and total p53 expression were up-regulated in a time 

dependent way in MDA-MB-231 cells (Fig. 85). It is known that p53, which is 

present in low levels in normal conditions, is stabilized and activated by a series of 

post-translational modifications, such as phosphorylation, in response DNA-damaging 

agents and other stress stimuli.
400 Like p53, Chk2 is also activated through 

phosphorylation by DNA-PK/ATM/ATR following DNA damage.
401

 Indeed, EB 

treatment of both cell lines led to Chk2 phosphorylation. Interestingly, the microarray 

results showed that Chk2 gene expression was down-regulated by 5-fold in EB-

treated LNCaP cells; however, the expression of total Chk2 protein was not affected 
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by treatment as shown by Western blot (Fig. 86). Activation of the kinase Chk1 

inactivates the phosphatase cdc25, which removes the inhibitory Tyr15 

phosphorylation of cdc2 (CDK1).
402

 Phosphorylation of Chk1 was observed in breast 

cancer cells with a peak at 48 h post treatment (Fig. 86). Phosphorylation of Chk1 in 

MDA-MB-23 was also induced by the anti-mitotic compound taxol. Quantification of 

total Chk1 protein was not possible because of technical problems with the antibody. 

The cyclin B/cdc2 complex is critical for the transition from G2 into mitosis. Entry of 

eukaryotic cells into mitosis is regulated by activation of cdc2 kinase through de-

phosphorylation of cdc2 at Thr14 and Tyr15.
403-405

 EB treatment induced an 

accumulation of total cdc2 protein and inhibitory phosphorylation at Tyr15 in MDA-

MB-231 cells (Fig. 85). When corrected for the up-regulation in total protein levels of 

cdc2, Tyr15 phosphorylation was increased by approximately 2-fold. The opposite 

was observed in EB-treated LNCaP cells (Fig. 86), where total cdc2 protein was 

markedly reduced at every time point. This is in agreement with the microarray results 

which showed a 19-fold reduction in CDC2 gene expression after EB treatment of 

LNCaP cells for 24h. While the inhibitory Tyr15 phosphorylation of cdc2 was slightly 

increased after 24 h of EB treatment when corrected for the decline in total cdc2 

protein levels, it was barely detectable at later time points, which was probably due to 

the loss of cdc2 protein. The DNA damage inducer and topoisomerase II inhibitor 

doxorubicin increased the phosphorylation of Chk2, p53 and cdc2 in MDA-MB-231 

and LNCaP cells. Up-regulation of CDKN1A (p21
Cip1/Waf1

) was also observed at the 

protein level in EB-treated LNCaP cells (Fig. 86). Similar results were also shown by 

Western blot of EB-treated MDA-MB-231 cells (Fig. 85). The cyclin-dependent 

kinase inhibitor 1 (p21
Cip1/Waf1

) works as a cell cycle regulator at G1 and S phase. It is 

also an important mediator of cell cycle arrest at G2/M phase in response to DNA 
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damage. The expression of p21
Cip1/Waf1

 is up-regulated in the presence of low levels of 

DNA damage; however, the increase in DNA damage, reduces the amount of 

p21
Cip1/Waf1

, followed by induction of apoptosis.
406

 p21
Cip1/Waf1

 increase was also 

observed in MDA-MB-231 cells after treatment with nocodazole and in LNCaP cells 

after taxol treatment. Differently from EB treatment, doxorubicin decreased the levels 

of p53 and p21
Cip1/Waf1

 in both cell lines. Taken together, these data corroborate the 

results obtained by microarray and qRT-PCR, and show that EB treatment provoked 

G2 arrest through different responses in the cell lines studied. 

 

 

Figure 85. Western blot analysis of cell cycle regulators modulated by EB 

treatment in MDA-MB-231 cells. Cells were treated with 2.5 µM EB for the indicated 

times. As controls cells were treated with 0.1% DMSO for 96 h (C), doxorubicin 

(Dox, 1 µM for 48 h), taxol (Tax, 2 nM for 24h), nocodazole (Noc, 83 nM for 24 h), 

or chloroquine (Cq, 25 µM for 48 h). For quantification, protein levels were 

normalized according to β-actin levels and expressed relative to the DMSO control.  
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Figure 86. Western blot analysis of cell cycle regulators modulated by EB 

treatment in LNCaP cells. Cells were treated with 5 µM EB for the indicated times. 

As controls cells were treated with 0.1% DMSO for 96 h (C), doxorubicin (Dox, 1 

µM for 48 h), taxol (Tax, 2 nM for 24h), nocodazole (Noc, 83 nM for 24 h), or 

chloroquine (Cq, 25 µM for 48 h). For quantification, protein levels were normalized 

according to β-actin levels and expressed relative to the DMSO control. 

 

 

5.2.8. Studies of EB-induced DNA damage 

 The above studies demonstrated that MDA-MB-231 and LNCaP cells reacted 

to EB treatment by differential regulation of genes and proteins involved in DNA 

damage pathways, suggesting that EB caused DNA damage. In order to investigate 

whether EB causes DNA double strand breaks (DSBs), LNCaP and MDA-MB-231 

cells were treated with 5 µM EB for 4 h and 72 h, and its effect on DNA was 

investigated through quantification of γH2AX foci and neutral COMET assay. DSBs 

are potent inducers of mutations and chromosomal abnormalities. DSBs induce 
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phosphorylation of histones H2AX, which is also called γH2AX, and forms foci in the 

nucleus that can be detected by specific antibodies.
407

  EB-treated breast cancer cells 

displayed a high number of γH2AX foci per cell after 4 h treatment when compared to 

the control (Fig. 87). The number of foci was reduced after 72 h treatment, suggesting 

that part of the initial DSBs were repaired. EB also induced DSBs in LNCaP cells 

(Fig. 88). After 4 h of EB treatment, the number of γH2AX foci doubled compared to 

the control, while it almost tripled after 72 h relative to the 4 h time point. In contrast 

to the decline of γH2AX foci in the breast cancer cell line, the number of foci 

accumulated with time in LNCaP cells, suggesting that the DSBs were not efficiently 

repaired. Notably, EB at 5 M showed a similar potency in inducing DSBs in both 

cell lines when compared to 1 M doxorubicin. 

