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Abstract 
 

Triple negative breast cancer (TNBC) is a subtype of breast cancers that currently 

lacks effective targeted therapy and has a poor clinical outcome. Although 

approximately 50% of patients with TNBC respond to conventional 

chemotherapies, these treatments are usually associated with serious side effects. 

Hence, novel strategies need to be developed for treating TNBC. Natural 

Products are a valuable source for new drug development. Marine sponges, in 

particular, have historically been a source of compounds with anticancer activity. 

Thus, this study is divided into two main components. The first part focuses on 

screening Western Australian (WA) marine sponges for cytotoxic activities, 

isolating cytotoxic compounds following bioassay-guided fractionation and 

characterising the active compounds using various spectroscopic techniques. In 

second part, the active compounds identified are tested for its mechanism of 

action in TNBC cells. 

 

Screening of thirty marine sponges collected off the coast of WA in breast cancer 

cells resulted in two sponges that were active at very low concentrations namely 

Monanchora viridis and Manihinea lynbeazleyae. Bioassay-guided fractionation of 

the active sponge Monanchora viridis in TNBC cells and through multiple steps of 

purification resulted in identification of crambescidin 800 (C800) as an active 

compound. Similarly, aurantoside C (C828) was isolated as an active compound 

from the sponge Manihinea lynbeazleyae. 

 

In the second part of the study, the two active compounds C800 and C828 were 

further subjected to detailed studies in TNBC cells. It was found that C800 

exhibited cytotoxic potency in a panel of breast cancer cells, of which TNBC and 

luminal cancer cell models were the most sensitive. In addition, C800 induced 
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cell cycle arrest at the G2/M phase, resulting in a decline in the expression of 

cyclin D1, cyclic dependent kinase 4 (CDK4), and cyclic dependent kinase 6 

(CDK6) in TNBC cells. This effect was associated with the inhibition of 

phosphorylation of Akt, nuclear factor kappa B (NF-κB), and mitogen activated 

protein kinase (MAPK) pathways, resulting in apoptosis in TNBC cells. Similarly, 

the cytotoxic effect of another active compound C828 was associated to the 

accumulation of cells at S-phase, resulting in the decline of cyclin D1, cyclin E1, 

CDK4, and CDK6, and an increase in p21. It was also found that C828 inhibited 

the phosphorylation of Akt/ mammalian target of rapamycin (mTOR) and NF-

kB pathways and increased the phosphorylation of p38 MAPK and stress 

activated protein kinase/c-jun N-terminal kinase (SAPK/JNK) pathways, leading 

to apoptosis in TNBC cells. These effects of C828 were not observed in non-TNBC 

cells at the concentrations that were cytotoxic to TNBC cells. When the cytotoxic 

effect of C828 was compared to that of the chemotherapeutic drugs doxorubicin 

and cisplatin, C828 was found to be 20 and 35 times more potent than 

doxorubicin and cisplatin, respectively. These results indicate that C800 and C828 

could be promising leads for developing new anticancer agents that target TNBC 

cells. 
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1 Introduction  

1.1 Cancer 
 

Cancer is a genetic disease that involves abnormal growth in cells with the 

potential to spread to other parts of the body, causing further damage and 

eventually death. Normal cells only proliferate when compelled to do so by 

developmental signals in response to tissue growth requirements [1]. Excess cells 

undergo programmed cell death or apoptosis, thus removing the unwanted cells 

[2]. However, if normal cell cycle controls are altered, the cell proliferates 

uncontrollably and they become cancerous [1]. Such changes in cell proliferation 

can either be inherited, known as germline changes, or from the environment, 

such as exposure to carcinogenic chemicals or radiation. These environmental 

exposures also damage DNA leading to genetic changes, known as somatic 

changes [3]. Some key properties that enable cells to grow uncontrollably include: 

• genetic instability, 

• loss of apoptosis and 

• ability to metastasise. 

Globally, cancer is the second leading cause of death [4, 5]. In Australia, 1 in 2 

men and women will be diagnosed with cancer by the age of 85 [1]. In 2014, 

cancer was accounted for approximately 3 in 10 deaths making it the second most 
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common cause of death in Australia [1]. Although the mortality rate due to 

cancers has fallen in 2018, it is estimated that the death from cancer in Australia 

will be around 48,000 per year and by 2020, 150,000 new cases of cancer are 

estimated to be diagnosed in Australia [1]. However, if diagnosed and treated 

early, many cancer patients can live a normal life span. Although the survival 

rates for cancer has improved, it is not true for all cancers. In 2019, breast cancer 

is the estimated to be the most commonly diagnosed cancer in Australia followed 

by prostate cancer, colorectal cancer, melanoma of the skin and lung cancer [6]. 

1.2 Breast Cancer 
 

Breast cancer is the most common type of cancer and the second leading cause of 

death in women [5]. It is the most prevalent type of malignancy affecting women 

in Australia with 1 in 8 women developing breast cancer by the age of 85 [6]. 

According to the World Health Organisation in 2012, 1.67 million new cases were 

registered worldwide and every year, an estimated 1 to 1.3 million breast cancer 

cases are diagnosed [7]. In Australia alone, it is estimated that approximately 

19,535 Australian will be diagnosed with breast cancer by 2019, which equates to 

53 each day [5]. 

Mutations in DNA can cause normal breast cells to become cancerous [8]. Normal 

cells contain tumor suppressor genes that repair DNA and cause apoptosis or 

programmed cell death [9]. They are responsible for key cellular mechanisms 

such as repairing damaged DNA, regulating gene expression and arresting cell 

cycle [9]. However, mutation in these tumour suppressor genes can cause 

uncontrolled cell growth leading to tumours [8]. Tumor suppressor genes 

relevant to breast cancer include Breast Cancer 1, early onset gene 1, BRCA1 and 

Breast Cancer 2, early onset gene 2, BRCA2. Mutations in these genes cause 

chromosome instability that can lead to cancer. Most patients with familial breast 

cancer have germline mutations in the tumour suppressor genes [8]. Together 
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BRCA1 and BRCA2 account for 25% of hereditary breast cancer and 5 to 10% of 

all breast cancers [8].  

1.3 Molecular Classification of Breast Cancer 
 

Due to the heterogeneity of breast tumours that consist of cellular hierarchy 

similar to normal breast tissues, it is difficult to treat breast cancer [10]. This 

heterogeneity in breast tumours has led to identification of different molecular 

subtypes [10]. Based on these genomic studies, breast cancer has been classified 

into four distinct subtypes including luminal A, luminal B, human epidermal 

growth factor receptor 2 (HER2) enriched and basal-like breast cancers [11]. 

Luminal A includes positive to estrogen receptor (ER) and progesterone receptor 

(PR) and negative to HER2. Luminal B represents ER positive, HER2 positive or 

negative, and low positive PR. HER2 represents overexpressed HER2 and 

negative ER and PR. Basal-like tumours are the most aggressive types lacking 

ER, PR and HER2 receptors and express genes characteristics of basal epithelial 

cells (Fig 1.1) [11-13].  

The sub-grouping of breast tumors has also been confirmed in other studies, and 

the molecular classification continues to be investigated and refined [14]. Based 

on gene expression profiles, a fifth molecular group of human breast cancer 

known as claudin-low has been identified, thus classifying breast cancers as 

having five different subtypes (Fig 1.1) [14]. Claudins are a family of proteins 

involved in tight junctions and cell-cell adhesion. Claudin-low tumors are 

characterised by absence of ER, PR and HER2 receptors, with stem cell-like 

features and high enrichment for epithelial-to mesenchymal transition (EMT) 

markers (Fig 1.1) [14, 15].  

As luminal tumors (e.g. MCF7, ZR-75-1 cells) are more differentiated, they can be 

treated successfully with chemotherapy [16]. This suggests that more 

differentiated the tumors are, the more they respond to treatments. On the other 
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hand, basal-like (e.g. SUM149PT) and claudin-low subtypes (e.g. T11, 

SUM159PT, MDA-MB-231 cells) are less differentiated when compared with 

luminal types [17]. This makes these subtypes difficult to treat, with poorer 

prognosis [18]. The poor prognosis behaviour of basal-like and claudin-low 

subtypes can also be linked to the lack of expression of ER, PR and HER2 

receptors, which are the targets of various chemotherapy treatments [14, 16, 18].  

      

 

                     

 

Figure 1.1: Classification of breast cancer based on gene profiles. [11] 

1.4 Triple negative breast cancer (TNBC) 
 

TNBC are generally more aggressive tumors and can mostly be found in the 

basal-like and claudin-low subtypes [14]. TNBC is defined by the lack of the 
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expression of ER, PR, and HER2 (Fig 1.2) [19]. TNBC is an important subject of 

intense investigation for both basic researchers and clinicians for several reasons 

as detailed below. 

First, there is a significant association of BRCA-associated breast cancer with the 

TNBC phenotypes [20]. Most of the BRCA1-associated breast cancers are triple 

negative [21]. Such tumors have properties similar to stem cells EMT that are 

responsible for growth initiation and metastasis, if they are left undestroyed  [15, 

20]. 

Second, there is clustering of TNBC cases in premenopausal women and in 

women of African descent [22]. Epidemiologic studies show that such tumors are 

more common among women less than 40 years of age, women with African-

American ethnicity, and Hispanic women of poorer socio-economic backgrounds 

[23]. TNBC accounts for 39% of breast cancers in African-American women under 

the age of 50, but only 16% in Caucasian women of the same age group. In a study 

of 148 Nigerian women with breast cancer, 59% of them were diagnosed with 

basal-like breast cancer [22].  

Third, in spite of initial good response to chemotherapy, the prognosis of TNBC 

remains poor as compared to non-TNBC. Also, there is a 4-fold increased risk of 

distant metastases in TNBC [20].  Moreover, non-TNBC metastasise to bone but 

TNBC to the lungs and the central nervous system. Also, it is estimated that 

approximately, 15-30% of patients with TNBC will develop brain metastases [21].  

Lastly and most importantly, TNBC is an assemblage of different breast cancer 

subtypes [24]. 20% of TNBC are basal-like and claudin-low subtypes. (Fig. 1.2) 

[25]. It is also less likely to be seen in annual mammograms and thus more likely 

to spread to other parts at an early stage. The lack of receptors also makes it 

difficult for targeted chemotherapy resulting in poor treatment options for 

TNBC. While surgery and radiotherapy may be sufficient to treat a primary or 
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localized tumor, metastases generally require chemotherapy for effective 

treatment [24, 26, 27]. 

            

 

Figure 1.2: Classification of TNBC. Among 20% of TNBC classified on the basis of 

immunohistochemistry. Note that the majority are classified as basal-like and claudin-

low based on gene expression profile [25]. 

1.5 Current treatment options for TNBC 
 

Targeted drugs have shown considerable success in the treatment of hormone-

receptor-positive breast cancers [28]. For example, luminal A can be treated with 

tamoxifen and aromatase inhibitors, hence they exhibit the best outcomes among 

all subtypes [29]. Luminal B and HER2+ tumors can be treated with trastuzumab 

and also pertuzumab or lapatinib [30]. But due to the lack of the expression of 

ER, PR and HER2 receptors, patients with TNBC do not benefit from hormone-

receptor targeted therapies [28]. This leaves conventional chemotherapy with 

untargeted drugs, either individually or with radiotherapy, the standard 

treatment mode for patients with TNBC with limited long-term success [31].  
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   Chemotherapeutic drugs for treating TNBC 

 

In light of the heterogeneous nature of TNBC and lack of targeted therapy 

options, several classes of therapeutics such as platinum-based and PAPR 

inhibitors have been suggested as possible solutions for treating TNBC [32, 33]. 

TNBCs can be chemo-sensitive particularly to cytotoxic agents, such as 

anthracyclines and taxanes that are used as standard therapies for high risk 

patients [34, 35]. The use of cytotoxic agents generally involves administration of 

drugs to disrupt cancer cell functions [33]. The functions of these drugs are 

summarised below: 

• Platinum agents have seen renewed interest in TNBC [32]. As TNBC is 

associated with BRCA1 mutations and dysfunction in DNA repair, they 

show increased sensitivity towards platinum agents that are used as DNA 

damaging agents. Platinum-based agents are responsible for cell death by 

forming chemical cross-links with DNA as monoadduct, intrastrand 

crosslinks or DNA protein crosslinks [36]. Mostly they act on the adjacent 

N-7 position of guanine, forming a 1, 2-intrastrand crosslink. These cross-

links inhibit DNA repair and transcription that are fundamental for cell 

growth. Cisplatin, the first platinum drug introduced around 20 years ago, 

is still in use today as one of the main chemotherapeutic agents [29]. 

However, platinum-based drugs are known to be rather tough to endure 

in terms of side effects. The most severe side effects, include neurotoxicity, 

ototoxicity, peripheral neuropathy, myelosuppression, and 

nephrotoxicity [29]. The formation of platinum resistance in tumors is 

another important therapeutic hurdle associated with platinum-based 

therapy [32]. 

• Taxanes for example paclitaxel (1.1) and docetaxel (1.2) (Fig. 1.3) are 

another class of compounds used in chemotherapy [37]. They are a class 

of diterpenes and were originally isolated from the plants of the genus 
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Taxus (yews) and feature a tetradiene core [38]. They are microtubule 

stabilisers that bind to microtubules and essentially prevent microtubules 

from separating the chromosomes when a cell divides, thus preventing 

proliferation [39]. The efficacy of taxanes in metastatic breast cancer is 

higher in ER negative tumors. For this reason, taxanes are indicated as the 

first-line treatment of TNBC, even though often it is a short-lasting benefit 

[37].  

 

Figure 1.3: Drugs used in chemotherapy derived from natural sources 

 

• Another class of compounds used in chemotherapy are anthracyclines 

such as doxorubicin (1.3) and epirubicin (1.4) (Fig 1.3) [38]. They prevent 

replication of cancer cells by intercalating between base pairs of 

DNA/RNA strand thus inhibiting synthesis of DNA and RNA. Although 

the role of anthracyclines alone in TNBC is questionable, a definite benefit 

was observed when used in combination with other chemotherapeutic 

drugs [34]. 
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• Antimetabolites such as 5-fluorouracil and cytarabine (1.27) (Fig. 1.12) are 

also used in combination chemotherapy with other agents [38]. They are 

cell-cycle specific drugs, that interfere with DNA production, thus 

affecting cell division and tumor growth [34].  

Currently, taxanes and anthracyclines-based combination chemotherapy 

remains the standard treatment approach for early-stage TNBC patients [32]. 

Also, platinum agents used in combination with epirubicin (1.4) and 5-

fluorouracil have achieved very high complete clinical responses [29]. However, 

acquired resistance is established within a short treatment period that often 

results in low (5 years) overall survival rate [22]. Generally, TNBC patients with 

chemotherapy have poorer outcomes than those with other subtypes of breast 

cancer [40]. Moreover, there are no standard chemotherapy guidelines for 

chemotherapeutic management of triple negative breast cancer disease [25]. The 

European Society for Medical Oncology states the choice of treatment should be 

made considering various factors such as previous therapies and response, along 

with the patient’s age and preference among others. [41]. Additionally, two-

thirds of patients are chemosensitive, while the remaining portion of patients do 

not respond to chemotherapy [27]. These challenges have stimulated much 

research in identifying correct subtypes of TNBC using specific biomarkers and 

recognizing possible target options in treatment of TNBC. Tumor suppressor 

genes, DNA repair enzymes, and other molecular pathways that are involved in 

cancerous phenotypes have been identified as biomarkers that could be used to 

develop personalised molecular targets for patients with TNBC [41].  

 Molecular targets and targeted therapies in TNBC 

 

Due to the heterogeneous nature of the disease and the lack of specific 

therapeutic target, studies have aimed to identify novel molecular markers for 

TNBC [33]. Recent studies have shown that a number of key proteins and 
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pathways could be potential therapeutic targets in TNBC [42]. A number of 

signaling pathways such as epidermal growth factor receptor (EGFR), mitogen 

activated protein kinase (MAPK), phosphatidylinositol 3-kinase (PI3K), Nuclear 

factor kappa B cells (NF-kB) and angiogenesis are dysregulated in TNBC cells 

(Fig. 1.4) [41]. Similarly, proteins such as poly (ADP-ribose) polymerase (PARP), 

cell cycle regulatory proteins, and heat shock proteins could be therapeutic 

targets in TNBC [23, 41]. These receptor pathways and proteins can be activated 

by a variety of mechanisms and are likely to be involved in the upregulation of 

metastatic activity and recurrence of TNBC [31, 43]. Thus, the inhibition of these 

receptor pathways and proteins play an important role in treating TNBC [42]. 

Small molecules and monoclonal antibodies are the main categories of targeted 

therapies in TNBC (Fig. 1.4) [31, 35]. 

 

Figure 1.4: Different signaling pathways involved in TNBC and drugs that are in 

different stages of clinical trials that can be used as the inhibitors of these pathways. 

(Figure adapted from reference[42]) 
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1.5.2.1  Epidermal Growth Factor Receptors (EGFR)  

 

EGFR has been frequently overexpressed in TNBC [44]. EGFRs are a family of 

growth factor receptors that include HER1 and HER2. Overexpression of EGFR 

leads to dysfunctional kinase activity and excessive growth-stimulating 

secondary messenger activation with a decrease response to chemotherapy [44]. 

Such overexpression has also been linked to recurrence of disease and shortened 

survival. Thus, targeting EGFR can be an approach to treat TNBC. Some drugs 

used as EGFR inhibitor includes cetuximab that inhibits EGFR activation by 

binding to the extracellular domain of EGFR [45, 46]. Several clinical trial studies 

involve anti-EGFR agents such as cetuximab, panitumumab, gefitinib, lapatinib 

(1.5), erlotinib (1.6) (Fig. 1.5), afatinib in combination with cytotoxic agents or 

other targeted therapies for metastatic TNBC [42]. However, EGFR inhibitors 

such as cetuximab and lapatinib (1.5) (Fig. 1.5) have resulted in a minimal efficacy 

in retrospective and prospective studies [47]. Although EGFR inhibitors have less 

systemic side effects than traditional chemotherapeutic agents, dermatologic 

adverse effects from EGFR inhibitors have led to decrease patients’ quality of life 

[48].  

