
Hong Kong Baptist University

DOCTORAL THESIS

Anticancer efficacy and mechanism of action studies of the potent plant
cycloheptapeptide compounds mavacyocines
Xia, Yixuan

Date of Award:
2020

Link to publication

General rights
Copyright and intellectual property rights for the publications made accessible in HKBU Scholars are retained by the authors and/or other
copyright owners. In addition to the restrictions prescribed by the Copyright Ordinance of Hong Kong, all users and readers must also
observe the following terms of use:

            • Users may download and print one copy of any publication from HKBU Scholars for the purpose of private study or research
            • Users cannot further distribute the material or use it for any profit-making activity or commercial gain
            • To share publications in HKBU Scholars with others, users are welcome to freely distribute the permanent URL assigned to the
publication

Download date: 24 May, 2023

https://scholars.hkbu.edu.hk/en/studentTheses/e411cff4-c366-4c06-95f0-dcbae613c58c


HONG KONG BAPTIST UNIVERSITY 

Doctor of Philosophy 

THESIS ACCEPTANCE 

 

DATE: August 28, 2020 

 

STUDENT'S NAME: XIA Yixuan    

 

THESIS TITLE: Anticancer Efficacy and Mechanism of Action Studies of the Potent Plant 

Cycloheptapeptide Compounds Mavacyocines 

 

 This is to certify that the above student's thesis has been examined by the following panel 

members and has received full approval for acceptance in partial fulfilment of the requirements for the 

degree of Doctor of Philosophy. 

 

 

Chairman: Prof Yu Zhiling 

Professor, Chinese Medicine - Teaching and Research Division, HKBU 

(Designated by Dean of School of Chinese Medicine) 

 

 

Internal Members: Prof Jia Wei 

Chair Professor in Chinese Medicine and Systems Biology, Chinese Medicine 

- Teaching and Research Division, HKBU  

(Designated by Director of Chinese Medicine - Teaching and Research 

Division) 

 

Dr Cheung King-Ho 

Associate Professor, Chinese Medicine - Teaching and Research Division, 

HKBU 

 

 

External Examiners: Prof Tsim Karl Wah Keung 

Chair Professor 

Division of Life Science 

The Hong Kong University of Science and Technology 

 

Dr Feng Yibin 

Associate Professor 

School of Chinese Medicine 

The University of Hong Kong 

 

 

In-attendance: 

 

Prof Zhang Hongjie 

Professor, Chinese Medicine - Teaching and Research Division, HKBU 

 

 

 

 

Issued by Graduate School, HKBU 

 



 

 

 

 

 

 

 
 

Anticancer Efficacy and 

Mechanism of Action Studies of 

the Potent Plant 

Cycloheptapeptide Compounds 

Mavacyocines 
 

 

 

 

XIA Yixuan 
 

 

 

A thesis submitted in partial fulfilment of the requirements 

for the degree of 

Doctor of Philosophy 
 

 

Principal Supervisor: 

Prof. ZHANG Hongjie (Hong Kong Baptist University) 
 

 

 

 

August 2020 





ii 

 

 

ABSTRACT 

Background 

Over the past 200 years, much attention has been paid to natural products for their 

great contribution in the industry of drug development as many of them have been 

shown effective against various diseased conditions in humans by virtue of their 

structural diversity and biological potency. Therefore, they are undeniably a rich 

resource for the discovery of novel bioactive compounds. To date, many of the mainstay 

anticancer agents often lead to undesirable side effects and/or develop rapid emergence 

of drug resistance. Therefore, new therapeutic remedies are desperately needed. 

In fact, many active compounds are derived from macrocyclic natural products. 

The identification of their molecular targets may assist researchers to synthesize 

biological agents for combating particular diseased conditions. Cycloheptapeptides that 

modulate specific molecular pathways in suppressing the proliferation of cancer cells 

are potential candidates for anticancer therapeutics and/or chemopreventive agents. In 

the current research project, we have demonstrated that MV-A, a novel 

cycloheptapeptide with the unique amino acid DMCPA isolated from Maytenus 

variabilis (Loes.) C. Y. Cheng (Celastraceae), showed potent cytotoxic activities 

against a panel of human cancer cell lines, and is worthy for further investigation. 

Objectives 

The objectives of this study were to i) evaluate the anticancer effect, ii) elucidate 

the mechanism of action, and iii) identify the binding target(s) of the natural 

cycloheptapeptide MV-A.  

Methods 

We first carried out various kinds of cellular and animal studies for validating the 

in vitro and in vivo anticancer efficacy of MV-A. Next, we performed a number of 
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bioassays to ascertain the inhibitory effect of MV-A on several major cancer-associated 

pathways, including apoptosis, cell cycle arrest, senescence and metastasis. The 

biochemical assays included sulforhodamine B colorimetric assay, flow cytometric 

analyses of apoptosis and cell cycle arrest, Western blotting, real-time polymerase chain 

reactions (qPCR) arrays, senescence-associated β-galactosidase staining, phospho-

specific protein arrays, as well as migration and invasion staining experiments. Lastly, 

we also identified the potential protein targets of MV-A by biochemical means, 

particularly the drug affinity responsive target stability (DARTS) approach.  