 

 

Figure 87. γH2AX foci formation induced by EB in MDA-MB-231 cells. 

Breast cancer cells were treated with 0.1% DMSO for 72 h, 5 µM EB for 4 h and 72 

h, or 1 µM doxorubicin (Dox) for 24 h. (A) γH2AX (green) and DAPI-stained DNA 

(blue)  were visualised by immunofluorescence microscopy with a DeltaVision 

microscope (60× lens). (B) The number of foci per cell was quantified using the 

A 

B 
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software Metamorph. A minimum of 100 cells per sample were randomly analyzed. 

Scale bar = 30 µm. 

 

 

 

Figure 88. γH2AX foci formation induced by EB in LNCaP cells. Prostate 

cancer cells were treated with 0.1% DMSO for 72 h, 5 µM EB for 4 h and 72 h, or 1 

µM doxorubicin (Dox) for 24 h. (A) γH2AX (green) and DAPI-stained DNA (blue)  

were visualised by immunofluorescence microscopy with a DeltaVision microscope 

(60× lens). (B) The number of foci per cell was quantified using the software 

Metamorph. A minimum of 100 cells per sample were randomly analyzed. Scale bar 

= 30 µm. 

 

 

 Similar results were observed by neutral COMET assay, which is based on 

DSBs that result in the extension of DNA loops from lyzed and salt-extracted nuclei, 

which, in turn, form a comet-like tail after neutral electrophoresis.
408

 The tail length of 

the comets in MDA-MB-231 cells was statistically increased after EB treatment for 4 

h when compared to the control (Fig. 89A). The tail of the comets shortened after 72 

A 

B 
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h treatment, indicating a reduction in DSBs as observed in the γH2AX assay. While 

the length of the comet tails of LNCaP cells treated for 4 h with EB were similar to 

the control, they were significantly increased at 72 h (Fig. 89B).  Judged by the tail 

length, the amount of damage observed after 72 h incubation with EB in both cell 

lines was similar to that of doxorubicin-treated cells, suggesting a similar potency in 

inducing DSBs. 

 

      

Figure 89. Analysis on EB-induced DNA damage in (A) MDA-MB-231 and 

(B) LNCaP cells by neutral COMET assay. Cells were exposed to 5 µM EB for 4 h 

and 72 h, 0.1% DMSO for 72 h, or 1 µM doxorubicin (Dox) for 48 h, and processed 

for a neutral single cell gel electrophoresis assay. The amount of DSBs was quantified 

by measuring the length of the comet tails using the CometScore software (TriTek 

Corp). One hundred cells per sample were randomly analyzed. Asterisks indicate 

samples with a significant difference (p < 0.05) in the tail length compared to the 

DMSO sample. Representative pictures of the comet tails observed in each sample are 

shown. 
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5.2.9. DNA interaction studies 

As shown above, EB treatment induced DSBs in LNCaP and MDA-MB-231 

cells. In order to verify if the observed DNA damage was a result of a direct 

interaction of EB with DNA, two different techniques were used: The first assay 

measured the displacement of ethidium bromide intercalated in double-stranded DNA. 

The fluorescence emitted by EtBr (excitation at 530 nm and emission at 600 nm) is 

around 30 times stronger when it is intercalated into DNA. Displacement by a 

competitor compound will therefore reduce the fluorescence intensity.
409; 410

 The 

second assay measured changes to the melting temperature of double-stranded DNA. 

In both assays the fluorescent, DNA intercalating compound DAPI was used as a 

positive control. DAPI displaced EtBr from the EtBr-DNA complex in a 

concentration dependent manner, as indicated by the strong reduction in fluorescence 

(Fig. 90). In contrast, EB did not affect the fluorescence of the EtBr-DNA complex 

even at the highest concentration tested, almost 100-fold more concentrated than 

EtBr, strongly suggesting that EB does not intercalate in DNA. Notably, EB on its 

own or mixed with DNA did not show auto-fluorescence at λext=530 nm and λem=600 

nm.  

Next, changes to the thermal profile of double-stranded DNA complexed with 

fluorescent SYBR
®

 Green were measured (Fig. 91, Table 16). Melting curve analysis 

comprises the assessment of the dissociation characteristics of double-stranded DNA 

during heating. The melting point is the temperature at which 50% of the DNA is 

denatured and presented as single strand DNA. The interaction of compounds with 

DNA can stabilize or destabilize its structure, affecting the melting temperature.
411-413

 

The dissociation of a DNA-double strand can be monitored using DNA-intercalating 

fluorophore such as SYBR
®
 Green, which fluoresces 1000-fold more intensely when 
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intercalated and has more affinity for DNA than EtBr.
414

 Heat-induced denaturation of 

DNA leads to reduced binding of the fluorophore and can be measured by a reduction 

in fluorescence.
415

 

The positive control DAPI increased the DNA melting temperature by up to 

10°C in a concentration-dependent manner, indicating a physical interaction of DAPI 

with DNA which probably stabilized the double helix.
416

 Consistent with this, DAPI 

displaced SYBR
®
 Green from the DNA as indicated by a concentration-dependent 

reduction of the median fluorescent intensity of the DNA-SYBR
®
 Green complex by 

up to 2.8-fold. In contrast, EB did not affect the DNA melting temperature or caused 

displacement of SYBR
®
 Green at all concentrations tested (Fig. 91, Table 16). 