 

Figure 1.5: Chemical structures of drugs used as EGFR inhibitors in treatment of TNBC 

1.5.2.2 Phosphatidylinositol 3-kinase (PI3K)/Akt/mTOR Pathway 
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Analysis of TNBC tumors showed a high level of activation of PI3K/Akt/mTOR 

signaling pathways [49]. Phosphoinositide 3-kinase (PI3K) belongs to the family 

of lipid kinases and its primary function is to phosphorylate the 3-hydroxyl 

group of phosphoinositides involved in regulation of diverse cellular processes 

[50]. PI3Ks are heterodimers composed of catalytic subunit (p110) and regulatory 

subunit (p85) and exists in four isomers (a, b, d, g) [51].  PI3K is activated by 

stimulation of receptor tyrosine kinase (RTK), thus removing the inhibitory effect 

of p85 on p110, and triggering the activation of PI3K, followed by 

phosphorylation of Akt and mTOR [52, 53]. Akt is a serine/ threonine kinase, the 

central mediator of PI3K pathway and is downstream to PI3K pathways. At the 

cell plasma membrane, Akt is phosphorylated and stimulates protein synthesis 

and cell growth by activating mammalian target of rapamycin (mTOR). mTOR is 

a key component of PI3K-Akt-mTOR pathway that play a critical role in tumor 

escape from hormonal dependence in TNBC [54, 55]. The PI3K-AKT-mTOR 

pathway controls proliferation, metabolism, survival and motility and is in 

frequent crosstalk with MAPK and NF-kB pathways in TNBC cells [56-58]. It is a 

major pathway involved in the regulation of cell processes, such as survival, 

growth, motility and metabolism and is found to be deregulated in TNBC cells. 

Activation of PI3K pathways has been noted in 60% of TNBC patients and the 

hyperactivation of AKT and mTOR has been associated with poor prognosis [59-

61]. Preclinical studies have shown that dual inhibition of AKT and mTOR 

represent a promising therapeutic strategy for treating TNBC [49]. 

Inhibitors that can inhibit PI3K signaling pathways includes buparlisib (BKM120) 

(1.7), AZD8186, pictilisib (GDC-0941) (1.8) and alpelisib (1.9) (Fig. 1.6). Buparlisib 

(1.7), an inhibitor for all isomers of PI3K, has been assessed a phase III clinical 

trial for treatment of breast cancer and is currently under a phase II clinical trial 

(NCT01790932) for the treatment of TNBC [61]. Similarly, pictilisib (1.8) is 

currently under phase I clinical trial for treating TNBC showing greater 

inhibition activity for a subunit of PI3K pathway [61]. Another PI3K inhibitor for 
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TNBC includes alpelisib (1.9) that causes a decrease in phosphorylation of AKT 

pathways in TNBC cells, but is still in preclinical trials [61]. There is also an 

ongoing clinical trial of alpelisib (1.9) with enzalutamide for the treatment of 

TNBC (Trial No. NCT03207529). Similarly, few Akt pathways inhibitors include 

AZD 5363, GSK141795, GSK1120212, ipatasertib (1.10) and, MK-2206 (1.11) (Fig. 

1.6). Moreover, ipatasertib (1.10) when used in combination of rosiglitazone and 

tamoxifen, an ER inhibitor, have been shown to synergistically inhibit the growth 

of TNBC cells (MDA-MB-231) both in vitro and in vivo by inhibiting mTOR [41]. 

Also, preclinical data has also indicated that the inhibition of PI3K/AKT/mTOR 

can lead to increased antitumor activity in TNBC [61]. For example, the 

combination of Akt inhibitor (MK2206) (1.11) and mTOR inhibitor (MK-8669) 

(1.12) (Fig. 1.6) with the PTEN knocked out basal-like breast cancer model 

improved the mean percentage of tumor growth inhibition [62]. Thus, the 

development of drugs that target PI3K/Akt/mTOR signaling pathway is an 

evolving field for the treatment of TNBC. However, there are side effects 

associated with these drugs such as mood disorders and suicide attempts, 

hyperglycaemia and hyperinsulinemia, etc [63].    
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Figure 1.6: Chemical structure of compounds used as PI3K/Akt/mTOR inhibitors for 

treatment of TNBC 

1.5.2.3 Mitogen-activated protein kinase  

 

TNBC cells are characterised by an aberrant increase in MAPK signaling 

pathways [49, 64]. MAPK families play an important role in complex cellular 

programs like proliferation, differentiation, development, transformation and 

apoptosis [65]. Three MAPK families have been characterised namely, 

extracellular signal-regulated kinase (ERK), C-Jun N-terminal kinase/stress 

activated protein kinase (JNK/SAPK), and p38 kinase. The ERK pathway is 
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mainly involved in growth, differentiation and development, while the 

SAPK/JNK and p38 MAPK are involved in inflammation, apoptosis, growth and 

differentiation [65]. The overexpression of this pathway in TNBC cells causes 

uncontrolled cell proliferation and resistance to apoptosis [49]. Thus, targeting 

MAPK can lead to treatment of TNBC. Few MEK inhibitors are used to inhibit 

MAPK signaling pathways that includes trametinib (1.13), selumetinib 

(AZD6224) (1.14), MEK162 (Fig. 1.7) and binimetinib [33]. However, in presence 

of abundant signaling crosstalks between MAPK and other signaling pathways, 

MEK inhibitors alone could not effectively inhibit MAPK signaling pathways 

[66]. Thus, MEK inhibitors are used in combination with other targeted therapies 

or chemotherapeutic agents [66]. For example, the combination of AZD6224 

(1.14) and sorafenib (a multiple receptor kinase inhibitor) led to a synergistic 

inhibition of tumour growth [67]. Similarly, trametinib (1.13) combined with Akt 

inhibitor GSK1120212 induced significant tumour shrinkage in TNBC mouse 

model [68]. However, the drugs have numerous side effects [69]. So, further 

studies in the drug development is needed to develop MAPK inhibitors with 

least side effects.  

 

Figure 1.7: Chemical structure of compounds used as MAPK inhibitors for the treatment 

of TNBC 

1.5.2.4 Poly ADP ribose polymerase (PAPR) inhibitors 

 

PARP1 is a poly ADP-ribose polymerase, which is a member of a family of 

enzymes that remove damaged and/or incorrect DNA sequences by different 
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excision repair pathways and fill the ensuing gap using complimentary DNS 

strand as a template [28]. If DNA breaks in absence of PARP1, double-stranded 

DNA breaks accumulate, which under normal conditions, would be repaired via 

homologous recombination. Both BRCA1 and BRCA2 are required for 

homologous pathways to function properly. As TNBC has high frequency of 

mutation of BRCA1 genes, PAPR inhibitors can lead to cell death in BRCA1-

mutated TNBCs [28]. It also blocks the catalytic domain of PARP enzymes, thus 

PARP inhibitors have recently gained attention as a promising target for 

treatment of cancer with BRCA1 mutation [33]. Recent studies have shown that 

the PARP inhibitors, veliparib and olaparib, delayed tumor growth and led to 

cell apoptosis in BRCA1-deficient mice [70]. The PAPR inhibitors, oraparib (1.15) 

and veliparib (1.16) (Fig. 1.8) are currently at different stages of clinical trials [71, 

72]. 

 

Figure 1.8: Chemical structure of compounds used as PARP inhibitors for the treatment 

of TNBC 

1.5.2.5 Cell Cycle related proteins 

 

One of the major focuses of chemotherapeutic research involves targeting DNA 

damage-induced cell cycle arrest. Cell cycle is the main process leading to cellular 

proliferation [73]. Timely progression through the cell division cycle ensures the 

correct transmission of genetic information from a cell to its daughters. Cell cycle 

checkpoints maintain the order and fidelity of cell-cycle events in response to 

replicative stress and DNA strand breaks [73]. Cyclin dependent kinase (CDK) 

are a family of serine/threonine kinases that regulate cell cycle progression 
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through phosphorylation of proteins that function at specific phases of the cell 

cycle [74]. They partner with regulatory subunits known as cyclins, which control 

kinase activity and substrate specificity. Different CDKs act at different phases of 

the cell cycle. CDK4-Cyclin E and CDK6-Cyclin D control progression through 

the G1 phase of the cell cycle. Similarly, CDK2-Cyclin E is critical for G1/S 

transition and in the S and G2 phase of the cell cycle. CDK1-Cyclin B is important 

for the M phase transition of the cell cycle [74]. Cyclins and CDK positively 

regulates the cell where cyclin dependent kinase inhibitors (CDKIs) regulate the 

cell negatively [75]. The most potent CDKIs are p21, p27 and p57 for CDK2-

CyclinE, and p16 for CDK4-Cyclin D [74]. Few drugs used as CDK inhibitors are 

dinaciclib (1.17), P276-00 (1.18), and LEE001 (Fig. 1.9). Dinaciclib (1.17) has found 

to cause a synthetic lethal effect in myc-elevated TNBC cells [76]. However, the 

most common side effects associated with CDK inhibitors are hematologic and 

gastrointestinal toxicities.  

 

Figure 1.9: Chemical structure of compounds used as CDK inhibitors for the treatment 

of TNBC 

1.5.2.6 Angiogenesis 

 

Angiogenesis is the physiological process of forming new blood vessels from pre-

existing vessels, thus providing cancerous cells a pathway and nutrients to grow 

and metastasise [42]. Thus, in the case of cancer, it is a fundamental step of 

transition of tumors from benign state to a malignant state [77, 78]. Inhibition of 

angiogenesis can improve progression free survival in aggressive breast cancers 
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[79]. Also, the expression of vascular endothelial growth factor (VEGF) is higher 

in TNBC as compared to non-TNBC [32]. Anti-VEGF monoclonal antibodies such 

as bevacizumab, sunitinib (1.19), apatinib (1.20) (Fig. 1.10) or tyrosine kinase 

inhibitors are being explored as a novel approach to combat TNBC [41]. 

Complications involved with angiogenesis inhibitors include epistaxis, 

hemoptysis, gastrointestinal bleeding, and thrombotic events [32]. Several 

angiogenesis inhibitors have been tested in the clinic with modest overall results. 

For example, sunitinib (1.19) (Fig. 1.10) have shown to reduce tumour volume in 

xenograft models of TNBC [80]. Similarly, bevacizumab have shown to reduce 

progression of metastatic TNBC in phase III clinical trials [42]. Some side effects 

associated with anti-angiogenic drugs includes bleeding complications, in 

particular epistaxis, hemoptysis and gastrointestinal [81].  

 

Figure 1.10: Chemical structure of compounds used as angiogenesis inhibitors for the 

treatment of TNBC 

Despite the number of targeted drugs for the treatment of TNBC, as mentioned 

above, there are numerous side effects associated with the use of these drugs such 

as, adverse dermatologic effects, mood disorders and suicide attempts, 

hyperglycaemia and hyperinsulinemia, etc [69, 81]. Thus, to overcome the 

complications involved in the treatment options for TNBC, there is a pressing 

need to identify novel compounds that target TNBC with minimal or no side 

effects. 
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1.6 Natural Product Chemistry 
 

Throughout history, natural products have afforded a rich source of anticancer 

agents with diverse chemical structures and bioactivities. Natural Products have 

been a major source of modern drugs and traditional medicines [82-84]. 

Approximately 70% of all drugs on the market have been derived from nature or 

are analogues of natural products, while only 30% of novel drugs have been 

purely synthetic [85]. Natural products include compounds isolated from natural 

sources such as plants (e.g., paclitaxel(1.1) from stems of the pacific yew tree), 

and microorganisms (e.g., doxorubicin(1.3) from Streptomyces peucetius) (Fig. 1.3) 

[78].  

Due to numerous different biological processes, nature is a source of a variety of 

metabolites that can be classified as primary and secondary metabolites. Primary 

metabolites (e.g. carbohydrates, proteins) are involved in growth and 

metabolism of cells and perform metabolic functions for the survival of an 

organism. They occur through fundamental biosynthetic pathways common to 

all organisms. Secondary metabolites (e.g. alkaloids, sterols) are the end products 

of primary metabolites. They are small molecule products of metabolism that are 

not absolutely required for the survival of the organism but are connected with 

an organism’s interaction with its environment. Natural products are usually 

small molecular weight secondary metabolites, having considerable structural 

diversity and showing various ecological functions, such as defence against 

predators, stimulants and feeding attractants [86].  

The use of natural products to treat human disease is an ancient practice [82]. 

There is evidence of Mesopotamia isolating oils from Cupressus sempervirens 

(Cypress) and Commiphora species (myrrh) in 2600 B.C to treat coughs, colds and 

inflammation [83, 87]. Records also show evidence of plant-based drugs in an 

Egyptian pharmaceutical record in 2900 B.C, in a Chinese Material Medica in 
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1100 B.C and in Greek collection in 100 A.D [83, 87]. Archaeological evidence has 

also revealed the use of natural products in India by the Ayurvedic system of 

medicine dating from at least 1000 B.C.[83, 87]. 

According to the World Health Organisation (WHO), around 80% of the 

population in the world rely mainly on traditional medicines for their primary 

health care [83]. Some of the earliest isolated drugs from nature include: quinine, 

reported in 1820 from the bark of Cinchona; morphine, reported in 1805 from the 

plant Papaver somniferum and penicillin discovered in 1928 from the culture broth 

of Penicillium notatum [83, 87]. 

Natural Products also have a long history of use in the treatment of cancer [88]. 

One of the best known examples include the vinca alkaloids, vinblastine (1.21) 

and vincristine (1.22) (Fig. 1.11), isolated from the Madagascar periwinkle, 

Catharanthus roseus [79]. They are used for the treatment of acute lymphocytic 

leukemia and solid tumours. Similarly, podophyllotoxin (1.24), isolated from the 

roots of plant of genus Podophyllum is used as a potent topical antiviral, and 

epipodophyllotoxin (1.23) (Fig. 1.11), a naturally occurring compound derived 

from the root of American Mayapple plant Podophyllum peltatum, which is an 

isomer of podophyllotoxin, used for treatment of childhood cancer.  Etoposide 

(1.25) and teniposide (1.26) (Fig. 1.11), which are semisynthetic compounds 

derived from epipodophyllotoxin are used for the treatment of acute leukemia 

[79]. Another major anti-cancer natural product is paclitaxel (1.1) (Fig. 1.3), 

isolated from the bark of the pacific yew tree, Taxus brevifolia, used for the 

treatment of breast, lung and ovarian cancers and its synthetic analogue 

docetaxel (1.2) (Fig. 1.3)  are used for treating breast, prostate, stomach, head, 

neck and non-small lung cancers [89]. Likewise, camptothecin which is isolated 

from the Chinese ornamental tree, Camptotheca acuminate is used as a 

topoisomerase inhibitor. Its semisynthetic derivatives topotecan and irinotecan, 

are used for the treatment of  ovarian and small lung cancers  [87]. 
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Figure 1.11: Chemical structure of compounds isolated or inspired from natural sources 

1.7 Marine Natural Product Chemistry 
 

Oceans cover over 70% of the earth’s surface and are renowned for 

containing a wide biodiversity. The marine environment is highly 

competitive and at times hostile, hence marine organisms  have developed 

complex attack and defence mechanisms for their survival [90]. To 
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survive, reproduce and deter predators, marine organisms produce 

various secondary metabolites [91]. In addition, to adapt to the extreme 

environmental challenges of the ocean, marine organisms have evolved 

enzyme reactions system and metabolic pathways that are significantly 

different from terrestrial creatures [92]. Studies have shown that marine 

microorganisms are more diversified than terrestrial microorganisms and 

the biological activity observed for compounds derived from marine 

sources is generally higher than those from land-based organisms [93]. For 

instance, the preclinical cytotoxicity screening done by the National 

Cancer Institute showed that around 1% of the tested samples from the 

marine environment showed cytotoxicity whereas only 0.1% of those from 

terrestrial sources were cytotoxic [94]. Hence, natural products from 

marine organisms may have considerably greater potential than those 

from terrestrial habitats. 

 

Initially, the collection of marine organisms for testing biological activity 

was limited as they were unreachable. But during the 1960’s, with the 

development of self-contained underwater breathing apparatus (SCUBA) 

diving, marine specimens have become more attainable and have gained 

interest for researchers to investigate for novel bioactive compounds [90, 

95]. To date, approximately 28,000 novel compounds have been isolated 

from different marine species [95]. Some of these compounds have been 

shown to have biological activities with pharmaceutical potential such as 

antibacterial, antifungal, antimalarial, anticoagulant and antitumor 

activities [96]. In summary, the marine environment represents a rich 

source of novel compounds with the potential to discover new drugs that 

are active against a broad spectrum of medical problems including cancer.  
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Even though marine derived compounds can have promising biological 

benefits, there are several challenges associated with this research field. 

The access of marine organisms in the deep sea for one requires expensive 

submersibles for collection [97]. Similarly, after collection of organisms, it 

is difficult to store under conditions similar to their natural habitat, which 

can lead to stress and decomposition of some compounds. Additionally, 

once the compounds are isolated, the total characterisation is usually only 

possible if the compounds are obtained in milligram scale. However, due 

to advancements in techniques and instruments, such as cryo-probe  

NMR, fairly low quantities (nanogram scale) can now be characterised 

more effectively [98]. Moreover, once the active compound is determined, 

to enter clinical trials, a large quantity of the bioactive compound is often 

required, which is difficult to obtain for marine-derived compounds. This 

then leads to  different options such as total synthesis, fermentation and 

the use of biotechnology to overcome the supply issue [99]. 

 

Despite of all these challenges, researches have made the development of 

several new marine-derived drugs possible, which are under clinical trials 

or already marketed. The current success rate for marine derived drugs is 

approximately 2-3-fold better than the industry average. In conclusion, the 

isolation of compounds with immense novelty of chemical structure 

together with the usually potent biological activity makes the study of 

marine natural products very attractive. 

1.8 Drugs from Marine Sources 
 

Currently, there are six drugs that have been approved by the US Food 

and Drug Administration (FDA) derived from marine organisms [79]. 

Another 17 compounds are in clinical trials, among which 15 are potential 
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cancer therapeutics [79]. Thus, this suggests that drugs derived from 

marine natural products could serve as potential cancer agents. 

 

The development of marine-derived cytotoxic agents started with the 

discovery of the unusual nucleosides, spongithymidine and 

spongouridine, from the Caribbean sponge Tectytethya crypta [100]. The 

sponge was previously named Cryptotethya crypta and was reclassified as 

Tectytethya crypta.  Inspired by these natural products, Cytarabine (Ara-C) 

(1.27) (Fig. 1.12), a synthetic analogue of spongithymidine, was 

synthesised and was the first marine-derived drug approved by FDA in 

1969 for the treatment of acute myeloid leukemia as well as other forms of 

leukemia and non-Hodgkin’s lymphoma as a chemotherapeutic drug 

[100]. It is an antimetabolite that inhibits DNA polymerase and DNA 

synthesis, thus leading to apoptosis in cancer cells [101]. Vidarabine (Ara-

A) (1.28) (Fig. 1.12) is a synthetic purine nucleoside of spongouridine 

isolated from the same sponge. Ara-A (1.28) is an antiviral agent that 

interfered with the early steps of viral DNA synthesis and received FDA 

approval in 1976. 

 

Ziconotide was the first marine derived peptide approved as a drug, 

isolated from the cone snail, Conus magus [102]. It is a synthetic analogue 

of naturally occurring 25-amino acid w-conotoxin MVIIA. It was approved 

by FDA in 2004 that blocks N-type calcium channel, thus reducing the 

release of excitatory neurotransmitter [103]. Currently, the drug is used 

for severe chronic pain in cancer or AIDS patients, who are intolerant to 

other pain relieve treatments such as morphine [85].  