Results 

MV-A is a potent anti-proliferative agent against a variety of cancer cells. It 

inhibited the proliferation of the human colorectal carcinoma (CRC) HCT116 cells with 

an IC50 value of 2.28 nM. However, the application of MV-A at 2.68 nM did not induce 

significant apoptosis; rather it caused a notable cell-cycle arrest at the G1 phase. 

Moreover, the treatment with this compound (0.68 to 2.68 nM) led to a remarkable 

senescence in cancer cells as well as a mitigated cellular migration. Meanwhile, the 

expression levels of some components of the p16 cascade and PI3K-AKT pathway, so 

as several epithelial-to-mesenchymal transition (EMT) molecules were suppressed by 

MV-A. Furthermore, HSP90, calnexin, EF2, 14-3-3 and annexin A1 were identified as 

the direct binding targets of MV-A in our DARTS analysis. 

Conclusions 

In the present study, our results indicated that the novel cycloheptapeptide MV-A 

inhibited proliferation and migration of CRC HCT116 cells via the induction of cellular 

senescence and modulation of multiple pathways, including the p16/Rb, PI3K-AKT 

and EMT signaling pathways. These results revealed a potential role of MV-A in cancer 

therapy. The direct binding targets of MV-A further uncovered its molecular actions 
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against different diseased conditions. Our findings strongly support the development of 

MV-A as a therapeutic agent for combating cancerous pathologies, explicitly CRC. 

 

Keywords: Plant natural products, colorectal carcinoma, cycloheptapeptide, anticancer, 

cellular senescence, PI3K-AKT pathway, EMT, binding targets.
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ABSTRACT 

Cyclopeptides or cyclic peptides are referred to polypeptides possessing a cyclic 

ring structure of amino acids. A great number of natural cyclopeptides have been 

reported highly effective against different cancer cells, some of which are renowned for 

clinical uses. Compared to linear peptides, cyclopeptides have absolute advantages in 

structural rigidity, biochemical stability, binding affinity as well as membrane 

permeability, which contribute greatly to their anticancer potency. Therefore, the 

discovery and development of natural cyclopeptides as anticancer agents remain 

attractive to academic researchers and pharmaceutical companies. Herein, we provide 

an overview of anti-cancer cyclopeptides that were discovered in the past 20 years. The 

present review mainly focuses on the anticancer efficacies, mechanisms of action and 

chemical structures of cyclopeptides with natural origins. Additionally, studies of 

structure-activity relationship, total synthetic strategies as well as bioactivities of 

natural cyclopeptides are also included in this article. In conclusion, due to their 

characteristic structural features, natural cyclopeptides have great potential to be 

developed as anticancer agents. Indeed, they can also be served as excellent scaffolds 

for the synthesis of novel derivatives for combating cancerous pathologies.   
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1. Introduction 

Cancer has become an enormous burden in the society and the second leading 

cause of death in the world. Globally, about 1 in 6 death is caused by cancer. Apart 

from aging, the risk factors of modern daily life such as smoking, unhealthy diet and 

mental stress also play significant roles in the growing incidence of cancer [1]. 

According to the World Health Organization (WHO), 9.6 millions of people were killed 

by cancer in 2018. New cancer cases are expected to grow up to 17 million in 2030 [2, 

3]. Conventional therapeutic approaches for the treatment of cancer include 

chemotherapy, radiotherapy and surgical resection. In recent years, advancement in 

cancer treatment has been applied with some novel therapies and choices for patients 

to improve their survival chances, such as immunotherapy, targeted therapy, hormone 

therapy, stem cell transplant and precision medicine [4]. However, low specificity to 

cancer cells, high toxicities to normal tissues as well as drug resistance are often the 

most problematic concerns [5–7]. Therefore, studies on the development of new drugs 

and therapies for cancer with higher efficacy are urgent and crucial.  

From ancient time, taking Chinese Medicine as an example, people have been 

familiar with medicinal properties of natural resources and good at using them to treat 

diseases [8]. Hence, due to their extraordinary chemical diversity from different origins, 

natural products are of great potential to be developed as new drugs for cancer 

prevention and treatment [9]. Natural cyclopeptides, due to their special chemical 

properties and therapeutic potency, have attracted great attention from both academic 

researchers and pharmaceutical companiesin the recent years. 

Cyclopeptides, also known as cyclic peptides are polypeptides formed from amino 

acids arranging in a cyclic ring structure [10]. In the past 20 years, hundreds of 

ribosomally synthesized cyclopeptides have been isolated from a variety of living 
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creatures [11]. In fact, there are two biosynthetic mechanisms of cyclopeptides—

ribosomal and non-ribosomal pathways. The ribosomal pathway merely requires the 21 

basic proteinogenic amino acids for the synthesis of cyclopeptides, whereas the non-

ribosomal pathway depends on non-ribosomal peptide synthetases (NRPSs) in 

incorporating functional groups, such as hydroxyl and N-methyl groups, to the existing 

peptides [12, 13]. A large number of cyclopeptides have been isolated and demonstrated 

to deliver a wide spectrum of bioactivities. Very often, they can be served as antibiotics 

(e.g. microcin 25 from Escherichia coli) [14], protease inhibitors (e.g. SFTI-1 from 

Helianthus annuus) [15], boosting agents for the innate immune system (e.g. θ-

defensins from Macaca mulatta) [16], anticancer agents (e.g. chlamydocin from 

Diheterospora chlamydosporia) [17] and so on. According to previous reports, 

cyclization is an important process for peptide stabilization [18]. Compared with linear 

peptides, cyclic peptides may have better biological potency due to the rigidity of their 

conformation [19]. Moreover, the rigidity of cyclopeptides may also increase the 

binding affinity to their target molecules, allowing enhanced receptor selectivity as 

rigid structures often decrease the interaction entropy to a negative Gibbs free energy. 