DMSO is known to inhibit secondary structures of DNA and reduce the melting 

temperature of G/C-rich DNA sequences.
417

 Consistent with this, DMSO shifted the 

melting temperature from 80.39°C to 78.34°C. Both the fluorescent intercalator 

displacement assay and DNA melting temperature analysis strongly suggested that 

EB-induced DNA double strand breaks were not caused through a direct interaction of 

EB with DNA. 
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Figure 90. Fluorescent intercalator displacement assay. EB was added to 

reactions containing plasmid DNA and EtBr, and fluorescence of EtBr was measured 

at λext=530 nm (λem=600 nm). The results are shown as the mean ± SD (n=3) in 

relation to the fluorescence of the DNA-EtBr control. DAPI was used as a positive 

control. 

 

 

 

Figure 91. DNA melting temperature analysis. The temperature-dependent 

dissociation of SYBR
®

 Green-stained double-stranded DNA in the presence of 
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different concentrations of EB (6.25, 12.5, 25, 50 and 100 µM) was monitored on an 

Applied Biosystems 7900HT Fast Real-Time PCR instrument. DMSO and DAPI 

(0.12–1 µM) were used as controls. NCA, no compound added. Graphs of the 

negative first derivative of the melting-curves are shown and are representatives of 

three replicates. 

 

 

Table 16. List of DNA melting temperatures in the presence of the indicated 

compounds. NCA, no compound added (control). The melting temperatures are 

shown as the mean ± SD (n=3). 

Sample Tm (°C) ∆T 

NCA 80.35 ± 0.15 0.00 

0.1 % DMSO 78.80 ± 0.28 −1.55 

1 µM DAPI 91.45 ± 0.25 11.10 

0.5 µM DAPI 84.20 ± 0.10 3.85 

0.25 µM DAPI 80.40 ± 0.10 0.05 

0.12 µM DAPI 78.35 ± 0.25 −2.00 

100 µM EB  78.67 ± 0.21 −0.13 

50 µM EB 78.50 ± 0.29 −0.30 

25 µM EB 78.67 ± 0.21 −0.13 

12.5 µM EB 78.30 ± 0.24 −0.50 

6.25 µM EB 79.07 ± 0.09 0.27 

   

 

 

5.2.10. Topoisomerase II assay 

 Kinetoplast DNA (kDNA), the mitochondrial DNA of Crithidia fasciculata, a 

trypanosomatid flagellate, is a catenated network of DNA rings.
418

 Type II 
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topoisomerase, but not topo I, has the ability to decatenate kDNA and generate 

monomeric DNA (Fig. 92).  

 

 

 

 

Figure 92. Decatanation of kDNA by topoisomerase II. 

 

 

Both DNA interaction assays strongly suggested that EB did not cause DSBs 

through a direct interaction with DNA. Hence, DSBs could have been caused, for 

example, by oxidative stress or inhibition of topoisomerase II (topo II). Topo II is an 

important enzyme that participates in DNA replication, transcription and chromosome 

condensation. It has the essential role of making transient breaks in the DNA duplex 

and transporting the other duplex through the break in an ATP-dependent reaction. 

This enzyme can be inhibited by topo II inhibitors and topo II poisons. Topo II 

poisons stabilize the topo II/DNA complex which causes DSBs. 
419

 Topo II poisons, 

such as etoposide and doxorubicin, stabilize the covalent cleavable complex topo II-

DNA, which impairs the ability of the enzyme to religate cleaved DNA and/or 

enhances the forward rate of DNA cleavage, producing permanent DSBs. Catalytic 

inhibitors are compounds that do not stabilize the covalent intermediate of the topo II 

reaction.
98

 The bisdioxopiperazines, ICRF-187 and ICRF-193 and the quinoline 

aminopurine compound 1, are examples of catalytic inhibitors that stabilize the closed 

clamp intermediate, which is formed by the enzyme around the DNA, and blocks 

ATP hydrolysis.
420; 421

 An in vitro assay for topo II activity was carried out in order to 

determine whether EB caused DNA damage by inhibiting the enzyme topoisomerase 

Catenated 

 kDNA 

    + 

Topo II 

Decatenated 

 kDNA 
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II. EB was incubated with kDNA and topo II, and the decatanation activity of topo II 

was analyzed by agarose gel electrophoresis. EB decreased the decatanation of kDNA 

in a concentration-dependent mode and completely inhibited topoisomerase II activity 

at 100 µM (Fig. 93A). Similar results were observed with the known topoisomerase II 

poison etoposide, though inhibition was stronger with 50 µM of EB than with the 

same concentration of etoposide. Next, the experiment was repeated; the reaction 

samples were treated with proteinase K and analyzed for the presence of linear DNA 

product of the cleavage reaction, which would indicate that EB is a topoisomerase 

poison. The gel showed the presence of linear DNA in the samples incubated with EB 

in a dose-dependent way (Fig. 93B). 

 

 

 

 

 

Figure 93. Topoisomerase II-mediated decatenation of kDNA in the presence 

of EB. (A) The indicated concentrations of EB were incubated with topoisomerase II 

and kDNA, and reaction products were separated and visualized by agarose gel 

A 

B 
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electrophoresis containing EtBr. Etoposide, a topoisomerase II poison, was used as 

positive control. 0.1% DMSO was used as vehicle control. (B) Samples were reacted 

as in A, followed by proteinase K digestion, chloroform/isoamyl alcohol fractionation 

and agarose gel electrophoresis. The gel was stained with SYBR
®

 Safe. Dec, 

decatenated kDNA; Linear, linear DNA; Cat, catenated kDNA. The asterisk marks the 

linear DNA product. For better clarity, irrelevant lanes were removed from the image, 

as indicated by the gap. 