 

Eribulin mesylate (1.29) (Fig. 1.12), a polyketide non-taxane derivative, is 

a synthetic analogue of the natural product halichondrin B, which was 
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isolated initially from the marine sponge Halichindria okadai [104]. 

Halichondrin B, due to its complex structure and low yield from natural 

sources severely limited its potential for clinical development. In 1992, the 

Kishi laboratory succeeded in synthesising eribulin mesylate that 

consisted of 63-steps [105]. It was approved by the FDA in 2010 for the 

treatment of metastatic breast cancer as a chemotherapeutic drug [106]. 

The mechanism of action involves inhibiting the growth of microtubules, 

thus leading to G2/M arrest of the cells and thus causing apoptosis of 

metastatic breast cancer cells [32]. 

 

Trabectedin (1.30) (Fig. 1.12) was first isolated from the ascidian 

Ecteinascidia turbinate [107]. It is a class of neoplastic alkaloids containing 

three tetrahydroisoquinoline moieties, eight rings including one 10-

membered heterocyclic ring containing a cysteine residue and seven chiral 

centres [108]. It works by binding to DNA which in turn prevents the 

binding of transcription factors to DNA, thus preventing transcription of 

DNA. It also interacts with RNA polymerase II [109]. It was approved by 

the FDA in 2015 for the treatment of advance soft tissue sarcoma as a 

chemotherapeutic drug [110].  

 

Brentuximab vedotin (1.31) (Fig. 1.12) is a tumor specific antibody-drug 

conjugate consisting of three components: the highly cytotoxic 

microtubule disrupting agent monomethyl auristatin (MMAE), an 

antibody specific for human CD30 and a vaine-citrulline dipeptide linker 

that links the drug with the antibody [111]. MMAE, a synthetic analogue 

of dolastatin 10, originally isolated from sea mollusk Dolabella auricularia, 

is highly cytotoxic and cannot be administered alone. It is usually 

administered by conjugating with tumor specific antibodies. The drug was 

approved by the FDA in 2011 for the treatment of patients with Hodgkin 



Anticancer Compounds from Western Australian Marine Sponges 

26 

lymphoma. The drug works by binding to the extracellular domain of 

CD30, internalized, release of MMAE which then binds to tubulin, inhibits 

microtubule polymerization, inducing G2/M arrest of the cells thus 

causing apoptotic cell death [111]. 

 

Figure 1.12: Chemical structures of drugs approved by FDA that are isolated or inspired 

from marine sponges 

 

In the last 50 years, there have been significant advances in the isolation 

and characterisation of novel compounds and development, approval and 

therapeutic use of marine derived drugs. Over 28,000 structurally diverse 

marine derived metabolites have been characterised over the last five 

decades and in just two years between 2009 to 2011, over 250 marine 
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compounds have entered clinical trials [92]. This trend has increased after 

mid-1980, probably with the advancement of higher resolution structure 

elucidation techniques such as nuclear magnetic resonance spectroscopy 

and mass spectrometry [112]. As well as the specific compounds 

mentioned above, compounds derived or inspired from marine sources, 

their clinical status, mode of action and the disease area that the 

compounds are effective are summarised in Table 1.1 and the chemical 

structures of the compounds that are in different stages of clinical trials 

are shown in Fig. 1.13.
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Table 1.1: List of marine - derived or inspired drugs and their clinical status, disease they target and their mode of action [79]: 

Clinical 

status 

Compound Marine 

organism 

Chemical class Disease 

area 

Mode of action References 

FDA 

Approved 

Cytarabine (Cytosar-

U) 

Sponge Nucleoside Cancer DNA polymerase inhibitor [101] 

Vidarabine (Vira-A) Sponge Nucleoside Antiviral DNA synthesis inhibitor [113] 

Ziconotide Cone snail Peptide Pain Modulator of neuronal 

calcium channels 

[102, 103] 

Eribulin mesylate 

(Halaven) 

Sponge Macrolide Cancer Microtubule interfering agent [104, 106] 

Trabectedin (ET-

743) (Yondelis) 

Tunicate Alkaloid Cancer Inhibits cancer cell growth of 

and affects the tumour 

microenvironment 

[107] 
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Clinical 

status 

Compound Marine 

organism 

Chemical class Disease 

area 

Mode of action References 

Brentuximab vedotin 

(Adcentris) 

Mollusk ADC (MMAE) Cancer CD30-directed antibody 

cytotoxic drug conjugate 

[111] 

Phase III 

Plitidepsin 

(Aplidine) 

Tunicate Cyclic 

depsipeptide 

Cancer Induces cell cycle apoptosis [114] 

Gemicitabine (GEM) 

(Gemzar) 

Sponge Nucleoside Cancer Ribonucleotide reductase 

inhibitor 

[115] 

Phase II 

IPL576092 Sponge Miscellaneous Anti-

infammator

y 

Inhibition of hypersensitivity 

during allergy 

[79] 

Pseudopterosins Soft coral Diterpene 

glycoside 

Wound 

healing 

Eicosanoid metabolism [79] 

PM1004 Nudibranch Alkaloid Cancer DNA-binding [116] 
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Clinical 

status 

Compound Marine 

organism 

Chemical class Disease 

area 

Mode of action References 

Elisidepsin Mollusk Cyclic 

depsipeptide 

Cancer Antineoplastic agent, 

modifying lipids from cell 

membrane 

[117] 

Glembatumumab 

vedotin 

Mollusk  ADC (MMAE) Breast 

Cancer and 

melanoma 

Targets glycoprotein NMB [118] 

Phase I/II 

PM-00104 

(Zalypsisâ) 

Sponge  Alkaloid Cancer Transcription inhibitor [119] 

Discodermolide Sponge Polyketide Cancer Microtubule interfering agent [79] 

Bryostatin-1 Bryozoa Polyketide Cancer Protein kinase C [120] 

Pinatuzumab vedotin Mollusk ADC (MMAE) Non-

Hodgkin 

lymphoma 

Apoptosis stimulant; Mitosis 

inhibitor and tubulin inhibitor 

[121] 
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Clinical 

status 

Compound Marine 

organism 

Chemical class Disease 

area 

Mode of action References 

Tisotumab Bedotin Mollusk ADC (MMAE) Ovarian, 

endometriu

m,prostate 

cancer 

Antineoplastic, Drug 

conjugate, Immunotoxin and 

monoclonal antibodies 

[79] 

Phase I 

LAF389 (Bengamide B 

derivative) 

Sponge Peptide Cancer Methionine aminopeptidase 

inhibitor 

[122] 

Hemiasterlin (E7974) Sponge Tripeptide Cancer Microtubule interfering agent [122] 

PM-060184 Sponge Polyketide Cancer Microtubule interfering agent [123] 

NVP-LAQ824 

(Psammaplin 

derivative, 

Dacinostat) 

Sponge Miscellaneous Cancer HDAC inhibitors or DNMT 

inhibitor 

[124] 
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Clinical 

status 

Compound Marine 

organism 

Chemical class Disease 

area 

Mode of action References 

HTI-286 

(Hemiasterlin 

derivative) 

Sponge Tripeptide Cancer Microtubule interfering agent [79] 

In table 1.1, compounds isolated from marine sources are shown in bold and marine-inspired are shown in italics. 
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Among the twenty-three drugs discussed above (Table 1.1), twelve of these were 

isolated from marine sponges and their most common target disease is cancer.  

This suggests that sponges are a good source of anticancer compounds. 

 

Figure 1.13: Chemical structures of drugs derived from marine sponges currently at 

different stages of clinical trials. 
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Figure 1.13 (continued): Chemical structures of drugs derived from marine sponges 

currently at different stages of clinical trials 

1.9  Marine Sponges 
 

Marine sponges, which belong to the phylum of Porifera, are the most 

primitive aquatic animals, having survived in the ocean for over 700-800 

million years [125]. The phylum Porifera is divided into three distinct 

classes namely, the Calcarea (calcareous sponges), the Hexactinellida 

(glass sponges) and the Demospongiae (demosponges) [126]. Among 
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them, the latter forms the most diverse class consisting of almost 95% of 

all sponge species.  

 

Marine sponges are soft bodied, sessile, filter feeding animals, filtering up 

to 24 m3 kg-1 day-1, thus sequestering nutrients from the pelagic habitat as 

well as providing habitat for other organisms [125]. Sponges are widely 

distributed around the globe from tropical or subtropical zones to the 

Antarctic zone [126]. Their existence in all waters from fresh to saline, from 

intertidal to deep-sea, from tropical to frozen water indicate the various 

conditions they can adapt to. As sponges cannot move and lack physical 

defences, they are susceptible to marine predators such as fish, turtles and 

invertebrates. Thus, they have the ability to produce defensive chemicals 

to deter predators. Numerous studies have shown that they have 

tendency to produce secondary metabolites that can serve as a therapeutic 

potential in the treatment of human diseases [125]. 

 

The compounds isolated from sponges contributes approximately 30% of 

all the compounds derived from marine natural products reported to date 

[95]. Among the diverse number of marine invertebrates, marine sponges 

produce significant quantities of metabolites possessing both diverse 

structure and bioactivity (Fig. 1.14).  So far, there has been a wide range of 

structural diversity discovered for bioactive compounds from marine 

sponges including nucleosides, sterols, alkaloids, peroxides, terpenes, 

fatty acids, amino acid derivatives, macrocyclic lactones and cyclic 

peptides. Marine sponges derived compounds have shown a wide range 

of biological activities including anticancer, anti-bacterial, antiviral, anti-

inflammatory, antifouling, immunosuppressive, neurosupressive and 

neuroprotective activities (Fig. 1.14) [96]. Therefore, sponges have 

provided a major target for biologically active natural products for many 
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years. Moreover, among various bioactive compounds, it was found that 

most of the bioactive compounds isolated from marine sponges had 

anticancer activities (Fig. 1.14). 

 

 

Figure 1.14: Number and proportion of bioactive/non-bioactive compounds from marine 

organisms [127] 

Marine sponges contain diverse microbial communities. These symbionts 

include archaea, bacteria, cyanobacteria and microalgae [125]. These 

microbial communities can constitute up to 40% of the total mass of the 

sponge and contributes to host metabolism (photosynthesis or nitrogen 

fixation) [128]. Studies have shown that it is not always the sea sponge that 

produces the metabolites that can deter  harmful microorganisms but the 

symbiotic bacteria that are present within them that produce the diverse 

secondary metabolites [129]. For example, the polybrominated biphenyl 

ether antibiotics isolated from the sponge Dysidea herbacea are produced 

by the endosymbiotic cyanobacterium Oscillatoria spongeliae [125]. 

1.10  Cytotoxic compounds from marine sponges 
 

Marine natural products exhibit a huge variety of biological activities 

namely, antimicrobial, antifouling, antifungal, anti-inflammatory, 

antiviral and anticancer [92]. In the period between 1990 and 2016, the 
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number of publications resulting from compounds isolated from marine 

sources that had cytotoxic activities in various cancer cells were greater 

than those for other diseases ( Fig. 1.15) [79].  

 

Figure 1.15: Comparison of the number of scientific publications published between 1990 

to 2016 reporting marine compounds in treating cancer and other diseases [79] 

There have been a number of cytotoxic compounds that are isolated from 

marine sponges that show activity in various cancer cells with different 

modes of action. A large number of the compounds derived from marine 

sponges triggered apoptosis in cancer cells through activation or 

inhibition of signaling pathways or cell cycle arrest thus leading to cell 

death (Table 1.2). For example, compounds aaptamine, 

demethyl(oxy)aaptamine, and isoaaptamine induced apoptosis through 

activation of NF-kB pathways in murine epidermal cells and heteronemin 

in leukemia cells. On the other hand, microsclerodermin A, spongiatriol, 

and pectenotoxin-2 triggered apoptosis through inhibition of NF-kB 

pathways in pancreatic cells and human leukemia cells respectively. 

Compounds that arrested cell cycle of cancer cells includes isofistularin-3, 

crambescidin 800, smenospongine, jaspolide B, leiodermatolide, 

monanchocidin A, and ircinin-1, thus leading to apoptosis of different 

human cancer cells. Stellettin B and renieramycin M inhibited 
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phosphorylation of Akt pathways and decreased the levels of Bcl-2 

proteins in human non-small lung cancer cells [96]. Further details on 

various compounds isolated and their various mode of action in different 

cells are listed in Table 1.2. 
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Table 1.2:  List of cytotoxic compounds with different mode of actions isolated from marine sponges [96]: 

Compounds Sponges Cell lines Mode of Action References 

Aaptamine Aaptos sp. Murine epidermal cells Triggered apoptosis, activated NF-kB and 

transcription factor activator protein-1(AP-1) 

[130] 

Demethyl(oxy)aapta

mine 

Aaptos sp. Murine Epidermal cells Triggered apoptosis, activated NF-kB and 

transcription factor activator protein-1(AP-1) 

[130] 

Isoaaptamine Aaptos sp. Murine Epidermal cells Triggered apoptosis, activated NF-kB and 

transcription factor activator protein-1(AP-1) 

[130] 

Microsclerodermin A Amphibleptura sp. Pancreatic cells Inhibited NF-kB and triggered apoptosis [131] 

Isofistularin-3 Aplysina aerophoba Raji, U937 Demethylation of DNA and cell cycle arrest, 

apoptosis 

[132] 

Spongiatriol Australian spongia 

sp.  

Pancreatic cells Inhibited phosphorylation of NF-kB and triggered 

apoptosis 

[133] 
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Compounds Sponges Cell lines Mode of Action References 

Laulimalide Cacospongia 

mycofijiensis 

Ovarian cancer cells Stabilises microtubule [134] 

Scalaradial Cacospongia scalaris Breast, cervix cancer 

cells 

Increased DNA migration and triggered apoptosis [135] 

Candidaspongiolide Candidaspongia sp. Glioblastoma and 

colorectal cells 

Triggered apoptosis [136] 

Callyspongidiol Callyspongia sp. Human leukemia cells Anti-proliferative  [137] 

Crambescidin 800 Crambe crambe Human leukemia cells S-phase arrest, upregulation of p21 [138] 

Crambescidin 816 Crambe crambe Human liver cells Cell cycle arrest, induction of apoptosis, caspase-3 

activation 

[139] 

Smenospongine  Dactylospongia 

elegans 

Human Leukemia cells G1 arrest, apoptosis [140] 
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Compounds Sponges Cell lines Mode of Action References 

Pectenotoxin-2 Dinophysis fortii and 

Dinophysis acuminata 

Human Leukemia cells NF-kB inhibition, apoptosis [141] 

Salarin C Fascaplysinopsis sp. Human Leukemia cells Induction of apoptosis [142] 

Cacospongionolide Fasciospongia 

cavernosa 

Human colon cancer Induction of apoptosis [135] 

Geoditin A Geodia japonica Colon cancer cells Induces oxidative stress and apoptosis [143] 

Stellettin A Geodia japonica Human Leukemia cells Induces oxidative stress and apoptosis [144] 

Ilimaquinone Hippospongia 

metachromia 

Human colon cancer 

cells 

Activation of ROS, p38 MAPK and ERK pathways 

inducing apoptosis 

[145] 

Spongistatin 1 Spirastrella 

spinispirulifera 

Breast cancer cells Tubulin depolymerizing agent inhibits clonogenic 

survival and induces aopotosis 

[146] 

Heteronemin Hyrtios sp. Leukemia cells TNF alpha induces NF-kB activation, induction of 

apoptosis 

[147] 
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Compounds Sponges Cell lines Mode of Action References 

Bastadin 6 Lanthella sp. Human umbilical vein 

endothelia cells 

Inhibits VEGF, induction of apoptosis [148] 

Irciniastatin A Ircinia ramose, 

Psammocinia sp. 

Human Leukemia cells Activation of JNK pathways and induction of 

caspase-8 dependent apoptosis 

[149] 

Jaspolide B Jaspis sp. Human hepatoma cells G1-phase cell cycle arrest, induction of apoptosis 

and microtubule disassembly 

[150] 

Stellettin B Jaspis stellifera Human Non-smal Lung 

cancer cells, human 

glioblastoma cencer 

cells,  

Downregulated phosphorylation of Akt, Stat5 and 

mTOR and increased reactive oxygen species 

(ROS)level, upregulated Bax proteins level, 

downregulated Bcl-2, thus inducing apoptosis 

[151-153] 

Jaspine B or 

Pchastrissamine 

Jaspis sp. or 

Pschastrissa sp. 

Melanoma cells Triggered cell death by apoptosis [154] 

Leiodermatolide Leiodermatium sp. Prostate cancer cells Cell cycle arrest, induction of apoptosis [155] 
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Compounds Sponges Cell lines Mode of Action References 

Monanchocidin A Monanchora pulchra Genitourinary cancer 

cells  

Cell cycle arrest and induction of autophagy [156, 157] 

Monanchocidin B Monanchora pulchra Human cervical cancer 

cells 

DNA fragmentation, caspase 3 and 7 activation [96, 158] 

Monanchomycalin B Monanchora pulchra Human cervical cancer 

cells 

DNA fragmentation, caspase 3 and 7 activation [159] 

Mycalamide A Mycale sp. 32D myeloid cells Induction of apoptosis [160] 

Latrunculin A Negombata magnifica Human gastric cancer 

cells 

Acute cell injury and apoptotic cell death through 

caspase 3 and 7 pathways 

[161] 

Kuanoniamines A Oceanapia sagittaria Human lymphocytes Inhibitor of DNA synthesis and induction of 

apoptosis 

[162] 

Kuanoniamines C Oceanapia sagittaria Human lymphocytes Induction of apoptosis [162] 
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Compounds Sponges Cell lines Mode of Action References 

Psammaplysene A Psammaplysilla Endometrial cancer cells Induced apoptosis and upregulated the expression 

of FOXO1 protein 

[163] 

Rhizochalin or 

Rhizocalinin 

Rhizochalina 

incrustata 

Prostate cancer cells Downregulates AR-V7, PSA and IGF-1 expression 

and induction caspase dependent apoptosis 

[164] 

Ircinin-1 Sarcotagus Human melanoma cells Cell cycle arrest and induction of apoptosis [165] 

Smenamides A and B Smenospongia sp. Human lung cancer cells Induction of apoptosis [166] 

(Z)-stellettic acid C Smenospongia aurea Human Leukemia cells Inhibition of telomerase and induction of apoptosis 

through activation of caspase 

[167] 

Renieramycin M Xestospongia sp. Human non-small cell 

lung cancer cells 

p-53 dependent apoptosis, downregulation of 

phosphorylation of p-Akt, Bcl-2, Mcl-1, and 

decreased expression of CD133, Cd44 nd 

ALDH1A1. 