Furthermore, cyclopeptides are resistant to exopeptidases because they contain no 

amino/carbonyl termini in their skeletons, so that they exert more stable binding 

capability than linear peptides do. Owing to the absence of the amino/ carbonyl termini, 

theless flexible backbone of cyclopeptides even enhance their resistance to 

endopeptidases, and therefore, cyclopeptides are considered as useful biochemical tools 

with high specificity [20]. In particular, when serving as an anticancer agent, the cyclic 

structure of the peptide eliminates the effect of charged termini and thus increases 

membrane permeability [21]. As a results, cyclopeptides can penetrate to the tumors 

without much hurdle while exhibiting their anti-proliferative effects [22].  
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Overall, the structural rigidity, biochemical stability, binding affinity and 

membrane permeability are the predominant advantages of cyclopeptides in 

comparison of linear peptides and other chemicals for therapeutic purposes [10]. Owing 

to these exceptional characteristics, natural cyclopeptides are considered as promising 

lead compounds for the development of novel anticancer drugs. With the efforts from 

researchers around the world, a great number of cyclopeptides with anticancer effects 

have been identified from various living entities. In this review, we summarize the 

recent development of cyclopeptides with anticancer effects according to their origins.  

 

2. Marine-Derived Anticancer Cyclopeptides 

Marine organisms are the vast source of many chemical products because of the 

diversity of species and their abundance [23]. In fact, the marine environment though 

somehow mysterious, promotes the fruitful development of a great number of natural 

products, which may possess novel structures, chemical properties and biological 

effects [24]. The marine-derived cyclopeptides have received great attention due to 

their high potency in anti-microbial, anti-inflammatory and anticancer activities [25–

28]. This section mainly discusses the discovery of marine-derived cyclopeptides with 

anticancer properties in the last 20 years. 

2.1 Anticancer Cyclopeptides Derived from Sponge 

As sessile marine filter feeders, sponges possess decent abilities to defense against 

foreign invaders such as viruses, bacteria and fungi [29]. Marine sponges belong to the 

phylum Porifera, which is the source of many bioactive marine natural products [30]. 

It is estimated that about 5,000 different new compounds have been discovered from 

sponges each year [29]. Among them, cyclopeptides are an important portion of the 

sponge-derived compounds that are accompanied with broad biological effects 
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including anticancer activities [31]. The structures of these sponge-derived natural 

cyclopeptides compounds are shown in Figure 1.1 and their in vitro activities against 

different cancer cells are listed in Table 1.1.  

Azumamides A (1) and E (2) were two cyclotetrapeptides isolated from the marine 

sponge Mycale izuensis. These two compounds have been demonstrated to exhibit 

potent inhibitory activities against histone deacetylase (HDAC) enzymes [32]. It is 

widely acknowledged that overexpression of HDACs may lead to the occurrence of 

heterochromatin and thus different types of cancers [33]. In consequence, HDAC 

inhibitors are suggested with a role in cancer growth inhibition, and their anticancer 

mechanisms are mainly associated with their induction of apoptotic events in cancer 

cells [34]. According to a previous study, azumamide A showed anti-proliferative effect 

on K562 (human bone marrow chronic myelogenous leukemia) cells with IC50 values 

of 0.045, and cytostatic effect on WiDr (human colon cancer) and K562 cells with IC50 

values of 5.8 and 4.5 μM, respectively [32]. Furthermore, azumamides A and E 

obtained from total synthesis were demonstrated to exert significant zinc-binding 

affinity to HDACs, which may contribute to the rational design for synthesizing potent 

anticancer agents [30, 31]. 

Microsclerodermin A (3), a cyclic hexapeptide, first isolated from the lithistid 

sponge Microscleroderma herdmani, was found to be a potent antifungal agent [37, 38]. 

This compound was also reported to have anti-proliferative activities against lung, 

leukemia and pancreatic cancer cells. In human pancreatic adenocarcinoma cells 

(AsPC-1), the level of phosphorylated NFκB was significantly reduced by the 

incubation with microsclerodermin A (IC50=2.3 µM) whereas apoptosis was strongly 

induced. In the human pancreatic adenocarcinoma cells BxPC-3 (IC50=0.8 µM) and 

human pancreatic epithelioid carcinoma PANC-1 cells (IC50=4.0 µM), 
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microsclerodermin A exhibited remarkable inhibitions at low IC50 values. In human 

umbilical vein endothelial cells (HUVECs), this cyclopeptide was shown to have no 

effect of angiogenesis [39]. The above biological investigations demonstrated that 

microsclerodermin A is a good anticancer lead compound for further development. 