 

 

5.2.11. Comparison of the molecular effects of the topoisomerase II poisons 

etoposide and EB 

 The above results showed that EB is a topoisomerase II poison without 

directly interacting with DNA. Etoposide, a drug used in the treatment of different 

cancers, is a well-known topoisomerase II poison that arrests cells at the G2 phase of 

the cell cycle, and has low affinity for DNA.
422; 423

 To investigate whether etoposide 

and EB cause similar molecular responses to topoisomerase inhibition-induced DNA 

damage, the expression and activation of molecular markers related to DNA damage 

response, cell cycle regulation and apoptosis were analyzed by Western blot. Like EB, 

etoposide treatment of MDA-MB-231 cells increased the phosphorylation of Chk1 

(Ser345), Chk2 (Thr68), p53 (Ser15), cdc2 (Tyr15) and Rb (Ser807/811), while Rb 

(Ser795) phosphorylation remained unchanged (Fig. 94). In contrast to EB, etoposide 

strongly increased the phosphorylation of histone H3, suggesting that MDA-MB-231 

cells were arrested in mitosis and not in G2. Like EB, etoposide induced PARP 

cleavage, indicating that MDA-MB-231 cells died through apoptosis.  
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Figure 94. Analysis of proteins involved in DNA damage response, cell cycle 

regulation and apoptosis after treatment of MDA-MB-231 cells with etoposide (Eto). 

MDA-MB-231 cells were treated with 25 µM etoposide for 24h. Expression of 

proteins was quantified by immunoblotting with the indicated antibodies. Control (C) 

cells were treated with 0.1% DMSO for 24 h. For quantification, protein levels were 

normalized according to β-actin levels and expressed relative to the DMSO control.  

 

 

 Like EB, etoposide decreased the levels of p-Rb (Ser807/811), cdc2 and p-

cdc2 and increased the levels of p-Chk2 in LNCaP cells (Fig. 95). In contrast to EB-

treated cells, etoposide strongly decreased the phosphorylation of Rb (Ser795) and 

induced phosphorylation of p53 in LNCaP cells. Furthermore, unlike EB, etoposide 

increased the formation of LC3B-II, suggesting the induction of autophagy in the 

prostate cancer cell line. Taking all the data together, in spite of both compounds 

targeting topoisomerase II, there seemed to be cell line-specific differences in the 

response to its pharmacological inhibition. For example, apart from the induction of 

PHH3, MDA-MB-231 cells respond very similar to EB and etoposide. LNCaP cells 

on the other hand show quite different responses to these topoisomerase II poisons, 

with strong p53 phosphorylation and induction of autophagy the most prominent ones. 
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Investigation of PARP cleavage and phosphorylation of histone H3 was carried out 

but the results were inconclusive due to problems with the antibody. 

 

 

Figure 95. Analysis of proteins involved in DNA damage response, cell cycle 

regulation and apoptosis after treatment of LNCaP cells with etoposide (Eto). LNCaP 

cells were treated with 25 µM etoposide for 24 h. Expression of proteins was 

quantified by immunoblotting with the indicated antibodies. Control (C) cells were 

treated with 0.1% DMSO for 24 h. For quantification, protein levels were normalized 

according to β-actin levels and expressed relative to the DMSO control.  

 

 

5.2.12. Cytotoxic studies of EB towards two normal cell lines 

 This study has shown that EB is cytotoxic to the cancer cell lines MDA-MB-

231 and LNCaP, and displayed the same IC50 for both of them. This raised the 

question whether other cell lines would be as sensitive to EB as MDA-MB-231 and 

LNCaP cells. It is known that rapidly proliferating cells are more sensitive to topo II 

inhibitors because they contain high concentrations of topoisomerase II.
424; 425

 

Nevertheless, it has been reported that intrinsic characteristics of the cell line can also 

affect sensitivity to topo II catalytic inhibitors. For example, researchers have found 

that BRCA1 mutant cells are more sensitive to topo II catalytic inhibitors.
421
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Moreover, defects in the G2/M checkpoint that regulates cell cycle by controlling the 

presence of catalytic topo II can also affect cell sensitivity.
426-428

 To address this, EB 

was tested in the primary human neonatal foreskin fibroblast cell line NFF (Fig. 96A) 

and the non-malignant prostate cell line RWPE-1 (Fig. 96B) using the RTCA 

instrument (xCELLigence System, Roche). Analysis revealed an IC50 of 1.3 µM in 

NFF cells (Fig. 96A) and 0.92 µM in RWPE-1 cells (Fig. 96B) after 72 h of 

treatment. Taken together, EB was cytotoxic in both non-malignant cell lines.  

  

 

 

Figure 96. Determination of the IC50 of EB in (A) primary NFF cells and in 

(B) non-malignant RWPE1 prostate cells. Both cell lines were seeded for 24 h and 

treated with different concentrations of EB for 72 h. Cell growth was monitored using 

RTCA (xCELLigence System, Roche), and the CI was used to calculate the IC50 

along with 95% confidence interval (CI) and R
2
 with GraphPad Prism 5 software.  
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5.3. Discussion 

 

 Ascidians are a rich source of novel compounds, some of which have had their 

cytotoxicity reported over the past few years. However, the vast majority of ascidian-

derived natural products have not been biologically evaluated by researchers. EB, a 

modified tryptophan-arginine dipeptide dimer previously isolated from the ascidian E. 

latericius
321

 was identified as an inhibitor of nNOS and the C4 plant regulatory 

enzyme pyruvate phosphate dikinase.
321

 Furthermore, EB has been shown to display 

some antimicrobial activities.
321

 Nevertheless, no cytotoxic activity was identified 

during the earlier studies on this compound. During the cytotoxicity screening in 

MDA-MB-231 and LNCaP cells performed during this project, EB was isolated and 

characterized as a cytotoxic compound that targets topoisomerase II. 