[168] 
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Studies have shown that compounds derived from marine natural products can 

target TNBC cells. For example, Physagulide P (1.45) (Fig. 1.16), isolated from the 

plant Physalis angulate suppressed proliferation by G2/M phase arrest and 

induced apoptosis and autophagy in MDA-MB-231 and MDA-MB-468 cells 

through activation of ROS and JNK signaling pathways [169]. Similarly, 

isoliensinine (1.46), derived from the seed embryo of Lotus plant (Nelumbo 

nucifera), targeted TNBC cells following similar mode of action [170]. 

Ziyuglycoside (1.47) (Fig. 1.16), isolated from the dried root of Radix Sanguisorbae, 

inhibited proliferation of MDA-MB-231 cells and induces apoptotic pathways by 

arresting cells at G2/M phase [171]. Phycocyanin, isolated from algae Arthrospira 

platensis, caused G1 phase arrest of the cells, decrease in cyclin E and CDK2 and 

increase in p21 level, thus, inducing apoptosis in TNBC cells through inhibition 

of MAPK signaling pathways [172].  

 

Figure 1.16: Compounds from natural sources that target TNBC cells 
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Calyculin A (1.48), isolated from marine sponge Discodermia calyx which has been 

reported to inhibit proliferation in MDA-MB-468 and MDA-MB-231 cells through 

inhibition of cyclin D1 and arrest of cells in G0/G1 phase [173]. Similarly, another 

compound PM060184 (1.49), isolated from the marine sponge Lithoplocamia 

lithistoides, has shown to inhibit formation in multinucleated cells in MDA-MB-

231 cells in xenografts model. Thus, marine sponges appear to be a good source 

of bioactive compounds with potential for targeting TNBC. However, these 

compounds are still in phase I clinical trials and have not been approved for 

treatment of TNBC. So, there still does not exist any targeted treatment for TNBC. 

Thus, there is a pressing need to develop drugs that target this deadly disease. 

 

Figure 1.17: Compounds from marine sponges that target TNBC cells  
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1.11  PhD research aims 
 

Triple Negative Breast Cancer (TNBC) is the most aggressive type of breast 

cancer lacking ER, PR and HER2 receptors with no targeted therapies available. 

This leaves chemotherapy as the main-stream line of treatment with adverse side 

effects. Nature is the main source of anticancer compounds [38]. As discussed 

above, most of the anticancer compounds that are approved by FDA and those 

in clinical trials are either derived or inspired from natural sources. Moreover, a 

large proportion of bioactive compounds have been identified from marine 

sponges (phylum Porifera), and most of these bioactive compounds have 

anticancer properties (Fig. 1.14). However, most of the FDA approved drugs are 

chemotherapeutic drugs that target both cancerous and normal cells causing 

number of side effects namely, anaemia, hair loss, nausea and vomiting. Also, 

chemotherapy itself contributes to relapses by driving mutations that allow cells 

to resist treatment. Thus, it has become crucial to identify targeted drugs for 

TNBC. Evidence has shown that sponge communities that were found in shallow 

Australian waters mainly consist of rarely occurring compounds [174]. 

Additionally, Western Australia (WA) has rich biodiversity that has been 

unexplored (The details on WA marine sponges will be discussed in chapter 2).  

So, there is a high chance of identifying novel compounds from these sponges 

that might have anticancer properties. At present, the Western Australian 

Museum Bio-resource Library (WAMBL) has collection of around 300 marine 

sponges collected in the year 2005 and 2007 and some of these species have been 

identified only at genus level.  

Thus, the key summary of this extensive literature reviews is: 

1. There is an urgent need of identifying novel compounds that target TNBC, 

2. Marine sponges are a rich source of anticancer compounds, and 
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3. There is high possibility of isolating novel anticancer compounds from 

WA marine sponges. 

Based on the above note, the project is divided broadly to have following aims: 

Aim 1. Screen WA marine sponges in breast cancer, in particular TNBC 

cells which has limited treatment options, 

Aim 2. Isolate active compounds through bioassay guided fractionation of 

active sponge samples’ 

Aim 3. Identify active compounds using advanced structural elucidation 

techniques, and 

Aim 4. Explore the signaling pathways and thus the mode of action of the 

isolated active compounds in TNBC cells. 

The outcomes of this project could lead to identification of novel anticancer drugs 

for treatment of aggressive TNBC.



2 Screening of Western Australian marine 
sponges for cytotoxic activities in triple 
negative breast cancer cells 

2.1 Introduction 
 

Australia is the world’s largest island with more than 70% of its territory under 

water, thus making it potentially an oceanic and environmental superpower 

[175]. Australia has a wide range of coastal and marine environments, extending 

approximately 32,000 kilometres, from warm northern tropical to the temperate 

southern latitudes. Australia’s marine environments also include external 

territories in the Indian Ocean, South Pacific Ocean, Southern Ocean and 

Antarctica [95]. The extent and diversity of Australia’s marine environment has 

resulted in some of the most diverse and unique marine life in the world. 

Approximately 4,000 species of fish, 43 species of whales and dolphins and six of 

the seven known species of marine turtles are recorded to habitat Australian 

waters. Additionally, Australia has the world’s largest areas and highest species 

diversity of tropical and temperate seagrasses, the highest diversity of marine 

macroalgae, the largest area of coral reefs, the highest mangrove species 

diversity, and the highest global level of biodiversity for a range of marine 

invertebrates such as bryozoans, ascidians and invertebrates. Moreover, this 
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extensive coastline is also habitat for marine sponges [176]. Despite the 

evolutionary and ecological importance of marine sponges, they are not as well 

studied as corals and other benthic taxa and their importance within the global 

ecosystem is far less widely appreciated [177].  Among several marine 

biodiversity hotspots in Australia that are recognised for their highly biodiverse 

and endemic fauna including coral reefs [178, 179], the temperate coastline [180] 

and the Great Australian Bright off the coast of South Australia [95], reports show 

that the high species diversity of marine sponges are in the north west [181], in 

the deep sea off the south west of the Bright [181] and the Great Barrier Reef [175]. 

Evidence has shown that sponge communities that were found in shallow 

Australian waters mainly  consist of rarely occurring compounds [174]. Although 

there has been a wealth of research into the chemistry of these marine sponges 

around the world [95], the full extent of Australian marine sponge biodiversity 

and their chemistry remains relatively unexplored [95]. Some of the cytotoxic 

compounds isolated from Australian marine sponges are discussed below. 

One of the cytotoxic compounds isolated from an Australian marine sponge 

includes lamellarin O (2.1) (Fig 2.1), an alkaloid isolated from the southern 

Australian marine sponge Ianthella sp that showed cytotoxic activity in colon 

cancer cells, ovarian cancer cells and non-small lung cancer cells [182]. Similarly, 

Ecionine A (2.2) (Fig 2.1), a new pyridoacridine alkaloid was isolated from the 

Australian sponge Ecionemia geodides and displayed cytotoxic activity in a human 

bladder cancer cell line [183]. 

 

Figure 2.1: Structures of lamellarin O and ecionine A. 
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Neamphamides B-D (2.3-2.5) (Fig 2.2) are cyclic depsipeptides, isolated from the 

Australian sponge Neamphius huxleyi that inhibited growth of lung (A549), 

cervical (Hela) and prostate (LNCaP and PC3) cell lines [184].  

 

Figure 2.2: Structures of neamphamide B, C and D. 

Screening of southern Australian marine sponge Trachycladus laevispirulifer led to 

the isolation of trachycladindoles A-G (2.6-2.12) (Fig 2.3). These are an indole-2-

carboxylic acid bearing a 2-amino-4,5-dihydroimidazole moiety. The compounds 

showed cytotoxic activity in lung, colorectal and breast cancer cells [185].  

 

Figure 2.3: Structures of trachycladindoles A-G 
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Some other compounds of note isolated from Australian marine sponges 

includes the antifungal a,v-bis-aminohydroxylipid glycoside, oceanapiside, 

from the marine sponge Oceanapia phillipensis, collected from Southern Australia. 

Similarly, nematocidal bisthiocyanates were reported from ethanol extracts of 

Oceanapia sp. collected from northern Australia. Milnamide A, C-G were isolated 

from the Australian marine sponge in Pipestela Candelabra, which showed 

cytotoxic activities in prostate cancer cells with IC50 values in picomolar to sub-

micromolar ranges [186]. Similarly, (+) discorhabdin A, (+) discorhabdin D, 

makaluvamine J and damirone A, all members of the discorhabdin class of 

alkaloid were isolated from the southern Australian marine sponges of genera 

Higginsia and Spongosorites. They displayed cytotoxic activities in human colon 

(HT29), lung (A549) and breast (MDA-MB-231) cancer cells [187]. 

 

Despite the studies on Eastern Australian marine species [181], the chemistry of 

WA marine sponges remains relatively underexplored [174, 176]. WA 

encompasses one-third of Australia's coastline. It has a topographically and 

oceanographically diverse continental margin [174-176]. Despite the massive 

area and environmental complexity of WA's deep margin, very little information 

is available of its benthic biodiversity. In 1995, Molinski et al. isolated novel 

macrolides, phorboxazoles A and B (2.13-2.14) (Fig 2.4) from marine sponge 

Phorbas sp. that was collected near Murion Island [188]. Both of these compounds 

showed antifungal and cytostatic activities while screening in NCI’s 60 cancer 

cell lines. Similarly, other marine sponge Haliclona sp. collected near Rottnest 

Island was shown to contain cytotoxic macrolides salicylihalamides A and B 

(2.15-2.16) (Fig 2.4) [189]. Thus, this shows that WA waters habitat marine 

sponges with cytotoxic activities. 
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Figure 2.4: Structures of compounds isolated from WA marine sponges 
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particular TNBC cells. Thus, in this study, we investigated the cytotoxic activity 

of crude solvent extracts of thirty marine sponges from the WAMBL collection in 

breast cancer cells. The thirty sponges were selected based on literature reports 

of the genus to produce cytotoxic compounds and whether the sponges were 

novel, or currently not fully described. For example, a marine sponge of genus 

Sceptrella produced cytotoxic alkaloids such as discorhabdin, 

dihydrodiscorhabdin B and pyrroloiminoquinone alkaloids of the discorhabdin 

class [190], while marine sponges of genus Petrosia and Xestospongia are known 

to contain cytotoxic hydroperoxyl sterols, polyacetylene compounds, 

sesquiterpene benzoquinones, diverse alkaloids (dopamine, tetracyclic bis-

piperidines, carbolines, manzamines and pyridine-type alkaloids), sphingolipids 

and biscembranoids [190]. Additionally, Oceanapia species were shown to 

produce cytotoxic pyridoacridine alkaloids such as, kuanoniamines A and C, 

oceanapamine and phloeodictynes [162]. A marine sponge of genus Jaspis has 

been reported to produce stellettin B that induced G1 arrest, autophagy and 

apoptosis in non-small lung cancer cells [150-153]. Also, jaspamide, a 

depsipeptide isolated from a marine sponge of the genus Jaspis and Hemiastrella 

showed cytotoxic activities in leukemia cell lines [191]. Importantly, marine 

sponges of the genus Halichondria were known to produce the polyether 

macrolide halichondrin B, the synthetic analogue of which, known as eribulin 

mesylate, is approved by FDA to treat metastatic breast cancer [190]. Chemical 

investigation of marine sponge of genus Sarcotragus has led to isolation of a 

cytotoxic hydroxylated nonaprenylhydroquinone [190] while a marine sponge of 

genus Coelosphaera produces polyketide-derived macrolides with cytotoxic 

activities [190]. The reports showed that marine sponges of genus Clathria 

produced cytotoxic mirabilins, sponges of genus Biemna and Mycale produced 

cytotoxic pyridoacridines and isocystodamine [190] and those of genus 

Cinachyrella produced cytotoxic phosphomacrolide, enigmazole-A [192] [190]. 

Marine sponges belonging to the family Spongiidae includes genera Spongia, 
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Leiosella and Hippospongia that are known to produce cytotoxic diterpenes, 

bromotyrosine alkaloids and farnesyl quinols [190]. Moreover, Hippolides A-H, 

acyclic manoalide-related sesterterpenes, were isolated from genus Hippospongia 

[193] in which hippolide A and B showed cytotoxicity activities [193]. Similarly, 

marine sponges belonging to the family Thorectinae of genera Hyrtios, Thorecta, 

and Dactylospongia were reported to produce cytotoxic, antibacterial and anti-

inflammatory brominated indole alkaloids, sesquiterpene hydroquinones, 

adenine-related compounds and nitrogeneous macrolides [190]. Moreover, 

smenospongine, a sesquiterpene aminoquinone isolated from a marine sponge 

of genus Dactylospongia showed antiproliferative and cytotoxic activities [140]. 

Also, marine sponge of genus Agelas produced cytotoxic terpenoids, glycolipids, 

carotenoids and fatty acids [190]. Additionally, marine sponges of the genus 

Monanchora were chosen as they were reported to be a rich sources of cytotoxic 

guanidine alkaloids such as, monanchocidins, monanchomycalins, and 

crambescidins [156-159, 194-196]. Similarly, cytotoxic aurantosides have been 

isolated from sponge of genus Manihinea [197-202]. Thus, based on these 

literatures of producing cytotoxic compounds, thirty sponges isolated from WA 

coastal areas in the WAMBL collection were chosen for further studies. Table 2.1 

provides the details of thirty marine sponges that were investigated in this study 

with relevant collection details, colour of the dried extracts obtained and their 

percentage yield. 
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Table 2.1: An overview of the sponge samples, museum registration number, location and depth at which the samples were collected of the sponge 

materials that were used in this study and colour of the extract and their percentage yield obtained. 

 

Museum 

Registration 

Number 

Sponge Identification Colour of 

crude extract 

Amount used 

for extraction 

(g) 

Crude 

extract 

Yield 

(%) 

Collection location (WA) Depth 

(metres) 

Z35820 Monanchora viridis Brown oil 5.0 8.0 Off Cape Mentelle, South-west 

WA 

97 

Z36271 Monanchora sp. nov 2 Brown solid 3.5 10.2 Off Carnarvon 196 

Z31539 Manihinea lynbeazleyae Bright red 

solid 

4.0 8.7 Perth Canyon 232 

Z35791 Sceptrella SS5 Pale brown 

solid 

2.3 5.9 Albany  179 
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Museum 

Registration 

Number 

Sponge Identification Colour of 

crude extract 

Amount used 

for extraction 

(g) 

Crude 

extract 

Yield 

(%) 

Collection location (WA) Depth 

(metres) 

Z35926 Petrosia (Petrosia)1 Pale brown 

solid 

4.8 8.1  Onslow 100 

Z35278 Oceanapia SS2 Yellow solid 5.7 9.8  Point Hillier 196 

Z35794 Jaspis SS5 Black solid 3.4 10/0  Mentelle 97 

Z35818 Halichondria (Halichondria) 

SS5 

Pale yellow 

solid 

2.8 11.2  Albany 100 

Z36203 Sarcotragus SS13 Brown solid 4.1 7.1  Imperieus Reef 81 

Z36256 Hippospongia SS3 Yellow solid 5.1 8.5  Albany  100 

Z35788 Biemna SS2 Yellow solid 2.8 10.8  Bald Island  99 

Z36251 Hemiasterella SS2 Yellow solid 4.0 8.6  D`Entrecasteaux  100 
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Museum 

Registration 

Number 

Sponge Identification Colour of 

crude extract 

Amount used 

for extraction 

(g) 

Crude 

extract 

Yield 

(%) 

Collection location (WA) Depth 

(metres) 

Z35766 Mycale (Carmia) SS3 Pale worn 

solid 

3.9 8.0  Albany  100 

Z35949 Ecionemia SS1 Brown oil 3.6 10.0  Zuytdorp  106 

Z35252 Cinachyrella SS2 Brown solid 4.2 9.1 Perth Canyon  232 

Z35255 Coelosphaera (Coelosphaera) 

SS3 

Yellow solid 3.6 9.0 Perth Canyon   232 

Z35298 Niphates SS2 Black oil 5.0 11.1 Perth Canyon 232 

Z35633 Dactylospongia SS1 Pale yellow 

solid 

4.7 8.7  Perth Canyon 232 

Z35792 Clathria (Thalysias) SS1 Brown oil 3.7 8.2 Off Albany  213 
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Museum 

Registration 

Number 

Sponge Identification Colour of 

crude extract 

Amount used 

for extraction 

(g) 

Crude 

extract 

Yield 

(%) 

Collection location (WA) Depth 

(metres) 

Z35798 Spongia (Heterofibria) SS1 Brown solid 5.1 9.2  Albany  100 

Z35819 Hyrtios SS4 Brown solid 3.2 10.1  Abrohlos  183 

Z36242 Agelas SS3 Brown oil 4.9 11.5 Off Cape Mentelle  97 

Z36244 Callyspongia (Cavochalina) 

bilamellata 

Brown solid 3.6 10.1  Mentelle 97 

Z35783 Biemna SS1 Brown oil 6.1 11.0 Point Cloates  100 

Z35951 Xestospongia SS8 Pale yellow 

solid 

3.2 8.3  Albany 100 

Z35762 Leiosella SS1 Pale yellow 

solid 

5.5 8.2  Kalbarri 253 
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Museum 

Registration 

Number 

Sponge Identification Colour of 

crude extract 

Amount used 

for extraction 

(g) 

Crude 

extract 

Yield 

(%) 

Collection location (WA) Depth 

(metres) 

Z35821 Stellitethya SS1 Brown solid 2.7 9.0  Zuytdorp 106 

Z35832 Aplysinidae SS2 Brown oil 3.9 10.2 D`Entrecasteaux 100 

Z36250 Oceanapia NG1 Pale yellow 

solid 

3.6 10.7  Mentelle 97 

Z36253 Thorecta SS4 Black oil 5.2 12.0 Bald Island 169 
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2.2 Methods and material 

 Cell Culture 

 

T11 cell line, derived from a murine basal-like breast tumor of a p53-/- transgenic 

mouse (5-7) and human breast f cell lines MCF7 were obtained from the Tissue 

Culture Facility of the UNC Lineberger Comprehensive Cancer Centre 

(University of North Carolina, Chapel Hill). T11 cells were cultured in RPMI 

medium. MCF7 cells were cultured in Minimum Essential Medium Eagle (MEM) 

alpha. Both media were supplemented with 10% fetal bovine serum (Life 

Technologies) and 1% penicillin/streptomycin (Life Technologies). MCF7 media 

was supplemented with 1% sodium bicarbonate (100 mM), 1% sodium pyruvate 

(7.5 mM) and 1% MEM non-essential amino acid (100X) (Life Technologies). Cell 

lines were cultured in 10 cm2 petri dish (Corning) and were maintained in 

humidified incubators at 37 °C with 5% CO2. Cells were passaged at 80% 

confluency, and media changed every 4-5 days. 