Leucamide A (4) is a cytotoxic cyclic heptapeptide with potent cytotoxicity, which 

was first purified from the Australian marine sponge Leucetta microraphis. In the study 

of Kehraus and co-workers, this peptide was found to exhibit inhibitory activities 

against human mucin-producing gastric cells (HM02), and human liver cancer cells 

(HepG2 and Huh7) with GI50 values of 8.5, 9.7 and 8.3 µM, respectively [40]. In the 

consecutive year, the total synthesis of leucamide A was accomplished, and provided a 

viable approach to the sufficient supply of this compound for further comprehensive 

investigations [41]. 

Afifi et al. isolated a new cyclic heptapeptide, named carteritin A (5), from the 

marine sponge Stylissa carteri. Carteritin A exhibited cytotoxicities against human 

colorectal (HCT116), mouse macrophage (RAW264) and human cervical (HeLa) 

cancer cells with IC50 values of 1.3, 1.5 and 0.7 µM, respectively [42].  

Stylissatin B (6), a novel cytotoxic cycloheptapeptide, was obtained from the 

sponge Stylissa massa. This compound displayed inhibitory effects on HCT116, HepG2, 

gastric (BGC823), lung (NCI-H1650), ovarian (A2780) and breast (MCF7) human 

cancer cells with IC50 values ranging 2.3 to 10.6 µM [43]. These results implicated that 

significant structural modification is needed to improve the moderate activity of 

Stylissatin B.  

Derived from the sponge Theonella cupola, cupolamide A (7) was found to be a 

biologically active cyclic heptapeptide. This compound was cytotoxic against mouse 

lymphoma cells (P388) with an IC50 value of 7.5 µM but no cytotoxic against thrombin. 
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Moreover, the resemblance of cupolamide A to λ-aminobutyric acid (GABA) unveils 

its potential effect on the central nervous system, which requires further investigation 

[44]. 

Geodiamolide H (8), a cyclic depsipeptide isolated from the Brazilian sponge 

Geodia Corticostylifera, was firstly identified as a neurotoxic and hemolytic agent [45]. 

This compound showed a potent anti-proliferative activity against the human ductal 

carcinoma T47D (EC50=38.36 nM) and MCF7 (EC50=89.96 nM) cells via altering  the 

cytoskeleton of cancer cells by actin depolymerization. However, no such 

deleteriouseffect was observed in normal cell lines even when higher concentrations 

was used (e.g. 136 nM) [46]. Subsequently, the results of another study further 

demonstrated that geodiamolide H exhibited significant inhibitory effects on the 

migration and invasion of breast cancer cells (Hs578T) that were poorly differentiated 

and highly aggressive [47]. These studies revealed geodiamolide H as a potential lead 

compound for further development of therapeutic use.  

Theopapuamide (9), isolated from the lithistid sponge Theonella swinhoei, was 

also a new cytotoxic depsipeptide with a cyclic ring structure. This cyclopeptide 

exhibited significant cytotoxicity against human leukemia (CEM-TART) (EC50=0.5 

µM) and HCT116 (EC50=0.9 µM) cells. When compared with other depsipeptide with 

HIV-inhibitory activities, the β-methoxytyrosine residue of this compound appears to 

be of great significance for its anti-HIV biological effect [48].  

A group of structurally similar cyclodepsipeptides named homophymines A-E 

(10-14) and A1-E1 (15-19) isolated from the sponge Homophymia sp., were found to 

be potent anti-proliferative agents against a wide panel of cancer cell lines with IC50 

values in the range of 2-100 nM. Among these cell lines, human prostate (PC3) and 

ovarian (OV3) human cancer cell lines were the most sensitive to this group of 
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cyclopeptides. Furthermore, the overexpression of P-glycoprotein (P-gp) proteins did 

not affect the intracellular concentrations of homophymines [49]. Apart from cytotoxic 

activities, homophymine A also exhibited cytoprotective activity against HIV-1 

infection (IC50=75 nM) [50]. In the family of homophymins, their general chemical 

structures are complicated but structural differences among them are subtle. Because of 

their significant anticancer potential, further structure activity relationship (SAR) 

assessment, bioactivity evaluation and mechanism of action studies should be 

performed. 

Jaspamide is an early-discovered cyclic depsipeptide from the sponge Jaspis 

splendens, which delivered pronounced inhibitory activities against breast and prostate 

cancer cells [28]. Pipestelide A (20), a cyclodepsipeptide derived from the marine 

sponge Pipestela candelabra, was biosynthetically related to jaspamide. When 

subjected to cytotoxicity assay, this compound showed cytotoxicity against the human 

nasopharyngeal epidermoid carcinoma (KB) cells with an IC50 value of 0.1 µM, which 

was less potent than jaspamide [51]. 