 EB significantly arrested the proliferation of MDA-MB-231 and LNCaP cells. 

Cell cycle studies showed that both cell lines were arrested at G2/M phase after 24 h 

(Fig. 71). The cell cycle arrest was time- and concentration-dependent in both cell 

lines (Fig. 72 and 73). After 48 h treatment with EB, MDA-MB-231 cells acquired 

larger and flatter morphology with bigger nucleus containing condensed chromatin 

(Fig. 70A). The same morphology has been described before for cells arrested at 

G2/M phase.
429

 The morphology of LNCaP cells were not visibly affected by EB 

treatment. These results confirm that EB was the active compound responsible for the 

phenotypes observed with the ascidian extract (114 - Didemnum candidum) studied in 

Chapter 4. 

 Studies using the mitotic marker phospho-histone H3 indicated that EB 

arrested both cell lines at G2 phase of the cell cycle (Fig. 74). Consistent with this, 

EB reduced the sensitivity of LNCaP cells to the mitotic toxins nocodazole and 
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vinblastine (Fig. 80). The arrest at G2 is regulated by the DNA damage check point, 

which allows DNA repair by the different repair systems before entering into 

mitosis.
430; 431

 The microarray results with LNCaP cells showed that EB activated 

pathways related to DNA damage and to G2/M check point regulation. The formation 

of γH2AX foci after 4 h treatment in LNCaP and MDA-MB-231 cells indicated that 

EB caused DNA DSBs (Fig. 87 and 88). After 72 h treatment, the amount of γH2AX 

foci increased in LNCaP and decreased in MDA-MB-231 cells (Fig. 88). The same 

results were observed through COMET assay. DSBs can have dangerous consequence 

for genomic stability and cell survival when not repaired. DSBs may be partly 

recognized because of the destabilization of chromatin structure, which activates 

homologous recombination repair (HRR) or non-homologous end joining (NHEJ) as 

part of the DNA damage response.
432-434

 The reduction in the number of DSBs in the 

breast cancer cell line after a longer incubation period suggests that the DNA was 

repaired. Nevertheless, this seemed not to have happened in the LNCaP prostate 

cancer cell line. Gene expression profiling indicated that BRCA1 and BRCA2, which 

are major players in the repair of DNA DSBs by homologous recombination, were 

down-regulated by 17- and 12-fold.
435

 Genes involved in DSBs repair by NHEJ, such 

as PARP1, XRCC5, PRKDC, XRCC1 and DCLRE1C were also down-regulated.
436

 

These are the main DSBs repair system in the cell, and their inactivation could be the 

reason for the accumulation of DSBs over time in EB-treated LNCaP cells. In many 

cases, chemoresistance of cancer cells to DNA damaging agents is because of 

increased DNA repair. Thus, co-targeting DNA repair mechanisms could cause 

hypersensitivity to DNA damage.
437-439

 Different compounds that target components 

of the DNA repair machine have been tested, such as O6-alkylating agents and 

temozolomide.
440

 DNA damage is first detect by ATM, ATR and DNA-PK and can 
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induce cell cycle arrest to allow DNA repair, or induce apoptosis or senescence. The 

arrest at G2/M phase prevents mitotic segregation of damaged chromatids and is 

mediated by ATM/ATR, Chk1 and p21
Cip1/Waf1

.
441-443

 Induction of the CDK inhibitor 

p21
Cip1/Waf1

 is required for nuclear sequestration of inactive cyclin B-Cdc2 complexes, 

leading to cell cycle arrest at G2. Even in the absence of Chk1, cells can arrest at 

G2/M; however, to maintain the G2 cell cycle arrest, p21
Cip1/Waf1

 is fundamental.
444

 

All cancer cells have a defect in G1 control and this makes them extremely dependent 

on S and G2/M checkpoints.
444; 445

 CHEK1 (Chk1) was down-regulated by 13-fold 

and CDKN1A (p21
Cip1/Waf1

) was up-regulated by 12-fold in the LNCaP treated gene 

profiling. The increase of CDKN1A was confirmed by qRT-PCR for LNCaP and 

MDA-MB-231 cells treated with EB (Fig. 84). Western blot results displayed that 

Chk1 was activated through phosphorylation at Ser345 after 24 h treatment of MDA-

MB-231 cells with EB (Fig. 85). The maximum amount of p-Chk1 was observed after 

48 h treatment. Nevertheless, it has been reported that Chk1 is dispensable in the 

presence of a functional p21
Cip1/Waf1

 induction.
444

 Chk 1 activation through 

phosphorylation at Ser 345 and Ser 317 is induced by ATR, after phosphorylation at 

S286 and Ser301 by CDKs for an efficient response to DNA damage.
446

 Active Chk1 

inactivates Cdc25C by phosphorylation, impairing cell progression to mitosis, since it 

is responsible to activate cdc2 by removing the inhibitory phosphate groups 

Thr14/Tyr15.
447

 Transcription of TP53 was up-regulated in treated LNCaP cells but 

activation of p53 by phosphorylation or stabilization of p53 protein was not observed 

(Fig. 86). In contrast, EB-treated MDA-MB-231 cells increased phosphorylation and 

total p53 protein in a time dependent way (Fig. 85). Phosphorylation of p53 at Ser15 

is mediated by ATM and Chk2 in response to DNA damage.
448

 The phosphorylation 

also occurs at Ser20 or Ser37 and promotes the stabilization and activation of p53. 
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Protein p53 is one of the inducers of the expression of p21
Cip1/Waf1

 and GADD45A, 

which were both up-regulated in LNCaP cells treated with EB as shown by 

microarray. Nevertheless, the data presented here suggested that the induction of 

p21
Cip1/Waf1

 and GADD45A were p53-independent. Cell cycle arrest induced by 

p21
Cip1/Waf1

 has been previously described by both p53-dependent and independent 

pathways.
449-451

 Apart from the tumour suppressor p53, p21
Cip1/Waf1

 can also be 

regulated by BRCA1,
452

 CHK2,
453

 FOXP3,
454

 MEK/ERK pathway
455

 and others. 