 Cell Viability Assay  

 

Cells were plated in 96-well white plate at a seeding density of 3000 cells/well 

and 7000 cells/well for T11 and MCF7 respectively. The cells were left to adhere 

overnight. The crude extract was dissolved in 0.1% DMSO and diluted with 

media to get the required concentrations. Cells were treated for 24 h. Cell viability 

was determined using Cell Titer Glo® (Promega; NSW, Australia). In brief, the 

treated cells were removed from the incubator and left at room temperature for 

about 30 minutes.  10 µl of Cell Titer Glo was added to each well and the plates 

were covered with Al-foil. The plates were then shaken for 2 mins in a shaker at 

medium speed. The plates were then left in dark at room temperature for 10 
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minutes before luminescence was studied. Luminescence was measured using 

the Envision 2012 Multi-label Reader (PerkinElmer; Waltham, MA, USA). IC50 of 

C800 in various cell types was calculated using Graphpad Prism 6. 

 Extraction of sponges 

 

A total of thirty frozen sponge samples selected from the WAMBL collection 

(Table 2.1) were cut into pieces and extracted with 1:1 (v/v) dichloromethane and 

methanol as extracting solvent (3 x 100 mL) at room temperature overnight. The 

sponge extracts were combined, filtered (Whatman No. 1 filter paper) and 

concentrated under reduced pressure at temperatures not exceeding 45 °C to 

obtain various quantities of crude extract from the different sponges. The highest 

yielding sponge extract was one from Throecta yielding 12.0%, while the marine 

sponge Sceptrella gave the lowest amount of extractable components with 5.9% 

yield as shown in (Table 2.1).  
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2.3 Results and Discussion 

 Preparation of crude extract for bioactivity screening 

 

A sample of each crude extract (ca. 1 mg) was weighed into a sample vial for 

biological testing. The stock solution of the crude extract was prepared by 

dissolving the samples in DMSO (10 µL) and diluted with media (990 µL) to give 

the first concentration in 1% (v/v) DMSO while further serial dilutions with 

media to obtain other final concentrations of 0.1% DMSO. The 1% DMSO and 

0.1% DMSO in media were used as control respectively. Serial dilutions (1/10, 

1/100 and 1/1000) were tested to compare the activity of the active extracts. 

 Screening of the crude extracts in breast cancer cells 

 

Two different types of breast cancer cells were used for testing the crude sponges’ 

extracts, human luminal MCF7 cells and mouse TNBC T11 cells. Three different 

concentrations of the stock solution (1/10, 1/100 and 1/1000 dilutions) were used 

for testing.  

At the initial concentration tested (0.1 mg/mL), Monanchora viridis and 

Monanchora sp. nov completely reduced cell viability of both T11 and MCF7 cells 

(Fig 2.5 A and B). Additionally, extracts from Manihinea lynbeazleyae, Petrosia sp., 

and Oceanapia sp. also reduced the cell viability of both cells to less than 10% (Fig 

2.5 A and B). However, Sceptrella sp. extract selectively reduced the cell viability 

of only T11 cells to less than 10% but showed very minimal effect in MCF7 cells 

as 85% of cells were still alive. Thus, six sponges (~20% of extracts tested) showed 

activity in reducing cell viability to less than 40% in T11 cells (Fig 2.5 A) while 

only five (16% of extracts tested) reduced the viability to less than 40% in MCF7 

cells (Fig 2.5 B).  
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Figure 2.5: Screening of WA marine sponges (0.1 mg/mL) in breast cancer cells. 

Percentage of cell viability in when treated with crude extracts of marine sponges for 24 

h in A) T11 cells, and B) MCF7 cells. DMSO (0.1%) diluted in media was used as control. 

Three independent experiments were done, each of them done in triplicates. 

Among thirty sponge samples tested, six sponge samples showed activity in T11 

cells and only five of these were active in MCF7 cells. Marine sponge Sceptrella 

sp. did not show any activity in MCF7 cells but only in T11 cells. This suggested 

Sceptrella to be selectively active in T11 cells. So, for further testing, the active six 

sponge samples were used. To explore the potency of the marine sponge extracts 

among these active samples, a 10-fold lower concentration (i.e. 0.01 mg/mL) was 
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tested in both cell lines. At 0.01 mg/mL, the crude solvent extract of Monanchora 

viridis completely reduced the cell viability of both T11 and MCF7 cells, while 

Monanchora sp. nov completely reduced the cell viability of T11 cells in contrast 

to only with approximately 15% for MCF7 cells. Manihinea lynbeazleyae reduced 

the cell viability of T11 cells and MCF7 cells to 5% and 20% respectively. The 

crude extract of Sceptrella sp. reduced the cell viability of T11 cells to 20% but 

showed no cytotoxic effect in MCF7 cells. The crude extract of Petrosia reduced 

the cell viability of T11 cells to 30% and MCF7 cells to 5% and that of Oceanapia 

reduced the cell viability of T11 cells and MCF7 cells to 20% and 15% respectively. 

Thus, at 10-fold lower concentration, Monanchora viridis was the most active 

sponge followed by Monanchora sp. nov in both cell lines (Fig 2.6 A and B).  

 

Figure 2.6: Screening of WA marine sponges (0.01 mg/mL) in breast cancer cells. 

Percentage of cell viability in when treated with crude extracts of marine sponges for 24 

h in A) T11 cells, and B) MCF7 cells. DMSO (0.1%) diluted in media was used as control. 

Three independent experiments were done, each of them done in triplicates.  

To further investigate the most potent marine sponge extract among these six 

active samples, a 100-fold dilution of the stock extracts (i.e. 0.001 mg/mL) were 
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tested on both cell lines. At 0.001 mg/mL, two sponge extracts namely Monanchora 

viridis and Manihinea lynbeazleyae showed activity in both T11 cells and MCF7 cell 

lines, reducing the cell viability of T11 cells at 10% and 15% respectively (Fig 2.7 

A) while that of MCF7 cell lines to 20% and 35% respectively (Fig 2.7 B). As the 

crude extracts of sponge Monanchora sp. nov, Sceptrella, Petrosia and Oceanapia did 

not reduce the cell viability of T11 and MCF7 cells to less than 40%, these sponge 

extracts were discarded. Thus, the two active sponge extracts namely Monanchora 

viridis and Manihinea lynbeazleyae were used for further bioassay guided 

fractionation and isolation of active compounds. 

 

 

Figure 2.7: Screening of WA marine sponges (0.001 mg/mL) in breast cancer cells. 

Percentage of cell viability in when treated with crude extracts of marine sponges for 24 

h in A) T11 cells, and B) MCF7 cells. A solution of 0.1% (v/v) DMSO in media was used 

as a control. Three independent experiments were done, each of them done in triplicates. 
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2.4 Conclusion and Discussion 
 

In summary, the two most active sponge extracts were found to be from 

Monanchora viridis and Manihinea lynbeazleyae as these samples showed activity at 

very low concentrations (0.001 mg/mL). The results suggested that both extracts 

had greater activity with T11 cells compared with MCF7 cells. When tested in 

MCF7 cells, Monanchora viridis was active in MCF7 cells but Manihinea 

lynbeazleyae was less active in MCF7 cells compared to T11 cells. This also 

suggests Manihinea lynbeazleyae might be selectively active in TNBC T11 cells than 

luminal breast MCF7 cells. Other marine sponges Sceptrella, Petrosia and 

Oceanapia were also active in T11 and MCF7 cell lines at higher concentrations 

(0.1 and 0.01 mg/mL) but no activity was seen when the concentrations were 

reduced by 100-fold dilution (0.001 mg/mL). Additionally, marine sponge 

Sceptrella was selectively active in T11 cells at higher concentrations (0.1 and 0.01 

mg/mL) but the activity was lost at lower concentration (0.001 mg/mL). 

The sponge extracts that showed activity at lower concentrations were attractive 

to pursue because it suggests production of potent compounds that might have 

IC50 values at low micromolar or even picomolar concentration range. 

Furthermore, the activity at lower concentrations will make it easier to tract the 

isolation of the active compound(s) through multiple separation methods. Hence, 

these two most active marine sponges namely Monanchora viridis and Manihinea 

lynbeazleyae were initially chosen for further bioassay-guided fractionation. The 

other Monanchora marine sponge (Monanchora sp. nov) that also showed activity 

was also investigated to determine whether this sponge sample produced the 

same or different active compound(s) to those produced by Monanchora viridis 

but at different concentration. Thus, based on these findings, three sponges were 

chosen for this study namely Monanchora viridis, Monanchora sp. nov and 

Manihinea lynbeazleyae. 





3 Isolation and identification of anticancer 
compound from marine sponges 
Monanchora viridis and Monanchora sp. 
nov  

3.1 Introduction 
 

As discussed in Chapter 2 of this thesis, an extract of a marine sponge belonging 

to the genus Monanchora was the most active one in both TNBC T11 and luminal 

breast cancer MCF7 cell lines. Two sponges of the same genus were chosen for 

further bioassay guided fractionation, namely, Monanchora viridis and 

Monanchora sp. nov. The marine sponge Monanchora belongs to the order 

Poecilosclerida and family Crambeidae. Systematically, the World Porifera 

Database accepts fourteen valid species currently in the genus Monanchora [203]. 

The class of compounds isolated from this family of sponge encompasses 

sesterpenoids (phorbaketals), bicycle [4.3.1] steroids, pyrrooquinoline, and 

guanidine alkaloids [203]. Most of the compounds isolated from marine sponge 

Monanchora possess cytotoxic, antibacterial, antifungal, antiviral and 

antiprotozoal activities [79]. Some of the major cytotoxic compounds isolated 

from different Monanchora sp. are discussed below. 
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Monanchosterols A-B (3.1-3.2) (Fig 3.1) are naturally occurring steroids bearing a 

rearranged bicyclo [4.3.1] A/B ring system, which were isolated from a South 

Korean Monanchora sp. that showed cytotoxic activities inhibiting mRNA 

expression in murine RAW264.7 macrophage cells [204]. 

 

Figure 3.1: Structures of monanchosterols isolated from South Korean Monanchra sp. 

Chemical investigation of Korean Monanchora sp. led to the isolation of 

phorbaketals A-K (3.3-3.13) and phorbin A (3.14) (Fig 3.2). Phorbin A had a 

monocyclic structure that was a biogenetic precursor of the phorbaketals. Among 

them, phorbaketals A-C (3.3-3.5) (Fig 3.2) were already known whereas 

phorbaketals D-K (3.6-3.13) (Fig 3.2) were novel compounds. Most of the isolated 

compounds were inactive except phorbin A(3.14) which showed the most potent 

cytotoxic activity against pancreatic (A498, ACHN, MIA-paca and PANC-1) cell 

lines [205].  
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Figure 3.2: Structures of phorbeketals (3.12-3.13) and phorbin A (3.14) isolated from 

Korean Monanchora sp. 

The bicyclic guanidine alkaloid Monalidine A (3.15) (Fig 3.3), isolated from 

sponge Monanchora arbuscula, showed potent antiproliferative and cytotoxic 

activities in human colon cancer (HCT-16 and HCT-116) and breast cancer 

(MDA-MB-435) cells [206]. Monanchocidin A (3.16) (Fig 3.3), a new guanidine 

alkaloid, isolated from the marine sponge Monanchora pulchra has showed 

cytotoxic activities in human monocytic leukemia (THP-1), human cervical 

cancer (HeLa) and mouse epidermal (JB6 C141) cells and induced early apoptosis 

in THP-1 cells [156]. It was also shown to have cytotoxic effects in genitourinary 

cancers including cisplatin-sensitive and cisplatin-resistant germ cell tumor 

(GCT) cell lines, hormone-sensitive and castration-resistant prostate carcinoma 

cell lines and different bladder carcinoma cell lines [157]. Moreover, 
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monanchocidins B-E (3.17-3.20) (Fig. 3.3) showed potent cytotoxic activities in 

human leukemia HL-60 cells [158]. Another type of pentacyclic guanidine 

alkaloids monanchomycalins A and B (3.21-3.22) (Fig. 3.3),that were also isolated 

from marine sponge Monanchora pulchra exhibited cytotoxic activities in human 

leukemia HL-60 cells [195]. Additionally, the monanchomycalins A and B 

inhibited epidermal growth factor (EGF)-induced neoplastic transformation of 

JB6P+ C141 cells [194]. 

 

Figure 3.3: Structures of monalidine A (3.15), monachochidins (3.16-3.20), and 

monanchomycalins (3.21-3.22). 

Crambescidins, another class of compounds isolated from sponge Monanchora, 

are pentacyclic guanidine alkaloids isolated from different species of Monanchora 

[79]. Crambescidin 800 (C800) (3.23), crambescidin 359 (3.24) and crambescidin 

Monalidine A (3.15)
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431 (3.25) (Fig. 3.4) have been isolated from Monanchora unguiculate [203]. The 

numbers indicate the compound’s molecular weight. Crambescidin 826 (3.26) 

(Fig. 3.4) and fromiamycalin were recorded from another Monanchora sp. [203]. 

Among these crambescidins isolated from Monanchora, it has been found that 

C800 was shown to be particularly bioactive, inducing erythroid differentiation 

in chronic leukemia cells (K562 cells), leading to cell cycle arrest at S-phase and 

promoting neurite outgrowth in Neuro-2A neuroblastoma cells [138]. In 

addition, C800 has been shown to induce dose-dependent antioxidant activity 

against glutamate-induced oxidative stress in hippocampal cells in mice [196]. 

Furthermore, crambescidin 786, crambescidin 814 and 20-norcrambescidic acid 

were isolated from a French Polynesian sponge Monanchora sp. that showed 

potent antiproliferative and cytotoxic activities in melanoma and colon cancer 

cells [207].  

 

Figure 3.4: Structures of crambescidins. 

Batzelladines are also a class of guanidine-derived alkaloids from sponge 

Monanchora that contain two main guanidine moieties. Batzelladine C (3.27) (Fig. 
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Monanchora unguifera [208]. These compounds displayed mild cytotoxic activities 

in lung, colon and breast cancer cells. Similarly, norbatzelladine L (3.29) (Fig. 3.5), 

isolated from Monanchora sp. displayed cytotoxic activities in breast, melanoma 

and glioblastama cells [203]. 

 

Figure 3.5: Structures of batzelladines. 

In this chapter, the crude bioactive extract of Monanchora viridis was subjected to 

bioassay-guided fractionation. The activity of fractions was monitored in TNBC 

cells (T11). A combination of separation techniques including vacuum 

chromatography, HPLC, LCMS were used to isolate the active compound. 

Spectroscopic analysis and comparison to the literature revealed the active 

compound to be Crambescidin 800 (C800). Moreover, the amount of C800 present 

in both sponges was also compared that explained the lower cell viability caused 

by Monanchora sp. nov.  

3.2 Materials and methods 

 General Experimental Procedures  

 

A Bruker Avance 600 MHz spectrometers (Bruker Corporation, Karlsruhe, 

Germany) were used to record all NMR spectra using methanol-d4 as solvent.  

Chemical shifts for 1H and 13C spectra were reported with reference to the 
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residual solvent peaks δH 3.31 and δC 49.0 ppm respectively and the coupling 

constant (J) in Hertz (Hz). COSY, HSQC and HMBC experiments were acquired 

using the standard Bruker pulse program. 

 

A Waters LCT Premier XE (Waters, Sydney, NSW, Australia) time-of-flight mass 

spectrometer was used for high-resolution mass spectra in positive electrospray 

ionization (ESI) mode or atmospheric pressure chemical ionization (APCI) source 

scanning at a mass range of 80-1000 a.m.u. The mobile phase used was 50% 

acetonitrile/water (0.1% formic acid) with a flow rate of 0.3 mL/min at ambient 

temperature. Nitrogen was used as the nebulizing gas at a pressure of 20 psi.  

 

HPLC was conducted using an Agilent 1200 instrument equipped with a 

photodiode array detector and preparative fraction collector. UV absorbance was 

routinely measured at wavelengths of 220, 254 and 280 nm. Analytical HPLC was 

performed using reversed phase C18 column (Grace-Davison Discovery 

Sciences, Melbourne, VIC, Australia) with 5-20 µL/injection of the sample loading 

and the flowrate of 1 mL/min. The solvent system used was a gradient solvent 

system of 1% (v/v) acetonitrile/water (+ 0.1% TFA) which was increased to 100% 

over 40 minutes and held for 5 minutes.  All solvents were distilled prior to use 

except acetonitrile, which was of HPLC grade. 

 

Separation was achieved using an Apollo reversed phase C18 column (250 mm × 

10 mm, 5 µM, Grace-Davison Discovery Sciences, Melbourne, VIC, Australia) in 

semi-preparative HPLC (250 mm × 22 mm, 5 µM, Agilent Series 1200). UV 

absorbance was routinely measured at wavelengths of 220, 254 and 280 nm. The 

sample loading was 100-500 µL/injection and the flow rate was 4 mL/min using 

the specified solvents. The fractions obtained were tested in breast cancer cells. 

The active fractions were evaporated and used for further separation. The 
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inactive fractions were discarded. Detailed HPLC methods and their solvent 

systems are included in the relevant sections. 

 

Liquid chromatography mass spectrometry (LCMS) was performed using a 

Waters Alliance e2695 HPLC connected to a Waters LCT Premiere XE time-of-

flight (TOF) mass spectrometer with an atmospheric pressure chemical 

ionization (APCI) or electrospray ionization (EI) sources in positive and negative 

ionization modes. Samples for LCMS analysis was prepared at a concentration of 

0.1 mg/mL with an injection volume of 10 µL. Analysis was performed using an 

Alltima C18 column (150 mm ×2.1 mm, 5 µM, Grace-Davison Discovery Sciences, 

Melbourne, VIC, Australia). A gradient solvent system of 1% (v/v) 

acetonitrile/water (+ 0.1% formic acid) which was increased to 100% over 40 

minutes and held for 5 minutes was used at the flow rate of 0.3 mL/min. UV 

absorbance was monitored using a photodiode array detector (Waters 2998). 

 Small-scale extraction of marine sponge Monanchora viridis 

 

The wet sponge (16 g) were cut into pieces and extracted thrice with 1:1 DCM 

and methanol (100 mL (v/v) each time) stirring overnight under nitrogen 

atmosphere at room temperature. The crude extracts were filtered using 

Whatmanâ No.1 filter paper and the filtrate were combined and dried under 

reduced pressure to give a brown oily extract (1.5 g). The crude extract was 

partitioned between DCM and water layer to obtained both DCM and aqueous 

soluble fractions. Both fractions (0.1 mg/mL) were tested in T11 and MCF7 cells. 

DCM fraction was active (Fig 3.8), so the aqueous soluble layer was discarded.  