Three cytotoxic cyclodepsipeptides, neamphamides B-D (21-23), were purified 

from the Australian sponge Neamphius huxleyi. These three compounds were cytotoxic 

to human lung (A549), cervical (HeLa) and prostate (LNCaP and PC3) cancer cells 

with IC50 values varying from 91 to 230 nM. Nevertheless, at sub-nanomolar 

concentrations (100 nM for 48h and 72h), neaphamide D was observed to induce 

proliferation in human lung cancer A549 cells. Therefore, these neamphamindes should 

be discreetly utilized [52]. Apart from the cytotoxic effects, neaphamide D also showed 

a great antimicrobial potency against the growth of Mycobacterium smegmatis and M. 

bovis BCG [53].  
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Collected in Solomon Islands, the sponge Asteropus sp. yielded two new 

derivatives of callipeltin A, which were named cyclic depsipeptides callipeltins N (24) 

and O (25). Their cytotoxicities against human melanoma (A2058), colorectal (HT29), 

and breast (MCF7) cancer cells as well as non-malignant MRC-5 fibroblast cells were 

accompanied with IC50 values ranging from 0.16 to 0.21 µM for callipeltins N and 

ranging from 0.48 to 2.08 µM for callipeltins O. The slight difference of cytotoxicities 

between malignant cancer cells and non-malignant cells indicated that these two 

compounds can provide minimal specificity.Structure-wise, the biological potencies of 

the two compounds was highly related to the positions of the methylGln group [54].  

Pipecolidepsins A (26) and B (27), two head-to-side-chain cyclodepsipeptides 

with significant anticancer potential, were isolated from the sponge homophymia 

lamellosa. Both compounds were tested for their cytotoxic effects against A549, HT29 

and human breast cancer (MDA-MB-231) cells. The results demonstrated that 

pipecolidepsin B (GI50=0.04, 0.01 and 0.02 µM, respectively) was more cytotoxic than 

pipecolidepsin A (GI50=0.6, 1.12 and 0.7 µM, respectively), though pipecolidepsin B 

contains only one more hydroxy group. The SAR assessment further revealed that the 

replacement of residue at C-3 was an important step for gaining higher hydrophilic 

properties in pipecolidepsin B [55], whereas the γ-amino acid in pipecolidepsin A was 

the major functional group for its cytotoxicity [56]. While exerting cytotoxic activity, 

pipecolidepsin A was shown to induce intense membrane damage and necrotic cell 

death [57]. Due to the early discovery of pipecolidepsin A, a total solid-phase synthesis 

of this compound had been previously accomplished [58]. Considering the great 

anticancer potential of pipecolidepsin B, the further understanding of its biological 

property, total synthetic strategy as well as other pharmacological actions is of high 

research interest. 
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Halipeptin D (28) was a cyclic depsipeptide isolated from the sponge Leiosella cf. 

arenifibrosa by Faulkner and Manam [59]. This natural product was reported to exhibit 

significant cytotoxicity against HCT116 cells (IC50=7 nM) and BMS ODCP (oncology 

diverse cell panel) with an average IC50 value of 420 nM. However, the synthetic 

halipeptin D and other halipeptins (e.g. halipeptins A-C) did not show potent 

cytotoxicities. Based on the distinct results, it is reasonable to assume that the previous 

naturally derived compound might have been contaminated with other cytotoxic agents 

during harvest [60]. The discrepancy of cytotoxicity between the synthetic and naturally 

derived compounds is not surprising as such happens somehow. As a result, biological 

properties of halipeptin D remained uncertain and required further investigations. 

The cyclic peptide reniochalistatin E (29) was isolated from the marine sponge 

Reniochalina stalagmitis by Zhan and co-workers. Differed from other congeners 

(reniochalistatins A-D) of the same origin, this compound showed in vitro cytotoxicity 

against RPMI-8226 (human myeloma) and MGC-803 (human gastric carcinoma) cells 

with IC50 values of 4.9 and 9.7 μM, respectively [61]. The subsequent total synthesis of 

reniochalistatin E provided some inspiring methods for the synthetic strategies of 

cyclopeptides with similar structures [62]. 

From the freeze-dried Indonesian sponge Callyspngia aerizusa, a cyclic peptide 

called callyaerin G (30) was purified. Biological studies showed that this compound 

was cytotoxic to mouse lymphoma cells (L5178Y) and HeLa cells with ED50 values of 

4.1 and 41.8 mM, respectively [63]. Callyaerins E (31) and H (32), were purified using 

another bioassay-guided fractionation of the same sponge Callyspngia aerizusa. 

Callyaerins E and H exhibited strong anti-proliferative activities against L5178Y cells 

with ED50 values of 0.39 and 0.48 µM, respectively. Similar to the three compounds 

above, other proline-rich callyaerins yielded from the same sponge also showed high 
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antimicrobial activities [43]. Accordingly, the biological significance of proline residue 

in cyclic peptides becomes a trendy research topic. The mechanism of callyaerins in 

biological actions definitely deserves further investigation. 