 Despite the 5-fold down-regulation of CHEK2 observed by microarray in 

LNCaP cells, an increased activation of Chk2 by phosphorylation at Thr68 was 

noticed (Fig. 86). The same was observed in EB-treated MDA-MB-231 cells (Fig. 

85). This activation is mediated by ATM and induces Chk2 dimerization.
456

 After 

intermolecular phosphorylation, enzymatically active monomers leave chromatin to 

phosphorylate different substrates; including Cdc25C that together with Chk1 leads to 

cell cycle arrest at G2/M phase.
457; 458

 Chk2’s role in G2/M arrest is not well defined. 

It is possible that Chk2 activation is redundant in the presence of other checkpoint 

regulators.
459

 Chk2 function could also be associated in controlling other proteins 

involved in the cell cycle, such as phosphorylating Rb.
460

 The Chk2 kinases inactivate 

Cdc25 via phosphorylation at Ser216, blocking the activation of cdc2. The complex 

cdc2/cyclin B is of fundamental importance to the progress from G2 into mitosis. 

Cdc2 is kept inactive during G2 phase through phosphorylation at Thr14/15 by Wee1 

and Myt1 protein kinases.
461-465

 The down-regulation of CDK1 (cdc2) gene 

expression (19-fold) in LNCaP cells was confirmed on the protein level by Western 

blot. After 24 h treatment the expression levels of cdc2 decreased dramatically, 

followed by loss of p-cdc2 (Fig. 86). In contrast, cdc2 protein accumulated in EB-

treated MDA-MB-231 cells (Fig. 85). However, this was accompanied by a greater 
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increase in inhibitory cdc2 phosphorylation, suggesting that cdc2 activity overall was 

suppressed. Microarray and qRT-PCR showed that the expression of CCNB1 (cyclin 

B) was down-regulated in MDA-MB-231 and LNCaP cells. Thus, the G2/M arrest 

after EB treatment of MDA-MB-231 cells was induced ultimately by inactivation of 

cdc2 and down-regulation of cyclin B, along with Chk1 activation and p21 expression 

induced by p53 stabilization and activation. Another contribution for the G2/M arrest 

in LNCaP cells might have been GADD45A and GADD45G which were up-regulated 

after EB treatment and have been shown to inactivate cdc2/cyclin B kinase.
466

 Thus, 

the results indicated that EB induced the G2/M arrest in LNCaP cells by down-

regulation of cdc2 and cyclin B expression, which was maintained through up-

regulation of GADD45 and p21
Cip1/Waf1

 protein in a p53-independent way.  

Overexpression of p21
Cip1/Waf1

 has been associated to induction of Bax and 

promotion of apoptosis.
467; 468

 Consistent with this, EB induced apoptosis in the breast 

and prostate cancer cell lines. Cell cycle distribution of treated MDA-MB-231 cells 

revealed an increase in the sub-G1 population, demonstrating that EB induced cell 

death (Fig. 71A). EB-induced apoptosis in MDA-MB-231 cells was confirmed by 

positive Annexin V staining (Fig. 77A) and PARP cleavage (Fig. 77A). The 

microarray results of LNCaP cells indicated that genes, which are related to the 

apoptotic pathway, such as TNFR/Fas, CASP8/10, MAP3K5 and CASP9, BAX were 

transcriptionally up-regulated (Fig. 83). While early apoptotic events like plasma 

membrane translocation of phosphatidylserine (PS)
382

 were detected by positive 

Annexin V staining after 96 h of EB treatment (Fig. 79B), late apoptotic events like 

PARP cleavage
469

 (Fig. 77B) or an increased sub-G1 population (Fig. 712B) were not 

detected. Translocation of PS to the external face of the plasmatic membrane of the 

cells is one of the first events in apoptosis
382

, and PARP cleavage occurs only after 
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activation of caspase 3 during the late phase of apoptosis.
469

. Hence, it was possible 

that EB required more time to induce the full spectrum of apoptotic events in LNCaP 

cells.  

 DSBs may be caused directly (replication/transcription-independent) or 

indirectly (replication/transcription-dependent) by cytotoxic compounds.
438

 SSBs can 

become DSBs when a replication fork meets a SSB.
470

 Similarly, collisions of  RNA 

polymerase during transcription with topo II/DNA complexes can cause DSBs.
471

 

Combination studies with other DNA damaging drugs (etoposide, cisplatin and 

doxorubicin) showed that co-treatment did not increase toxicity (Fig. 80), suggesting 

that they act in the same pathway. The induction of DSBs and activation of the DNA 

damage pathways by EB could have been due to a direct interaction of EB with DNA, 

such as binding or intercalation, induction of oxidative stress response or 

inhibition/poison of topoisomerases. EtBr displacement assay (Fig. 90) and DNA 

melting temperature analysis (Fig. 91) strongly suggested that EB did not directly 

interact with DNA. Instead, EB was found to inhibit topo II activity in vitro (Fig. 