The DCM fraction was dried under reduced pressure to yield a brown solid (0.8 

g).  
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 Chromatographic separation of DCM fraction of Monanchora viridis 

 

Initially, a portion of the active DCM extract (0.1 g) was separated by vacuum 

chromatography on a silica column using gradient elution starting from 100% 

hexane to 100 % ethyl acetate to 100% methanol to obtain six different fractions. 

These six fractions when tested on T11 and MCF7 cells, however, did not show 

any activity. Thus, it was suspected the active compound(s) might have 

decomposed or not eluted from the silica column. Alternatively, the active DCM 

fraction was separated by vacuum chromatography using C18 reversed phase 

silica column. The DCM fraction (0.7 g) was dissolved in methanol (2 mL) and 

subjected to vacuum chromatography using C18 reversed phase silica (Grace 

Davisil® (Grace, Melbourne, VIC, Australia), C18 silica, pore size 60 Å, particle 

size 35–70 µm) as the stationary phase. The column was eluted with a stepwise 

gradient of solvents (50 mL v/v) starting with 100% water and with increasing 

concentrations of methanol and, finally, 100% methanol to afford six different 

fractions. Each fraction (2 mL) was taken in a sample vial and evaporated under 

N2 atmosphere and diluted with DMSO and media to get a final concentration of 

0.1% DMSO in media and tested for cell viability in T11 cells (Cell Titer Glo® assay 

(Promega, Sydney, NSW, Australia)) after 24 h of exposure. Testing of subsets of 

the fractions showed activity in the 80% methanol fraction (Fig 3.9). The other 

fractions were discarded and the 80% methanol fraction (0.04 g) was separated 

further using semi-preparative HPLC. 

 Semi-preparative HPLC separation of the active fraction 

 

 The active 80% methanol fraction (0.04 g) was further separated using semi-

preparative reversed phase HPLC using an isocratic mobile phase consisting of 

45% (v/v) acetonitrile/water (+ 0.1% TFA) over 40 min. Fractions were collected 

every minute (40 × 1 min fraction) and based on the response from the UV 

detector, similar fractions were combined to give a  total of fifteen fractions for 
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tested in T11 cells. Fraction 5 was identified as the most active fraction (Fig 3.12), 

corresponding to a retention time of between 10 and 12 minutes. The other 

fractions were discarded and removal of the solvent under reduced pressure 

yielded C800 as a colorless glassy solid (0.001 g, 0.00625%, based on the wet 

weight of the sponge) that was active in T11 cells. As the amount of active 

compound isolated was not enough for spectroscopic analysis and further 

biological testing, the extraction and separation methods were scaled up.  

 Scaled-up extraction and separation of marine sponge Monanchora 
viridis 

 

The wet sponges (240 g) were cut into pieces and extracted thrice with 1:1 DCM 

and methanol (1000 mL (v/v) each time) stirring overnight under N2 atmosphere 

at room temperature. The sponge was extracted, separated and purified as 

discussed above in small-scale extraction, vacuum chromatography separation 

and semi-preparative separation methods. Removal of the solvent under reduced 

pressure of fraction 5 after semi-preparative HPLC yielded C800 as a colorless 

glassy solid (9 mg, 0.00375%, based on the wet weight of the sponge) that was 

active in T11 cells. Spectroscopic data (below) was consistent with data 

previously reported for Crambescidin 800 (Appendix 1).  

Crambescidin 800: colourless glassy solid; 1H NMR (CD3OD, 600 MHz) δ 5.57 

(1H, t, J = 8.8 Hz, H-5), 5.51 (1H, d, J = 10.9 Hz, H-4), 4.40 (1H, br, d, J = 9.3 Hz, H-

3), 4.33–4.36 (1H, m, H-10), 4.10–4.15 (2H, m, H-23), 4.04–4.06 (1H, m, H-19), 3.93 

(1H, m, H-43), 3.82–3.84 (1H, m, H-13), 3.64–3.69 (1H, m, H-39b), 3.40–3.45 (1H, 

m, H-42b), 3.37–3.40 (1H, m, H-39a), 3.27–3.28 (1H, m, H-42a), 3.09–3.14 (2H, m, 

H-45), 3.07 (1H, d, J = 5.1 Hz, H-14), 2.96 (1H, t, H-41a), 2.87–2.89 (1H, m, H-41b), 

2.65 (1H, dd, J = 4.8 Hz, H-9b), 2.43–2.50 (4H, m, H-7b, H-12b, H-37), 2.34–2.40 

(2H, m, H-6b, H-11b), 2.28–2.34 (1H, m, H-6a), 2.14–2.18 (1H, m, H-7a), 1.95–1.99 

(2H, m, H-12a, H-17b), 1.90–1.91 (4H, m, H-16b, H-40, H-44b), 1.81–1.82 (2H, m, 

H-18b, H-44a), 1.68–1.73 (2H, m, H-17a, H-18a), 1.60–1.65 (4H, m, H-11a, H-16a, 
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H-24 ), 1.52–1.58 (1H, m, H-2b), 1.41–1.48 (2H, m, H-2a, H-9a), 1.08 (3H, d, J = 6.2 

Hz, H-20), 0.85 (3H, t, J = 7.3Hz, H-1); 13C NMR (CD3OD, 600 MHz) δ 177.5 (C, C-

38), 170.1 (C, C-22), 150.2 (C, C-21), 134.3 (CH, C4), 131.2 (CH, C5), 85.1 (C, C-8), 

82.1 (C, C-15), 72.6 (CH, C-3), 69.3 (CH, C-19), 68.3 (CH, C-43), 66.5 (CH2, C-23), 

55.5 (CH, C-10), 54.1 (CH2, C-42), 53.3 (CH, C-13), 47.8 (CH, C-14), 43.8 (CH2, C-

39), 38.4 (CH2, C-9, C-45), 38.1 (CH2, C-7), 38.09 (CH2, C-41), 37.85 (CH2, C-37), 

34.1 (CH2, C-16), 33.9 (CH2, C-44), 32.9 (CH2, C-18), 32.6 (CH2, C-11), 30.8 (CH2, C-

24), 30.7 (CH2, C-2), 30.5 (CH2, C-12), 25.6 (CH2, C-36), 25.3 (CH2, C-40), 24.9 (CH2, 

C-6), 20.4 (CH3, C-20), 18.1 (CH2, C-17), 10.7 (CH3, C-1); HRMS (ESI) m/z801.6216 

[M + H]+ (calcd. for C45H81N6O6, 801.6218). 

 

 Quantification of crambescidin 800 in marine sponge Monanchora sp. 
nov 

 

The wet sponge (10 g) was cut into pieces and extracted thrice with 1:1 DCM and 

methanol (100 ml (v/v) each time) overnight at room temperature. The crude 

extracts were combined and dried under reduced pressure to give a brown oily 

residue (1.2 g). For quantifying the amount of C800 present in both marine 

sponges, a standard was prepared from the purified C800 (> 95%) isolated from 

the marine sponge Monanchora viridis. Three concentrations of C800 were used, 

1.2 mM, 120 µM and 12 µM. A portion of crude extracts of both sponges (1 mg) 

of both sponges were dissolved in methanol (1 mL).  The samples were diluted 

to 1:10, 1:100 and 1:1000 and LCMS of these samples along with the standards 

were performed on an Apollo reversed phase C18 silica column using a gradient 

solvent system of 1% to 99% acetonitrile/water (0.1% formic acid) over 45 

minutes. A line of best fit was calculated using the standard and peak areas from 

the extracted ion m/z 801 corresponding to the molecular ion of C800. The amount 

of C800 present in each sponge was calculated by comparing the area obtained 

for each sample and calculated back to a wet sponge weight. 
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 Cell Culture 

 

 T11 cell line, derived from a murine basal-like breast tumor of a p53-/- transgenic 

mouse (5-7) and human breast cell lines MCF7 was obtained from the Tissue 

Culture Facility of the UNC Lineberger Comprehensive Cancer Centre 

(University of North Carolina, Chapel Hill). T11 cells were cultured in RPMI 

medium. MCF7 cells were cultured in MEM alpha. All media were supplemented 

with 10% fetal bovine serum (Life Technologies) and 1% penicillin/streptomycin 

(Life Technologies). MCF7 media was supplemented with 1% sodium 

bicarbonate (100 mM), 1% sodium pyruvate (7.5 mM) and 1% MEM non-essential 

amino acid (100X) (Life Technologies). Cell lines were cultured in 10 cm2 Petri 

dishes (Corning) and were maintained in humidified incubators at 37°C with 5% 

CO2. Cells were passaged at 80% confluency, and media changed every 4-5 days. 

 Cell Viability Assay 

 

Cells were plated in 96-well white plate at a seeding density of 3000 cells/well 

and 7000 cells/well for T11 and MCF7 respectively. The cells were left to adhere 

overnight. The crude extract was dissolved in DMSO and diluted with media to 

get the required concentrations (0.1 mg/mL). Cells were treated for 24 h. Cell 

viability was determined using Cell Titer Glo® according to manufacturer’s 

protocol (Promega; NSW, Australia) In brief, the treated cells were removed from 

the incubator and left at room temperature for about 30 minutes.  10 µl of Cell 

Titer Glo was added to each well and the plates were covered with Al-foil. The 

plates were than shaken for 2 mins in a shaker at medium speed. The plates were 

then left in dark at room temperature for 10 minutes before luminescence was 

studied. Luminescence was measured using the Envision 2012 Multi-label 

Reader (PerkinElmer; Waltham, MA, USA). The IC50 of C800 in various cell types 

was calculated using Graphpad Prism 6. 
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 Statistical Analysis 

 

Statistical analyses were performed with GraphPad Prism version 6 (GraphPad 

Software Inc, La Jolla, CA, USA). Statistical significance was determined using 

an unpaired one-way ANOVA with the Tukey’s posthoc test correcting for 

multiple comparisons and Student’s t-test. 

3.3 Results and Discussion 
 

When T11 cells were treated with the crude extract of the two sponges 

Monanchora viridis and Monanchora sp. nov, at low dilution (ca. 0.01 mg 

extract/mL), both the Monanchora extracts were equally active while at higher 

dilution (0.001 mg/mL), Monanchora viridis was 10 times more active than 

Monanchora sp. nov (Fig 3.6 A). In addition, when the treated cells were viewed 

through the microscope, it was found that the cells that were treated with 

Monanchora viridis were more circular in shape indicating they were more 

stressed compared with vehicle and those treated with Monanchora sp. nov (Fig. 

3.6 B). Hence, as Monanchora viridis had greater activity, it was selected for further 

fractionation.  
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Figure 3.6: Comparison of the cell viability of the crude solvent extract of marine sponges 

Monanchora viridis and Monanchora sp. nov. A) Percentage of cell viability in T11 cells 

after 24 hours of treatment. Cell viability assay was performed using CellTiter-Glo® and 

measured as the percentage of cell survival compared to vehicle control (0.1% DMSO 

diluted in media) at different dilutions. B) Images of the cell when treated with vehicle 

control, 0.001 mg/mL of Monanchora viridis and Monanchora sp. nov.  
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Figure 3.7: Analytical HPLC chromatogram of the crude extracts of marine sponges A) 

Monanchora viridis, and B) Monanchora sp. nov. The UV absorbance was recorded at 220 

nm. 

The HPLC chromatograms of crude extracts of Monanchora viridis and 

Monanchora sp. nov showed reasonable different profiles (Fig. 3.7 A and B). The 

Monanchora viridis extract appeared more complicated with a number of peaks 

detected across the full HPLC analysis (Fig 3.7 A), whereas the Monanchora sp. 

nov showed mostly more lipophilic compounds eluting at later retention times 

(Fig 3.7 B)  
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the activity of DCM extract was more pronounced in T11 cells in compared with 

MCF7 cells. As the activity of DCM extract was greater in T11 cells (with only 

20% of cells viable) compared with MCF7 cells (with around 40% of cells viable) 

(Fig 3.8), the fractions obtained thereafter were tested in T11 cells only. 

 

 

Figure 3.8: Cell viability in A) T11 cells and B) MCF7 cells after 24 h treatment with the 

DCM and aqueous extracts obtained after separation from partition method. Cell 

viability assay was performed using CellTiter-Glo® and measured as the percentage of 

cell survival compared to vehicle control (0.1% DMSO diluted in media) at different 

dilutions. Three independent experiments were performed, each experiment done in 

triplicate. Statistical analysis was performed with one way ANOVA with Tukey’s 

posthoc test **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.1, ns = not significant. 
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Also, analysis of the DCM extract by HPLC showed that it was similar to that of 

the crude extract chromatogram (Fig 3.7 A) except that the hydrophilic peaks 

were absent in DCM fractions (Fig 3.10 A). 

 

The active DCM fraction was separated by vacuum chromatography using C18 

reversed phase silica column using gradient elution starting from 100% water to 

100% methanol to obtain six fractions. These six fractions were then tested in T11 

cells. The bioassay results showed that the 80% methanol/water fraction was the 

most active one with 0.001 mg/mL of the fraction completely inhibiting the cell 

viability of T11 cells and only 10% of cells were viable when the concentration 

was diluted to 10-fold (Fig 3.9). Also, the 80% methanol fraction showed a much 

simple HPLC profile compared with the DCM extract with the main compounds 

eluting between 25-30 minutes retention time (Fig. 3.10).  

 

 

Figure 3.9: Percentage of cell viability of T11 cells when treated with the six C18 fractions 

in T11 cells after 24 h of treatment. Cell viability assay was performed using CellTiter-

Glo® and measured as the percentage of cell survival compared to vehicle control (0.1% 

DMSO diluted in media) at different dilutions. Three independent experiments were 

performed, each experiment done in triplicate. Statistical analysis was performed with 
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one way ANOVA with Tukey’s posthoc test **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p 

< 0.1, ns = not significant. 

 

Figure 3.10: Analytical HPLC chromatograms of A) DCM extract and B) 80% 

methanol/water C18 fraction from the DCM extract of sponge Monanchora viridis. 

 The separation of the most active 80% methanol fraction was optimized using 

HPLC. An isocratic method of mobile phase consisting of 45% (v/v) 

acetonitrile/water (+ 0.1% TFA) over 40 min gave a good separation of the main 

components, which was scaled up for semi-preparative HPLC. Fractions were 

collected every minute (40 × 1 min fraction) and based on the chromatogram (Fig 

3.11), fractions were combined to give a total of fifteen fractions that were tested 

in T11 cells. The fraction collected between 10-12 minutes (fraction 5) was found 

to be the most active (Fig 3.12). On further HPLC analysis, the most active fraction 

(fraction 5) was found to contain one major compound of sufficient purity (>95%) 

to enable further analysis. Using high-resolution mass spectrometry, the 

protonated molecular ion was found to be m/z 801.6112, corresponding to a 

molecular formulae of C45H80N6O6. The fraction was also analysed by 1H and 13C 

NMR (Appendix 1) along with 2D NMR spectroscopy techniques (1H-1H COSY, 

0 5 10 15 20 25 30 35

0

200

400

600

800

 

A
bs

or
ba

nc
e 

(m
A

U
)

Retention Time (min)

A.  DAD1 A, Sig=220

B.

0 5 10 15 20 25 30 35

0
200
400
600
800

1000

 DAD1 A, Sig=220

Retention Time (min)

A
bs

or
ba

nc
e 

(m
A

U
)



Chapter 3: Isolation of anticancer compound from genus Monanchora 

z     87 

HSQC and HMBC). The data obtained were compared with known secondary 

metabolites from other Monanchora species, which indicated the active 

compound as crambescidin 800 (C800) (3.23). 

 

Figure 3.11: Analytical HPLC chromatogram of the 80% methanol/water fraction of 

marine sponge Monanchora viridis separated using an isocratic mobile phase consisting 

of 45% (v/v) acetonitrile/water (+ 0.1% TFA) over 40 min. 
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diluted in media). Three independent experiments were performed, each experiment 

done in triplicate. Statistical analysis was performed with one-way ANOVA with 

Tukey’s posthoc test **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.1, ns = not significant. 

 LCMS analysis of marine sponge Monanchora sp. nov 

 

LCMS analysis of the crude solvent extract of Monanchora sp. nov., showed that 

C800 was also present in the extract and was a major component of the sample 

and assumed to be responsible for its activity. Quantification of the extract by 

LCMS showed that the concentration of C800 was much lower (10 times less) in 

Monanchora sp. nov., which was consistent with its lower activity (10 times) in 

T11 cells compared with the extract from Monanchora viridis (Fig 3.6 A). 

3.4 Conclusion 
 

Crambescidin 800 was isolated through bioassay-guided fractionation and 

shown to be the major active compound of marine sponge Monanchora viridis that 

inhibits viability of TNBC T11 cells. C800 was also present in another less active 

marine sponge Monanchora sp. nov. However, the amount of C800 present in 

Monanchora sp. nov was 10 times less than that in Monanchora viridis as quantified 

by LCMS. Detailed biological studies of Crambescidin 800 is presented in 

Chapter 4 of this thesis.
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4 Crambescidin 800, isolated from the marine 
sponge Monanchora viridis, induces cell 
cycle arrest and apoptosis in triple negative 
breast cancer cells  

4.1 Introduction 
 

As mentioned in Chapter 3 of this thesis, C800 (3.23) is a guanidine alkaloid that 

was isolated following bioassay-guided fractionation as an active compound in 

TNBC T11 cells. As discussed in Chapter 1, TNBC are characterised by poor 

differentiation, high proliferation, and metastatic behavior [20]. The treatment of 

choice for TNBC is standard chemotherapy, such as administration of taxanes 

(e.g., docetaxel), platinum agents (e.g., cisplatin), anthracyclines (e.g., 

doxorubicin), and antimetabolites (e.g., 5-fluorouracil) [26, 71]. However, these 

chemotherapeutic drugs cause a number of side effects [26]. In addition, acquired 

resistance mechanisms almost invariably occur in the metastatic setting, 

rendering these drugs therapeutically ineffective [71]. Therefore, there is an 

urgent need to find novel treatments to combat this deadly disease. 

 

It has been reported that guanidine alkaloids from sponges of genus Monanchora 

were reported to have diverse chemical structures and biological activities  such 
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as  inducing apoptosis against leukemia cells [156, 158, 195], overcoming drug 

resistance by induction of autophagy and lysosomal membrane permeabilisation 

in urogenital cancer cells [157], and inhibiting HIV-1 fusion [209], transient 

receptors potential channels [159], and EGF-induced neoplastic transformation 

in cancer cells [194]. It was also reported that the alteration of the compound’s 

structure affected its cytotoxic activities, inducing apoptosis, cell cycle 

progression, and the induction of signaling pathways in cancer cells [194]. 

Moreover, C800 induces erythroid differentiation in chronic leukemia cells (K562 

cells), leading to cell cycle arrest at S-phase and promotes neurite outgrowth in 

Neuro-2A neuroblastoma cells [138]. Also, it has been shown to induce dose-

dependent antioxidant activity against glutamate-induced oxidative stress in 

hippocampal cells in mice [196].  