Obtained from the lithistid sponge Scleritoderma nodosum, scleritodermin A (33) 

was a cyclic peptide with anticancer potential. By means of cell viability assay, this 

compound was demonstrated to exert cytotoxicity in various cancer cell lines including 

HCT116, HCT116/VM46 (human vinblastin-resistant colon cancer cell), A2780 and 

SKBR3 (human breast cancer cells) with IC50 values of 1.9, 5.6, 0.94 and 0.67 µM, 

respectively. Regarding its molecular mechanism, scleritodermin A induced G2/M 

phase arrest and inhibited tubulin polymerization [64]. By using different moieties and 

fragments, the total synthesis of scleritodermin A had been accomplished [65, 66], and 

consequently provided a sufficient supply of this compound for further comprehensive 

studies of its other biological properties and the synthesis of analogs or derivatives. 

Calyxamides A (34) and B (35), two novel cyclic peptides with bioactivities, were 

first isolated from the marine sponge Discodermia calyx in Japan. When incubated with 

leukemia P388 cells, both compounds yielded moderate cytotoxicities with IC50 values 

of 3.9 and 0.9 µM, respectively [67]. Subsequently, the analysis of the 16S rDNA 

sequence indicated that the biosynthesis of calyxamides A and B were possibly related 

to Candidatus Entotheonella sp. inhabiting in the Theonella genus [68]. Hence, further 

biological studies of these compounds would be relied on the bulky isolation from their 

natural source. 

A group of compounds named keramamides were yielded from the Okinawa 

marine sponge Theonella sp., which possess a variety of bioactivities. Keramamide E 

(36) was reported to display inhibitory activities against mouse lymphocytic leukemia 

(L1210) and KB cells with IC50 values of 1.42 and 1.38 µM, respectively [69]. 
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Subsequent explorations on another Theonella sponge led to the purification of 

keramamides K (37) and L (38). Keramamide K contains a (1-Me)Trp residue, which 

is rarely seen in any naturally derived compound whilst keramamide L is a natural 

cyclopeptide possessing a MeCtrp residue. These two special cyclopeptides exhibited 

strong cytotoxicity against L1210 (IC50=0.77 and 0.5 µM, respectively) and KB 

(IC50=0.45 and 0.97 µM, respectively) cells [70]. Keramamides M (39) and N (40) were 

two other congeners from the Theonella sponge that were discovered by the same 

research team. Both cyclic peptides contained a sulfate ester, which is also a rare residue 

to be found in compounds derived from marine sponge. Keramamides M and N showed 

moderate cytotoxicities against L1210 (IC50=2.02 and 2.33 µM, respectively) and KB 

(IC50=5.05 and 6.23 µM, respectively) cells [71]. The total synthesis of different 

keramamides had been completed by the same research group [72]. From the results of 

structural elucidation, some intriguing constituents of these cyclic peptides exhibited 

anticancer potentials against some other cancer cell lines. In order to highlight the 

aspect of their anticancer effect, more types of cancer cell lines and mechanism of their 

biological actions should be exploited.  

The marine sponge Axinella carteri collected near Vanuatu islands yielded two 

proline-containing cyclopeptides, which were called axinellins A (41) and B (42). Both 

compounds were found to display moderate cytotoxicity against non-small lung cancer 

cells (NSLC-N6) with IC50 values of 16.7 and 29.8 µM, respectively [73]. The first 

synthesis of axinellin A was achieved shortly after its discovery. However, the synthetic 

compound did not show cytotoxicity as the naturally occurring peptide did [74]. 

Therefore, further investigation should be performed for clarifying such discrepancy on 

cytotoxicities between the synthetic and the natural axinellin A. 
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The proline-rich cyclopeptide stylopeptide 2 (43) was isolated from the marine 

sponge Stylotella sp. in Papua New Guinea. According to the study of Brennan et al, 

this compound inhibited 23% growth of BT-549 and 44% growth of Hs578T human 

breast cancer cells in the National Cancer Institute’s one-dose (10-5M) 60-cell-line 

assay [75]. However, further dose-dependent cell viability assays should be carried out 

for a more accurate evaluation of its cytotoxicity and anticancer potential. 

Stylissamide X (44) was a cyclic proline-rich octapeptide discovered in the 

Indonesian marine sponge of Stylissa species. Although only little inhibitory activity 

was observed in the viability assay of HeLa cells, stylissamide X induced significant 

anti-migration effects on the same cell line in the wound-healing assay [76]. As a new 

member of the stylissamides family, the total synthetic approach of it became extremely 

important for securing a good supply of materials for further comprehensivechemical 

and biological studies [77]. More systemic cell viability assays and detailed evaluation 

of its anti-migration properties would be of similar importance for the mode of action 

studies of this type of compounds. 

Aciculitins A-C (45-47) were three bicyclic peptides extracted from the lithistid 

sponge Aciculites orientalis with an unusual histidino-tyrosin bridge. They were also 

the first glycopeptidolipids obtained from a marine origin. In regards to their biological 

activities, aciculitins A-C were cytotoxic against HCT116 (IC50=0.37 µM) and 

inhibitory to the growth of bacterium Candida albicans. Comparing with other 

compounds of the same origin, aciculitins A-C possess a histidine residue which is 

responsible for their predominant bioactivities [78].  

Nazumazoles A-C (48-50) were three novel bicyclic pentapeptides isolated from 

a mixture derived from the marine sponge Theonella swinhoei. The mixture of 

nazumazoles A-C showed cytotoxic activities against P388 cells with an IC50 value of 
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0.83 µM. The reduction of either the ketone or thiol group in the nazumazoles led to a 

significant decrease of the cytotoxicity of the mixture [79]. Based on the results above, 

separation of individual nazumazoles A-C is undoubtedly needed to validate the 

anticancer potential of this type of compounds.  