93A) and to be a topo II poison (Fig. 93B). Microarray analysis showed that the 

expression of TOP2A was down-regulated by 49-fold, whereas transcription of the 

isoform TOP2B was only reduced by 1.3-fold. While TOP2A is cell cycle regulated 

by Rb and important for DNA synthesis and chromosome segregation;
472; 473

 TOP2B 

is mainly involved in transcription and has been shown to bind to the androgen 

receptor.
474

 Furthermore, androgen treatment of LNCaP cells has been shown to 

induce TOP2B-mediated DSBs.
474

 Combination studies with the AR antagonists 

bicalutamide and MDV3100 showed that inhibition of AR partially rescued the 

toxicity of EB in LNCaP cells (Fig. 80). A much stronger de-sensitizing effect was 

seen when cells were co-treated with the fatty acid synthase (FASN) inhibitors 
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triclosan and C75 (Fig. 80). FASN inhibition by triclosan or siRNA causes profound 

depletion of AR protein (M. Sadowski, unpublished results). Thus, direct or indirect 

inhibition of AR function reduced the sensitivity of LNCaP cells to EB, suggesting 

that TOP2B might be a possible target of EB action. Thus, EB is a topoisomerase II 

poison that, like etoposide, does not directly interact with DNA.
422; 475

 

Inhibition of topo II could have also contributed to the faulty chromosome 

alignment observed in both cell lines treated with EB. Studies showed that topo II is 

necessary for the chromosome condensation.
476

 It has also been suggested that DSBs 

could cause topoisomerase IIα to commit errors during cleavage or religation, which 

results in a chromatid break.
477

 Furthermore, LNCaP gene profiling data revealed 

strong down-regulation of genes involved in chromosome condensation, stabilization 

and separation after EB treatment. In particular, genes of proteins that are part of the 

chromosomal passenger complex, such as CDCA8, BIRC5, AURKB and INCENP, 

were down-regulated by 20-, 49-, 19-, and 6-fold by EB, respectively. This complex is 

crucial during chromosome alignment by correcting faulty chromosome-spindle 

interactions at the spindle assembly checkpoint.
478

 Other genes related with the 

spindle assembly checkpoint were also down-regulated, such as MAD2L1 and BUB1 

by 6- and 27-fold, respectively.
479

 It was observed that LNCaP and MDA-MB-231 

cells treated with EB displayed fewer cells in mitosis; however, all with misaligned 

chromosomes. Interestingly, the chromosome pairs had not obtained bipolar 

attachment to the spindle that in many cases was multipolar (Fig. 76). Moreover, the 

observation of many treated MDA-MB-231 cells with condensed chromosomes 

highlight another important role of topoisomerase II, chromosome decatanation.
480; 481

 

Decatenation of chromatid arms happens before mitosis, while centromeric 

catenations persist till metaphase/ anaphase.
482; 483

 Any problem during this process 
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activates the decatenation G2 checkpoint signallingand can lead to G2 arrest in the 

absence of DNA damage.
484; 485

 In addition, it has been shown that BRCA1 is 

necessary for ubiquitination of topoisomerase II-α, which is correlated with higher 

DNA decatenation activity. Our results indicate down-regulation of BRCA1, which 

could result in defective DNA decatenation.
486

 Chromosome mis-segregation and 

condensation defects have been reported in cells depleted in topo II.
487; 488

 Hence, 

DSBs and inhibition of chromatid decatenation caused by topo II poisoning might 

have caused the G2 arrest in EB-treated cells. 

During this work EB was analyzed along with two other topo II poisons as 

controls, doxorubicin and etoposide. Interestingly, a comparison of these three 

compounds revealed different molecular responses to topo II poisoning and DSBs in 

LNCaP and MDA-MB-231 cells. While EB and doxorubicin induced a G2 arrest, 

etoposide arrested cells in mitosis in MDA-MB-231 cells, as shown by a profound 

increase in PHH3 (Fig. 94). EB induced cell death through apoptosis but not 

autophagy. Yet, both pathways were activated by doxorubicin and etoposide. Previous 

work has documented that etoposide induces autophagy in carcinoma cells.
489; 490

 

Other differences between these three topo II poisons were observed for 

phosphorylation of Rb (Ser807/811), Chk1 (Ser345), Chk2 (Thr68), p53 (Ser15) and 

cdc2 (Tyr15) and total protein levels of cdc2, p53, and p21
Cip1/Waf1

. Thus, each of 

these three topo II poisons displayed a unique response profile in MDA-MB-231 and 

LNCaP cells. 

Topoisomerase II is an important enzyme present in the cells of all eukaryotes 

but expressed in different levels. With the aim of investigating the sensitivity of two 

normal cell lines to EB, the IC50 for this compound was calculated for the primary cell 

line NFF and the non-malignant prostate cell line RWPE1 (Fig. 96). Both cell lines 
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showed to be more sensitive to EB than the cancer cell lines used in this work. The 

different sensitivities of the four cell lines to EB is probably due to intrinsic cellular 

characteristics, such as topo II concentration, functionality of the G2/M checkpoint 

that detects catalytic topo II, and presence of BRCA1 mutations.
421; 426-428

  

Small-molecule target identification can have a significant impact in the 

chemical biology and also drug discovery fields. For example in the pharmaceutical 

industry, knowledge gleaned from these studies can help medicinal chemists design 

and synthesize more selective and potent compounds, thus expediting the drug 

development process. While target identification investigations are both time and 

resource intensive, the outcomes from this research can have profound effects and 

thus make this field of research worthy of pursuing. 