 

In this chapter, using C800, a wide range of biological assays such as cell viability, 

cell cycle analysis, and apoptotic cell death was performed and probed the 

signaling pathways involved in its mechanism of action in TNBC T11 and 

SUM159PT. It was found that C800 exhibited cytotoxic activity in a panel of 

breast cancer cell lines, with TNBC cells showing more significant differences in 

cell viability than immortalized fibroblasts. When comparing the cytotoxic 

potency of C800 with chemotherapeutic drugs it was found that C800 has low 

micromolar potency, a level of potency seen with cisplatin and 5-fluorouracil, 

which are clinically used as chemotherapeutic drugs for treating TNBC. In 

addition, the cell cycle analysis and the signaling pathways triggered by C800 in 

TNBC cells was studied and found that its cytotoxic effect is caused by cell cycle 

arrest at the G2/M phase, inhibition of cyclin D1, CDK4, and CDK6, and 

inhibition of phosphorylation of Akt/mTOR, NF-kB, and MAPK pathways, 

leading to apoptosis in TNBC cells. 
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4.2 Methods and Materials 

 Experimental Procedures 

 

Refer to section 3.2.1 of this thesis. 

 Cell Culture 

 

T11 cell line, derived from a murine basal-like breast tumor of a p53−/− transgenic 

mouse [14, 58, 210] and human breast cell lines MCF7, SUM159PT, and 

SUM149PT, was obtained from the Tissue Culture Facility of the UNC Lineberger 

Comprehensive Cancer Centre (University of North Carolina, Chapel Hill). 

MDA-MB-231, ZR-75-1, 3T3, and HDF cell lines were purchased from the 

American Type Culture Collection (Manassas, VA, USA). T11, ZR-75-1 cells were 

cultured in RPMI medium. SUM159PT and SUM149PT cells were cultured in 

DMEM-F/12 (Life Technologies; Melbourne, VIC, Australia) media. MDA-MB-

231, 3T3, and HDF cells were cultured in DMEM (Life Technologies, Melbourne, 

VIC, Australia) media. MCF7 cells were cultured in MEM alpha. All media were 

supplemented with 10% fetal bovine serum (Life Technologies, Melbourne, VIC, 

Australia) and 1% penicillin/streptomycin (Life Technologies, Melbourne, VIC, 

Australia), except SUM159PT media that was supplemented with 5% fetal bovine 

serum. MCF7 media was supplemented with 1% sodium bicarbonate (100 mM), 

1% sodium pyruvate (7.5 mM), and 1% MEM non-essential amino acid (100×) 

(Life Technologies, Melbourne, VIC, Australia). SUM159PT media was 

supplemented with 5 µg/mL insulin and 1 µg/mL hydrocortisone. Cell lines were 

cultured in 10 cm2 petri dish (Corning) and were maintained in humidified 

incubators at 37 °C with 5% CO2. Cells were passaged at 80% confluency, and 

media changed every 4–5 days. 
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 Cell Viability Assay 

 

Cells were plated in 96-well white plate at a seeding density of 3000 cells/well for 

T11, 5000 cells/well for SUM159PT and MDA-MB-231, 7000 cells/well for MCF7 

and SUM149PT, and 8000 cells/well for HDF, 3T3, and ZR-75-1, respectively. The 

cells were left to adhere overnight. As the crude extract was only soluble in 

DMSO, the extract before separation was dissolved in 1% DMSO for testing in 

the cells. After separation and purification, C800 was soluble in PBS, hence PBS 

was used to dissolve C800. Purified C800 was dissolved in PBS and diluted with 

media to get the required concentrations. Cells were treated with C800 for 24 h. 

Cell viability was determined using Cell Titer Glo® according to manufacturer’s 

protocol (Promega; Sydney, NSW, Australia) In brief, the treated cells were 

removed from the incubator and left at room temperature for about 30 minutes.  

10 ul of Cell Titer Glo was added to each well and the plates were covered with 

Al-foil. The plates were than shaken for 2 mins in a shaker at medium speed. The 

plates were then left in dark at room temperature for 10 minutes before 

luminescence was studied. Luminescence was measured using the Envision 2012 

Multi-label Reader (PerkinElmer; Waltham, MA, USA). IC50 of C800 in various 

cell types was calculated using Graphpad Prism 6. 

 Cell Cycle Analysis 

 

Cells were plated in 6 well plates at a seeding density of 500,000 cells/well and 

left to adhere overnight. The next day, cells were treated with C800 with various 

concentrations for 24 h. Cells were harvested, washed with FACS buffer (2% FBS 

in PBS), and then fixed with 70% ethanol in de-ionised water at −20 °C overnight. 

The fixed cells were washed with cold PBS and incubated for 30 min at 37 °C with 

RNase A (50 ug/mL, Qiagen Kit (Melbourne, VIC, Australia)). Finally, cells were 

stained with Propidium iodide (50 µg/mL, Sigma Aldrich (St Louis, MO, USA)) 

for 30 min at room temperature. The stained cells were analyzed by flow 
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cytometry (BD Accuri C6). Data were analyzed with FlowJo 10 (FlowJo, Ashland, 

OR, USA). 

 Western Blot Analysis 

 

Cells were plated in 6 well plates at a seeding density of 1,000,000 cells/well and 

treated with various concentration of C800 at different time points. Cells were 

harvested and lysed on ice for 5 min in lysis buffer (400 mM NaCl, 0.5% triton X-

100, 50 mM tris pH 7.4) and sonicated for 40 s at 10 mA. Proteins were quantified 

and equal amount of proteins from each group were separated in 4–15% SDS-

PAGE (BioRad (Sydney, NSW, Australia)) and transferred electrically onto PVDF 

membrane (BioRad (Sydney, NSW, Australia)). The membrane was blocked with 

5% skim milk powder in TBST, washed thrice with TBST, and incubated with 

specific primary antibodies overnight at 4 °C. The membranes were blotted for 

cyclin D1, cyclin E1, CDK4, CDK6, CDK2, p21, p-Akt (Ser473), p-Akt (Thr308), p-

mTOR (Ser2448), p-p44/42 MAPK (T202/T204), and p-p65 (Ser536) (Cell Signaling 

Technologies, Brisbane, QLD, Australia). Dilutions were made according to 

manufacturer’s protocol. Then, the membrane was washed thrice with TBST and 

incubated with horseradish peroxidase (HRP)-conjugated secondary antibodies 

(1:10,000 dilution, GE Technologies, Brisbane, QLD, Australia) for 1 h at room 

temperature. The proteins were detected using Clarity Western ECL detection kit 

(BioRad (Sydney, NSW, Australia)). α-Tubulin (monoclonal, 1:5000, clone B512, 

Sigma-Aldrich, St Louis, MO, USA) was used as a loading control. 

 Apoptosis Assay (Annexin-V-PT-Binding Assay) 

 

To determine whether C800 affected the apoptosis of TNBC cells, the apoptotic 

rate of TNBC cells was detected using Annexin-V/FITC Apoptosis Detection Kit 

according to manufacturer’s protocol (BD Bioscience (Perth, WA, Australia). 

Cells were plated in 6 well plates at a seeding density of 500,000 cells/well and 
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left to adhere overnight. The next day, cells were treated with C800 with various 

concentrations for 24 h. Cells were harvested, washed twice with ice-cold PBS, 

and dissolved in 1× binding buffer. Finally, 100,000 cells were stained with 

Annexin-V/FITC and Propidium iodide for 15 min at room temperature in the 

dark. The stained cells were diluted with 1× binding buffer and analyzed by flow 

cytometry (BD Accuri C6, Sydney, NSW, Australia). Data were analyzed with 

FlowJo 10 (FlowJo LLC, Ashland, OR, USA). 

 Apoptosis Assay (Immunofluorescence) 

 

Cells were plated in coverslips pre-coated with poly-lysine, in 24 well plated at a 

seeding density of 100,000 cells/well and left to adhere overnight. The cells were 

treated with C800 for 24 h. After 24 h, cells were fixed with 4% paraformaldehyde 

for 20 min at room temperature, washed thrice with PBS, blocked with blocking 

solution (3% BSA in PBS), and incubated with an anti-cleaved caspase-3 primary 

antibody (1:500 dilution, Cell Signaling Technology, Brisbane, QLD, Australia) 

overnight at 4 °C. The next day, the cells were washed thrice with PBS and 

incubated with an anti-rabbit secondary antibody Alexa Fluoro 488-conjugated 

antibody (1:5000 dilution; Cell Signaling Technologies, Brisbane, QLD, Australia) 

and Hoechst 33258 (1:10,000 dilution) nuclei for 1 h at room temperature. The 

coverslips were washed thrice with PBS and mounted on slides. The images were 

recorded in Olympus IX71 microscope (Melbourne, VIC, Australia).  

  Statistical Analysis 

 

Statistical analyses were performed with GraphPad Prism version 6 (GraphPad 

Software Inc, La Jolla, CA, USA). Statistical significance was determined using 

an unpaired one-way ANOVA with the Tukey’s posthoc test correcting for 

multiple comparisons and Student’s t-test. 
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4.3 Results and Discussion 

 C800 Decreases Cell Viability in a Panel of Breast Cancer Cells  

 

The effect of C800 in reducing the cell viability in a panel of breast cancer cell 

lines, which includes claudin-low TNBC cells (T11, SUM159PT and MDA-MB-

231), basal-like TNBC cells (SUM149PT), luminal cells (MCF7 and ZR-75-1), and 

immortalized fibroblasts (3T3 and HDF) was evaluated. It was observed that 

C800 after 24 h of treatment inhibited the viability of cells at concentrations 

ranging from 3.31 to 8.36 µM (Fig 4.1 A and B). Interestingly, C800 was effective 

in each of the breast cancer cell lines tested. However, there was a significant 

difference in cytotoxic potency in TNBC cells (T11 and SUM159PT) compared to 

immortalized fibroblasts (3T3 and HDF). The IC50 of C800 in immortalized 

fibroblasts (3T3 and HDF) were twice that required to inhibit the survival of 

TNBC cells (T11 and SUM159PT) (Fig 4.1 A and B).  

 

Figure 4.1: C800 inhibits cell survival in a panel of breast cancer cells.  (A) Dose response 

curve for cytotoxic effect of C800 in a panel of human breast cancer (TNBC and luminal) 

and immortalized fibroblasts after 24 h of treatment. (B) Dose response curve for 

cytotoxic effect of C800 in murine TNBC cell line, T11, and immortalized fibroblasts, 3T3 

after treatment for 24 h. Each of these experiments was done in triplicates and repeated 

three times. Results were plotted in Graphpad Prism 6; the graphs are selected 
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‘representative’ graphs and the values above the graphs are the IC50 ± SD from three 

independent experiments. Statistical analysis was performed with one way ANOVA 

with Tukey’s posthoc test **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.1, ns = not 

significant. 

As T11 and SUM159PT cells were most sensitive to C800, these cells were chosen 

to further investigate the time dependence of C800 in decreasing the viability of 

breast cancer cells. Also, further investigation of the mechanism of action of C800 

was carried out on T11 and SUM159PT cells. For all further experiments, two sets 

of concentrations were used; concentrations lower than IC50 (0, 0.5, and 1 µM) 

and concentrations equal to and higher than the measured IC50 (5, 10, and 20 µM). 

Moreover, cells were treated with different concentrations of C800 for 24, 48, and 

72 h. The IC50 of C800 in T11 cells when treated for different times reduced 

drastically from 3.31 µM at 24 h to 0.09 µM at 48 h, and to 0.07 µM at 72 h (Fig 4.2 

A). In SUM159PT cells, the IC50 of C800 also reduced from 3.42 µM at 24 h to 1.57 

µM at 48 h, and to 0.59 µM at 72 h (Fig 4.2 B). This result indicates that the effect 

of C800 in these cells is time dependent.  

 

Figure 4.2: Effect of C800 in TNBC cells in different time-points. Dose response curve for 

cytotoxic effect of C800 in T11 and SUM159PT cells after (A) 48 h and (B) 72 h of 

treatment. Each of these experiments was done in triplicates and repeated three times. 

Results were plotted in Graphpad Prism 6; the graphs are selected ‘representative’ 

graphs and the values above the graphs are the IC50 ± SD from three independent 

experiments. Statistical analysis was performed with one-way ANOVA with Tukey’s 

posthoc test **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.1, ns = not significant. 
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The effect of C800 on cell viability with that of conventional chemotherapeutic 

drugs used in the clinic to treat TNBC, such as cisplatin and 5-fluorouracil was 

also compared. As T11 showed most sensitivity toward C800 at 72 h, the studies 

were performed in T11 cells after 72 h of treatment. Interestingly, C800 exhibited 

significantly higher potency in T11 cells compared with both chemotherapy 

agents. Specifically, the IC50 of C800 in T11 cells was found to be 0.07 µM (70 nM), 

whereas for cisplatin, the IC50 was 0.70 µM and 0.87 µM for 5-fluorouracil (Fig 

4.3). Overall, these data indicate that C800 exhibits nanomolar potency and 10-

fold more activity compared with current chemotherapeutic drugs used clinically 

to treat TNBC.  

 

Figure 4.3: Comparison between the dose-response curves of C800 with currently used 

chemotherapeutic drugs, cisplatin, and 5-fluorouracil on T11 cells after 72 h of 

continuous exposure. Each of these experiments was done in triplicate and repeated 

three times. Results were plotted in GraphPad Prism 6; the graphs are selected 

‘representative’ graphs and the values above the graphs are the IC50 ± SD from three 

independent experiments. Statistical analysis was performed with one-way ANOVA 

with Tukey’s posthoc test **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.1, ns = not 

significant. 

C800 is a guanidine alkaloid isolated mostly from sponges such as Crambe crambe 

[211-213] and Monanchora sp. [214, 215] and has been demonstrated to have 

diverse biological activities [214, 216]. It has been found that C800 induces 

erythroid differentiation in chronic leukemia cells (K562 cells), leading to cell 
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cycle arrest at S-phase and promotes neurite outgrowth in Neuro-2A 

neuroblastoma cells [138]. Also, it has been shown to induce dose-dependent 

antioxidant activity against glutamate-induced oxidative stress in hippocampal 

cells in mice [196]. Similarly, another analogue of C800 from Crambe crambe, C816, 

has shown activity against liver-derived tumor cells inhibiting cell cycle 

progression in the G0/G1 phase, cell migration, and cell-matrix adhesion [139]. 

However, the effects of crambescidins or similar compounds have not yet been 

explored in breast cancer, particularly for highly proliferative TNBC models, 

which has been investigate further below.  

 C800 Induces Cell Cycle Arrest in TNBC 

 

Disturbances in the cell cycle control are known to inhibit cell growth and 

activate apoptosis processes [217]. To examine whether C800 affected the cell 

cycle in TNBC cells, the percentage of cells in different phases of the cell cycle in 

T11 and SUM159PT cell populations after treatment with C800 was investigated 

by flow cytometry. Cells were treated with 0.5, 1, 5, 10, and 20 µM of C800 for 24 

h, while cells treated with 0.1% PBS were monitored as a vehicle control. T11 and 

SUM159PT cells treated with colchicine were used as positive controls (Appendix 

3).  

 

Treatment of T11 cells with 5, 10, and 20 µM of C800 caused statistically 

significant arrest of the cells in the G2/M phase of the cell cycle relative to that of 

vehicle treated cells, whereas no effect was seen on cells treated with 0.5 and 1 

µM C800 (Fig 4.4). At higher concentrations i.e. 5, 10, and 20 µM treatment, the 

percentage of cells at G2/M significantly increased from 24.43% in vehicle control 

to 49.55%, 38.99%, and 35.53%, respectively, in treated cells (Fig 4.4).  
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Figure 4.4: C800 induces cell cycle arrest in TNBC (T11) cell lines. Cells were treated with 

0.5, 1, 5, 10, and 20 µM of C800 for 24 h. PBS (0.1% diluted in media) was used as a vehicle 

control. Cell cycle distribution was assessed by flow cytometry analysis and data 

analyzed by FlowJo. Each experiment was performed in triplicate. The percentage of 

cells in each phase of the cycle is shown as the mean ± SD and represented as bar 

diagram. Statistical analysis was performed with one-way ANOVA with Tukey’s 

posthoc test **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.1, ns = not significant. 

Similarly, in SUM159PT cells, the percentage of cells at G2/M significantly 

increased from 31.75% in vehicle control to 48.55%, 44.10%, and 49.30%, 

respectively, in 5, 10, and 20 µM-treated cells (Fig 4.5).  
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. 

 

Figure 4.5: Cell cycle analysis of SUM159PT cells when treated with C800 for 24 h. Cells 

were treated with 0.5, 1, 5, 10, and 20 µM of C800 for 24 h. PBS (0.1% diluted in media) 

was used as a vehicle control. Cell cycle distribution was assessed by flow cytometry 

analysis and data analysed by FlowJo. Each experiment was performed in triplicate. The 

percentage of cells in each phase of the cycle is shown as the mean ± SD and represented 

as bar diagram. Statistical analysis was performed with one-way ANOVA with Tukey’s 

posthoc test **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.1, ns = not significant. 
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Thus, concentrations close to and higher than the IC50 arrested the cells at G2/M 

phase of the cell cycle in TNBC cells. 

 C800 affects Cell Cycle Related Proteins in TNBC Cells  

 

In order to explore the mechanism underlying the cell cycle arrest and the 

decrease in proliferation by C800, we used immunoblotting to investigate the 

protein expression of well-known key cell cycle checkpoints. Cell cycle 

progression is known to be positively regulated by cyclins and CDKs, while it is 

negatively influenced by CDKIs, such as p21 [74]. Cyclins play an important role 

in cell cycle control, several of which represent acknowledged oncogenes [218]. 

Extensive reports demonstrate that cyclin D1 is an oncogenic driver, amplified 

and up-regulated in breast carcinoma. Increased expression of cyclin D1 is also 

associated with resistance to both chemotherapy and hormonal therapy, and, 

thus, reducing the expression of cyclin D1 is a clinically relevant goal for breast 

cancer patients [219].  

 

No changes in the expression of CDK6, Cyclin E1 and CDK2 was seen when T11 

cells were treated with lower concentrations (0, 0.01, 0.1, 0.5 and 1 µM) of C800. 