Theonellamide G (51) was a novel bicyclic glycopeptide isolated from the Red 

Sea Sponge Theonella swinhoei. When compared the positive anticancer control 

etoposide (2.0 µM), theonellamide G merely yielded a moderate cytotoxicity against 

HCT116 with an IC50 value of 6.0 µM. However, this compound showed a potent 

antifungal activity against the wild and amphotericin B-resistant strains of Candida 

albicans [80]. These results added some fresh insights into the diverse biological 

activities of this natural compound, which may inspire further studies on the 

pharmacological actions and SAR for this class of compounds.  

Koshikamide B (52) was a 17-residue cyclic peptide lactone purified from a 

marine sponge of the genus Theonella. This compound was the first natural product 

containing the constitution of Nδ-carbamoyl Asn. Importantly, the 2-(3-amino-2-

hydroxy-5-oxopyrrolidin-2-yl) propionic acid (AHPP) residue of koshikamide B was a 

unique moiety in peptide lactones. Koshikamide B exhibited cytotoxicity in HCT116 

and P388 cancer cells with IC50 values of 3.62 and 0.22 µM, respectively [81].  
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Figure 1.1 Structures of cyclopeptides derived from sponges. 

2.2 Anticancer Cyclopeptides Derived from Ascidians/ Tunicates 

Ascidians are also known as tunicates. They are found in high-current fields, and 

firmly fixed to rocks. About 3,000 species of ascidians have been reported so far [82]. 

As more and more compounds were isolated from the ascidians, the US National 

Cancer Institute (NCI) estimated that about 1% of the marine natural products (MNPs) 

showed anticancer activities [83]. This section focuses on the ascidians derived 

cyclopeptides with promising anticancer potential. The structures of these compounds 

are present in Figure 1.2 and their activities are listed in Table 1.1. 

Mollamide (53) was a cyclopeptide isolated from the ascidian Didemnum molle. 

This compound displayed a moderate cytotoxicity against several cancer cell lines, with 
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IC50 values of 1.24 μM against P388 cells, and 3.1 μM against A549, HT29 and monkey 

kidney CV1 cells. The anti-proliferative property of mollamide was plausibly 

associated with its ability to inhibit RNA synthesis in the cancer cells [84, 85]. Another 

research study on the same Indonesian tunicate Didemnum molle led to the isolation of 

a novel congener, which was a cyclic hexapeptide called mollamide B (54). Mollamide 

B (100 μM) displayed significant growth inhibition against human lung carcinoma 

(H460), MCF7 and glioblastoma (SF-268) cells by 29%, 44% and 42%, respectively. 

Other than its anticancer activities, mollamide B also exhibited notable anti-HIV (HIV-

1, EC50=48.7 μM) and anti-malarial (Plasmodium falciparum, IC50=2.87 μM) 

properties [86]. For the future perspective of its anticancer potential, the specificity of 

mollamide B acting against different cancer cell lines should be investigated. 

Trunkamide A (55) is an analogue of mollamide with a similar cyclopeptide 

structure that is naturally produced by ascidians of Lissoclinum sp. Compared to 

mollamide, trunkamide A was reported to have a more promising antitumor activity 

[87]. Due to its significant in vitro cytotoxicity against several human-derived cancer 

cell lines including A549, P388, HT29 and MEL28 (human melanoma) with IC50 values 

ranging from 0.6 to 1.19 μM, trunkamide A had been evaluated for its antitumor 

efficacy in several preclinical trials [88].  

Fu et al. purified a novel cyclic peptide called prepatellamide A (56), from 

Lissoclinum patella. Although the structure of this peptide had been determined, its 

biological properties were incompletely understood. The IC50 value of prepatallamide 

A against P388 cells was 6.57 µM [89]. Other than this piece of result, no further 

information on prepatallamide A could be obtained. Therefore, the bioactivity studies 

of this compound are desperately needed. 
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Vitilevuamide (57), another ascidian derivative with a bicyclic structure, was 

found in two species of ascidians, Didemnum cuculiferum and Polysyncranton 

lithostrotum. It displayed potent cytotoxicity against HCT116 cells, with an IC50 value 

of 6.24 nM. In A549, SKMEL-5 (human melanoma) and A498 (human kidney 

carcinoma) cells, vitilevuamide exhibited a less potent anti-proliferative effect as its 

IC50 values were determined to be 0.12, 0.31 and 3.12 μM, respectively. In addition, 

The compound showed a percentage increase in the mean lifespan (%ILS) of 70 at the 

concentration of 30 μg/mL in a P388-xenograft in vivo experiment in mice, which 

indicated its significant anticancer potential [90]. Regarding its anticancer mechanisms, 

vitilevuamide inhibited tubulin polymerization and induced cell cycle arrest at the 

G2/M phase [91]. As the supply of the naturally derived vitilevuamide is limited, further 

evaluations on this compound are largely hindered. Due to its complex structure, 

identification of its interactive site(s) with tubulin and methods of chemical synthesis 

are in slow progress. 