 

5.4. Conclusions 

 

 Despite the approval of several targeted therapeutic drugs, such as kinase 

inhibitors and monoclonal antibodies, cytotoxic compounds are still very important in 

cancer treatment. New cytotoxic drugs have been recently approved (eribulin, 

trabectedin, ixabepilone) and many are being tested in clinic against chemoresistant 

cancers. We attempted to elucidate the possible mechanism of action of EB, providing 

a basis for the further development of this agent (or optimized analogues) as a 

potential human breast and prostate cancer therapeutic. Our data indicated that EB 

inhibited the proliferation of LNCaP and MDA-MB-231 cells in vitro by inducing a 

G2 arrest and cell death through apoptosis. Importantly, EB was found to be a 

topoisomerase poison that activates DNA damage response through p53-independent 

(LNCaP) or dependent (MDA-MB-231) pathways involving p21
Cip1/Waf1

. 
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Conclusions 

 

 Around 60% of the anticancer drugs in the market originate in some way from 

NPs.
22

 Historically, most NP research has predominantly focused on secondary 

metabolites sourced from terrestrial plants, fungi and microbes. Over the past couple 

of decades, researchers have begun to explore the marine environment for chemical 

novelty and diversity.
38

 Along with a novel chemistry, some reported MNPs display 

novel cytotoxic mechanisms of action, that are paving the way for new possible 

approaches for killing cancer cells.
21

 One of the main problems with 

chemotherapeutic treatments is the development of multi drug resistance (MDR) by 

the cells.
148; 151

 Therefore, the discovery of new drugs with novel mechanisms of 

action to overcome MDR is imperative. PCA patients who have gone through anti-

androgen therapy and relapsed, along with patients with advanced breast cancer do 

not have any curative treatment option at the moment. The chemotherapeutic 

treatments available only prolong the survival rate by a few months.
181; 186; 229

 

Ascidians have shown to be a rich source of cytotoxic compounds;
49

 some of them, 

such as ecteinascidin-743, are now used to treat advanced or metastatic soft tissue 

sarcoma and relapsed platinum-sensitive ovarian cancer.
75

 

In this project, four new compounds and three known natural products were 

isolated from organic extracts derived from marine ascidians that were collected from 

the GBR. From these seven MNPs, two (ascididemin and eusynstyelamide B) were 

cytotoxic in MDA-MB-231 and LNCaP cells. The β-carboline dimer, 9-{9H-

pyrido[3,4-b]indol-9-yl}-9H-pyrido[3,4-b]indole, purified during chemical 

investigations was cytostatic in LNCaP cells. Both EB and the β-carboline dimer have 

been previously isolated; however, this is the first time that activity in cancer cells has 
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been reported. This highlights the importance of further biological investigations of 

NPs previously isolated but not tested for biological activity.  

Mechanism of action studies showed that EB inhibited the proliferation of 

LNCaP and MDA-MB-231 cells in vitro by inducing G2 arrest and apoptosis 

characterized by annexin-V staining, accumulation of sub-G1 population and PARP 

cleavage. Results also provided evidence that EB is a topoisomerase II poison that 

activates DNA damage response pathways via a p53-independent mechanism in 

LNCaP and p53-dependent mechanism in MDA-MB-231 cells. The G2 cell cycle 

arrest caused by EB in both cell lines was mediated by up-regulation of p21
Cip/Waf1

. 

Despite having the same mechanism of action in the prostate and breast cancer cell 

lines, EB causes different molecular and morphological responses in these cell lines. 

The data suggests that topo II is a target of EB; however, further studies are required 

to confirm this finding and to determine that topo II poisoning is responsible for 

inducing DNA damage. For example, siRNA-mediated knockdown of topo II 

expression and subsequent investigations of cytotoxicity and DNA damage will 

address these questions. 

Similar to the topo II poison etoposide, EB does not interact with DNA.
422; 475

 

Therefore, it is possible that EB binds directly to topo II to stabilize the covalent 

intermediate complex of topo II-DNA. An affinity assay of EB and topo II (e.g. 

Biacore) would test this idea. Topoisomerase inhibitors are commonly isolated from 

marine ascidians. A classic example is the pyridoacridines, which are DNA 

intercalators and topo II poisons.
329; 330

 Notably, EB treatment of LNCaP cells 

differentially regulated a total of 4494 protein coding genes (2751 up- and 1743 

down-regulated), highlighting that topoisomerase II is a critical gene for cellular 

function and a promising drug target.  
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It is important to highlight that in spite of being cytotoxic to these prostate and 

breast cancer cell lines, it does not mean that EB would be active in all subsets of 

prostate and/or breast cancer cells found in a patient. The comprehension of the 

mechanism of action of EB is important to provide a basis for future development of 

this agent, or analogues based on this structure class, as potential non-specific 

cytotoxic therapeutics. 
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Appendix I. NMR data list for thesis compounds on DVD  

 

NMR spectra were recorded at 30 °C on a Varian 500 MHz or 600 MHz Unity 

INOVA spectrometer. The latter spectrometer was equipped with a triple resonance 

cold probe. All the spectra given as supplementary material were obtained in DMSO-

d6. The 
1
H and 

13
C chemical shifts were referenced to the solvent peaks for DMSO-d6 

at δH 2.49 and δC 39.5, respectively. 

Each directory contains the relevant 1D/2D NMR spectra for each individual 

compound. The list below shows the directory code for each compound.  

 

List of compound directories  

 
Compound_01 [Kingamide A]  

Compound_10 [Duramidine C]  

Compound_11 [Duramidine D] 

Compound_12 [Leptoclinidamine E] 

Compound_13 [Leptoclinidamine C] 

Compound_14 [Aaptamine] 

Compound_15 [β-carboline dimer] 

Compound_16 [Ascididemin] 

Compound_17 [Eusynstyelamide B] 
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Appendix II. Time-lapse microscopy on DVD 

 

The morphology and migration of LNCaP cells grown on different coatings 

were monitored for 96 h using a Zeiss Axio Observer light microscope (objective 

10×). 

The list below shows the directory code for growth condition.  

 

List of video directories  

LNCaP_uncoated_well_96h 

LNCaP_fibronectin_well_96h  

LNCaP_laminin_well_96h  

LNCaP_collagen_type_IV_well_96h  

LNCaP_poly-L-lysine_well_96h  

LNCaP_poly-L-ornithine_well_96h 
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