However, treatment at 1 µM concentration reduced the expression of Cyclin D1 

and CDK4 (Fig 4.6 A). Treatment with C800 at higher concentrations of 5, 10, and 

20 µM decreased the expression of cyclin D1, CDK4, and CDK2 in T11 cells 

whereas the reduction of CDK6 only occurred at 10 and 20 µM (Fig 4.6 B) and the 

expression of cyclin E1 remained unchanged (Fig 4.6 B). The expression of CDKI, 

p21 increased only at 20 µM treatment (Fig 4.6 B). 
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Figure 4.6: Effect of C800 in the cell cycle-related proteins in T11 cells. T11 cells were 

treated with different concentrations of C800 (A) 0, 0.01, 0.1, 0.5, and 1 µM; and (B) 0, 5, 

10, and 20 µM for 24 h. Proteins were quantified and analysed by immunoblotting with 

antibodies specific for cyclin D1, CDK4, CDK6, cyclin E1, CDK2, and p21. For each 

experiment, α-tubulin was used as a loading control. Blots were quantified using ImageJ 

software normalized first against loading control (tubulin) and finally against control 

protein when zero concentration of C800 was added. The data are representative of two 
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independent experiments. The average normalized densities of the band are added 

below each band and the histograms are presented below the western blots. Statistical 

analysis was performed with one-way ANOVA with Tukey’s posthoc test **** p < 0.0001, 

*** p < 0.001, ** p < 0.01, * p < 0.1, ns = not significant. 

 

In SUM159PT cells, no changes in the expression of cyclins (Cyclin D1 and Cyclin 

E1) and CDK (CDK4, CDK6 and CDK2) was seen when treated at lower 

concentrations (0, 0.01, 0.1, 0.5, 1 µM) (Fig 4.7 A). The inhibition of the expression 

of cyclin D1, CDK4, and CDK6 occurred at concentrations higher that 5 µM (Fig 

4.7 B). No change was observed in the expression of cyclin E1 and CDK2 (Fig 4.7 

B). Treatment with 20 µM of C800 caused the increase in expression of p21 in 

SUM159PT cells (Fig 4.7 B). Thus, these results show that the decline in cyclin-

related proteins correlates with the arrest of the cells in G2/M phase of the cycle. 

 

 

 

 

 

 



Anticancer Compounds from Western Australian Marine Sponges 

104 

 

 

Figure 4.7: Effect of C800 in the cell cycle-related proteins in SUM159PT cells. Cells were 

treated with different concentrations of C800 (A) 0, 0.01, 0.1, 0.5, and 1 µM; and (B) 0, 5, 

10, and 20 µM for 24 h. Proteins were quantified and analysed by immunoblotting with 

antibodies specific for cyclin D1, CDK4, CDK6, cyclin E1, CDK2, and p21. For each 

experiment, α-tubulin was used as a loading control. Blots were quantified using ImageJ 
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software normalized first against loading control (tubulin) and finally against control 

protein when zero concentration of C800 was added. The data are representative of two 

independent experiments. The average normalized densities of the band are added 

below each band and the histograms are presented below the western blots. Statistical 

analysis was performed with one-way ANOVA with Tukey’s posthoc test **** p < 0.0001, 

*** p < 0.001, ** p < 0.01, * p < 0.1, ns = not significant. 

  C800 Downregulates Phosphorylation of AKT/mTOR, MAPK, and 
NF-kB Signaling Pathways in TNBC Cells 

 

The effect of C800 on down-regulation of Cyclin D1 and the proliferation 

prompted to investigate the signaling pathways involved in such dysregulation 

in TNBC cells. TNBC cells are often characterized by up-regulation of PI3K/Akt, 

mTOR, MAPK, and NF-kB kinases pathways [220-223]. The PI3K/Akt and mTOR 

signaling pathways represent key regulators of survival during cellular stress 

and play an important role in survival and chemo-resistance of stem cells such as 

those found in TNBC [15, 16, 220]. Notably, an activation of phosphorylation of 

Akt/mTOR is positively correlated with tumor relapse and metastasis [224]. 

Similarly, NF-kB pathway is a major regulator of cell survival, proliferation, and 

differentiation [223]. It has been shown that activation of Akt regulates NF-kB via 

phosphorylation of p65 by IKB kinase (IKK) both directly and indirectly, thus 

inhibiting apoptosis [57, 225]. Also, MAPK signaling pathways play a 

fundamental role in cell proliferation, differentiation, survival, and apoptosis, 

and their aberrant functioning is related to tumorigenesis [65]. It has been 

demonstrated that PI3k/Akt and MAPK pathways, involving multiple signaling 

routes, interact and influence each other both positively and negatively, thus 

demonstrating a crosstalk exists between both of these pathways [56]. 

Furthermore, cyclin D1 is a direct target of Akt/mTOR, MAPK, and NF-kB 

signaling pathways [226-228], and thus inhibiting these pathways in TNBC has 

great therapeutic interest. 
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The effect of C800 on the phosphorylation of Akt/mTOR, MAPK, and NF-kB 

pathways in T11 and SUM159PT cells after exposure to different concentrations 

of C800 for 24 h was examined. At concentrations lower than IC50, we found that 

in T11 cells, 1 µM C800 downregulated the expression of phosphorylation of Akt 

(Ser473), p65 (Ser536), and p-44/42 (T202/204) (Fig 4.8). However, at 

concentrations lower than 1 µM (0.001, 0.1 and 0.5 µM), no downregulation in 

the phosphorylation of pathways was observed (Fig 4.8). 

 

Figure 4.8: C800 inhibits phosphorylation of Akt, NF-kB, and MAPK pathways in T11 

cells. Cells were treated with different concentrations of C800 (0, 0.01, 0.1, 0.5, and 1 µM) 

for 24 h. Whole cell lysates were collected, and proteins were quantified and analyzed 

by immunoblotting with antibodies specific for p-Akt (Ser473), p-Akt (Thr308), p-mTOR 

(S2448), p-p44/42 MAPK (T202/T204), and p-p65 (Ser536). For each experiment, α-

tubulin was used as a loading control. Blots were quantified using ImageJ software, 

normalized first against loading control (tubulin) and finally against control protein 

when zero concentration of C800 was added. The data are representative of two 

independent experiments. The average normalized densities of the band are added 

below each band, and the histograms are presented below the western blots. Statistical 

analysis was performed with one-way ANOVA with Tukey’s posthoc test **** p < 0.0001, 

*** p < 0.001, ** p < 0.01, * p < 0.1, ns = not significant. 
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In SUM159PT cells at 1 µM, the downregulation of phosphorylation of only Akt 

(Ser473) and p65 (Ser536) was observed (Fig 4.9). At concentrations lower than 1 

µM (0.001, 0.1 and 0.5 µM), no downregulation in the phosphorylation of Akt 

(Ser473), Akt (Thr308), mTOR (S2448) was observed (Fig 4.8). The expression of 

phosphorylation of MAPK remained unchanged at lower concentrations 

compared to vehicle control (Fig 4.9).  

 

Figure 4.9: C800 inhibits phosphorylation of Akt, NF-kB, and MAPK pathways in 

SUM159PT cells for 24 h. Cells were treated with different concentrations of C800 (0, 

0.01, 0.1, 0.5, and 1 µM. Whole cell lysates were collected, and proteins were quantified 

and analysed by immunoblotting with antibodies specific for p-Akt (Ser473), p-Akt 

(Thr308), p-mTOR (S2448), p-p44/42 MAPK (T202/T204), and p-p65 (Ser536). For each 

experiment, α-tubulin was used as a loading control. Blots were quantified using ImageJ 

software, normalized first against loading control (tubulin) and finally against control 

protein when zero concentration of C800 was added. The data are representative of two 

independent experiments. The average normalized densities of the band are added 

below each band, and the histograms are presented below the western blots. Statistical 

analysis was performed with one-way ANOVA with Tukey’s posthoc test **** p < 0.0001, 

*** p < 0.001, ** p < 0.01, * p < 0.1, ns = not significant. 
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Treatment of T11 with C800 at concentration higher than IC50 (5, 10, and 20 µM) 

completely inhibited phosphorylation of Akt/mTOR and reduced the expression 

of phosphorylation of MAPK and p65 compared to vehicle control cells (Fig 4.10).  

 

 

Figure 4.10: C800 inhibits phosphorylation of Akt, NF-kB, and MAPK pathways in T11 

Cells were treated with different concentrations of C800 (0, 5, 10 and 20 µM) for 24 h. 

Whole cell lysates were collected, and proteins were quantified and analysed by 

immunoblotting with antibodies specific for p-Akt (Ser473), p-Akt (Thr308), p-mTOR 

(S2448), p-p44/42 MAPK (T202/T204), and p-p65 (Ser536). For each experiment, α-

tubulin was used as a loading control. Blots were quantified using ImageJ software, 

normalized first against loading control (tubulin) and finally against control protein 

when zero concentration of C800 was added. The data are representative of two 

independent experiments. The average normalized densities of the band are added 

below each band, and the histograms are presented below the western blots. Statistical 

analysis was performed with one-way ANOVA with Tukey’s posthoc test **** p < 0.0001, 

*** p < 0.001, ** p < 0.01, * p < 0.1, ns = not significant. 
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vehicle control cells (Fig 4.11), however, the suppression of phosphorylation of 

mTOR occurred only at 10 µM concentration (Fig 4.11).  

 

 

Figure 4.11: C800 inhibits phosphorylation of Akt, NF-kB, and MAPK pathways in 

SUM159PT cells. Cells were treated with different concentrations of C800 (0, 0.01, 0.1, 

0.5, and 1 µM for 24 h8. Whole cell lysates were collected, and proteins were quantified 

and analysed by immunoblotting with antibodies specific for p-Akt (Ser473), p-Akt 

(Thr308), p-mTOR (S2448), p-p44/42 MAPK (T202/T204), and p-p65 (Ser536). For each 

experiment, α-tubulin was used as a loading control. Blots were quantified using ImageJ 

software, normalized first against loading control (tubulin) and finally against control 

protein when zero concentration of C800 was added. The data are representative of two 

independent experiments. The average normalized densities of the band are added 

below each band, and the histograms are presented below the western blots. Statistical 

analysis was performed with one-way ANOVA with Tukey’s posthoc test **** p < 0.0001, 

*** p < 0.001, ** p < 0.01, * p < 0.1, ns = not significant. 
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after 3 h of treatment (Fig 4.12). Moreover, the inhibition of the phosphorylation 

of mTOR pathway occurred before the inhibition of the Akt pathways. 

 

Figure 4.12: Effect of C800 in inhibition of phosphorylation of Akt, NF-kB, and MAPK 

pathways in T11 cells at different time-points. Cells were treated 20 µM concentration of 

C800 at 0, 3, 6, 12 and 24 h. Whole cell lysates were collected, proteins were quantified 

and analysed by immunoblotting with antibodies specific for p-Akt (Ser473), p-Akt 

(Thr308), p-mTOR (S2448), p-p44/42 MAPK (T202/T204), and p-p65 (Ser536). For each 

experiment, α-tubulin was used as a loading control. Blots were quantified using ImageJ 

software, normalized first against loading control (tubulin) and finally against control 

protein when zero concentration of C800 was added. The data are representative of two 

independent experiments. The average normalized densities of the band are added 

below each band, and the histograms are presented below the western blots. Statistical 

analysis was performed with one-way ANOVA with Tukey’s posthoc test **** p < 0.0001, 

*** p < 0.001, ** p < 0.01, * p < 0.1, ns = not significant. 
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pathway occurred before the inhibition of the NF-kB, supporting the idea of a 

temporal crosstalk between these two signaling pathways in SUM159PT cells. 

 

Figure 4.13: Effect of C800 in inhibition of phosphorylation of Akt, NF-kB, and MAPK 

pathways in SUM159PT cells at different time-points. Cells were treated 20 µM 

concentration of C800 at 0, 3, 6, 12 and 24 h. Whole cell lysates were collected, proteins 

were quantified and analysed by immunoblotting with antibodies specific for p-Akt 

(Ser473), p-Akt (Thr308), p-mTOR (S2448), p-p44/42 MAPK (T202/T204), and p-p65 

(Ser536). For each experiment, α-tubulin was used as a loading control. Blots were 

quantified using ImageJ software, normalized first against loading control (tubulin) and 

finally against control protein when zero concentration of C800 was added. The data are 

representative of two independent experiments. The average normalized densities of the 

band are added below each band, and the histograms are presented below the western 

blots. Statistical analysis was performed with one-way ANOVA with Tukey’s posthoc 

test **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.1, ns = not significant. 

Thus, the inhibition of phosphorylation of these signaling pathways correlates 

with the arrest of the cells at G2/M phase of the cycle and decline in the cyclin 

related proteins in TNBC cells. These results suggest that the effect of C800 on 

cell viability is associated with the arrest of the cells in the G2/M phase of the cell 

0    3     6    12   24 h 

p-Akt (Ser473) 

p-Akt (Thr308) 

p-mTOR
(S2448) 

p-p65 (Ser536)

p-44/42MAPK
(T202/T204) 

-Tubulin 

1.0       1.4     1.7      0.4       0.1 

1.0       0.6      0.7      1.0      0.1  

1.0       2.3        3.5       3.5     0.1  

1.0        1.3        1.7     1.4       0.1  

1.0        4.8      5.3      5.3       0.5  

SUM159PT cells; C800 - 20 µM  

 p-Akt
(Ser473) 

 p-Akt 
(Thr308) 

p-mTOR 
(S2448) 

 p-p65 
(Ser536) 

p-44/42MAPK 
 (T202/T204) 

0 

1 

2 

3 

4 

5 

6 

R
el

a
ti

v
e 

p
ro

te
in

 l
ev

el
 

0 h 

3 h 

6 h 

12 h 

24 h 
* ** *

** *

*

* ** * * ** *

** *

ns

* ** *



Anticancer Compounds from Western Australian Marine Sponges 

112 

cycle, leading to decline in the cyclin-related proteins and thus inhibition of the 

phosphorylation of the Akt/mTOR, MAPK, and NF-kB signaling pathways. As 

Akt/mTOR, MAPK, and NF-kB signaling pathways are considered the key 

targets for TNBC, identifying novel and potent inhibitors concomitantly 

targeting these pathways would be useful in treatment of TNBC by decreasing 

potential escape mechanisms. Overall, these results suggest that C800 could 

potentially be used for targeting multiple signaling pathways involved in cell 

survival and resistance to chemotherapy.  

 C800 Induces Apoptotic Cell Death in TNBC Cells  

 

Apoptosis or programmed cell death is a cellular event that occurs during DNA 

repair and tissue remodeling during early development. Here, we investigated 

whether C800 induced apoptosis in TNBC cells. T11 and SUM159PT cells were 

treated with different concentrations (0. 0.5 1, 5, 10, 20 µM) of C800 for 24 h, and 

the percentage of apoptotic cells were evaluated by flow cytometry by double 

staining using Annexin-V FITC and Propidium Iodide. 

 

It was found that when treated at 0.5, 1, 5, 10, and 20 µM, the total percentage of 

cells (early and late apoptotic population) increased from 6.7% in control group 

to 8.5%, 10.2%, 19.2%, 38.9%, and 57.0%, respectively, in T11 cells (Fig 4.14).  
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Figure 4.14: C800 induces apoptosis in T11 cells. Cells were treated with vehicle (0.1% 

PBS diluted in media) and different concentrations of C800 (0.5, 1, 5, 10, and 20 µM) for 

24 h. Flow cytometry analysis of T11 cells when treated with C800 was performed by 

double staining using Annexin-V FITC and PI, and data were analyzed using Flow Jo 

10. Experiments were done in triplicate and the results were plotted for percentage of 

apoptotic cells (early and late apoptosis appearing in the right lower and upper 

quadrants) as bar diagram and represented as mean ± S.D. Statistical analysis was 

performed with one way ANOVA with Tukey’s posthoc test **** p < 0.0001, *** p < 0.001, 

** p < 0.01, * p < 0.1, ns = not significant. 

Similarly, in SUM159PT cells, the total percentage of apoptotic cells when treated 

at 0.5, 1, 5, 10, and 20 µM increased from 16.0% in control group to 17.1%, 18.3%, 
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24.0%, 34.3%, and 50.4%, respectively (Fig 4.15). Thus, these results suggest that 

C800 caused apoptotic cell death in TNBC cells. 

 

Figure 4.15: C800 induces apoptosis in SUM159PT cells. Cells were treated with vehicle 

(0.1% PBS diluted in media) and different concentrations of C800 (0.5, 1, 5, 10, and 20 

µM) for 24 h. Flow cytometry analysis of SUM159PT cells when treated with C800 was 

performed by double staining using Annexin-V FITC and PI, and data were analysed 

using Flow Jo 10. Experiments were done in triplicate and the results were plotted for 

percentage of apoptotic cells (early and late apoptosis appearing in the right lower and 

upper quadrants) as bar diagram and represented as mean ± S.D. Statistical analysis was 

performed with one-way ANOVA with Tukey’s posthoc test **** p < 0.0001, *** p < 0.001, 

** p < 0.01, * p < 0.1, ns = not significant. 
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Another key feature of apoptosis is the cleavage and consequent activation of the 

executor, caspase-3, which in turn initiates the apoptotic cascade by substrate 

cleavage, leading to programmed cell death. Therefore, cleaved caspase-3 is 

widely used as a marker for apoptosis [2, 229]. To further verify the percentage 

of apoptotic cells in TNBC models, T11 and SUM159PT cells were treated with 

0.5, 1, 5, 10, and 20 µM of C800 for 24 h. Cells treated with 20 µM of EN1-ipep 

(nanoparticles conjugated with interference peptide for homeobox 

transcriptional factor Engrailed, which induces apoptosis in basal-like breast 

cancer cells) were used as positive control [210]. After the treatments, cell 

apoptosis was assessed by immunofluorescence using an anti-cleaved caspase-3 

antibody. Percentage of apoptosis was compared to that of vehicle control treated 

cells.  

 

In T11 cells, treatment with 0.5, 1, 5, 10, and 20 µM increased the apoptotic cell 

population from 5% in control group to 7%, 12%, 23%, 42%, and 63%, respectively 

(Fig 4.16). 
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Figure 4.16: C800 induces apoptosis in T11 cells. Cells were treated with vehicle (0.1% 

PBS diluted in media), 20 µM of EN1-ipep (positive control), and different 

concentrations of C800 (0.5, 1, 5, 10, 20 µM) for 24 h and then processed for 

immunofluorescence assay. Green nuclei represent cleaved-caspase-3 positive cells. 

Nuclei were counterstained with Hoechst 33258. Blue and green positive cells were 

quantified using ImageJ (ImageJ 1.50i, NIH, Bethesda, MD, USA), software and 

represented graphically by bar diagram. Experiments were done in triplicate and the 

results represent mean ± S.D. Statistical analysis was performed with one-way ANOVA 
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with Tukey’s posthoc test **** p < 0.0001, *** p < 0.001, ** p < 0.01, * p < 0.1, ns = not 

significant. 

 Similarly, in SUM159PT cells, treatment with 0.5, 1, 5, 10, and 20 µM increased 

the apoptotic cell population from 8% in control group to 13%, 22%, 29%, 40%, 

and 58%, respectively (Fig 4.17). Thus, it was found that treatment with C800 

resulted in dose-dependent apoptotic cells in the T11 and SUM159PT cells. The 

result was consistent with the one obtained from Annexin V/PI experiment. 
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