Tamandarin A (58) was first isolated from a Brazilian marine ascidian of the 

family Didemnidae. This compound was cytotoxic to three cancer cell lines, BX-PC3 

(pancreatic carcinoma), DU145 (prostate carcinoma) and UM-SCC-10B (laryngeal 

squamous cell carcinoma) with IC50 values of 1.69, 1.29 and 0.94 nM, respectively. 

Didemnin B, another renowned tunicate-derived cyclodepsipeptide, had been promoted 

into clinical trials several years ago owing to its significant anticancer potential [92]. 

With slightly lower IC50 values than didemnin B, tamandarin A can also be a good 

anticancer candidate [93, 94]. Although its mechanism of action remains unclear, the 

structural similarity between tamandarin A and didemnin B may represent their similar 

mechanisms of action in cancer cells, which warrants it for further biological 

investigations. 
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Rudi’s research group found two groups of cyclic hexapeptides, comoramides A 

and B (59-60) and mayotamides A and B (61-62), which were isolated from ascidian 

didemnum molle collected at different spots. Cytotoxicity screening revealed that these 

two groups of compounds showed cytotoxic activities against A549, HT29 and MEL28 

cell lines with IC50 values ranging from 7.22 to 14.97 µM [95]. 

Patellin 6 (63) was a cytotoxic cyclic hexapeptide isolated from the colonial 

ascidian Lissoclinum patella. Although patellins 1-5 exhibited no cytotoxicity, patellin 

6 was highly cytotoxic to P388, A549, HT29 and CV1 cells with the IC50 values around 

2.08 µM. In addition, patellin 6 inhibited the activity of topoisomerase II with an IC50 

value of 2.6 µM [96]. 

Cycloforskamide (64) was a macrocyclic dodecapeptide isolated from the sea slug 

Pleurobranchus forskalii collected in Japan. This compound showed cytotoxic effect 

against P388 cells with an IC50 value of 5.8 µM. In addition, from an ecological 

perspective, cycloforskamide is presumed to chelate toxic metals and plays a 

detoxification role [97].  
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Figure 1.2 Structures of cyclopeptides derived from ascidians/tunicates. 

2.3 Anticancer Cyclopeptides Derived from Mollusks 

As the largest marine phylum and the secondary largest phylum of invertebral 

animals, mollusks possess highly diverse anatomical structures while having various 

behavior and habitats [98]. Surprisingly a great amount of enzymes, polysaccharides, 

lipids and peptides with broad therapeutic uses have been discovered from mollusks. 

No wonder mollusks are considered a great resource for the discovery of bioactive 

compounds [99]. Many previous studies reported that mollusk-derived compounds 

showed significant anticancer properties, and many of them are indeed cyclopeptides. 
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This section lists a wide range of mollusk-derived cyclopeptides with decent anticancer 

activities. The structures of these compounds are shown in Figure 1.3 and their 

activities are listed in Table 1.1. 

Keenamide A (65) is a cyclic hexapeptide isolated from Pleurobranchus forskali. 

This compound elicited anti-proliferative activities against tumor cell lines A549, P388, 

MEL20 (uveal melanoma) and HT29 with IC50 values ranging from 4.03 to 8.05 μM; 

however, its molecular mechanisms remained elusive [100]. 

Aurilide (66) is a 26-membered cyclic peptide extracted from the internal organs 

of sea hare D. auricularia. It exhibited significant cytotoxicity against HeLa S3 tumor 

cells with an IC50 value of 0.013 µM. In the NCI-60 assay, this compound showed a 

strong inhibitory activity against the ovarian, renal as well as prostate cancer cells. 

However, no significant antitumor effect was observed in the subsequent in vivo 

experiments in xenograft mice. In regards to its antitumor mechanism, aurilide 

promoted microtubule stabilization rather than inducing a direct tubulin interaction 

[101]. Sato et al. found that aurilide could selectively bind to prohibitin-1 (PHB1) in 

mitochondria and activate proteolytic processing of OPA1, resulting in mitochondrial 

apoptosis [102]. However, further studies are needed to clarify the obvious diverging 

results obtained from the in vitro and in vivo tests of aurilide. In addition, detailed 

studies of mechanism and SAR are also needed to develop this type of cyclopeptides 

as druggable anticancer agents.  

Dolastatin 16 (67) is a cyclodepsipeptide originated from the sea hare D. 

auricularia in Papua New Guinea. When tested against NCI cancer cell lines, this 

compound exhibited strong inhibitory activities against H460 (GI50=1.09 nM), colon 

adenocarcinoma KM20L2 (GI50=1.37 nM), glioblastoma SF-295 (GI50=5.92 nM) and 

SKMEL-5 (GI50=3.75 nM) cells. Moreover, dolastatin 16 also showed comparable anti-
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proliferative effects against five human leukemia cell lines [103]. Although studies on 

the molecular mechanisms or pharmacological actions of dolastatin 16 are rather 

limited, this highly potent bioactive compound is worthy for further development into 

an anticancer agent. 

Doliculide (68), a potent cytotoxic cyclodepsipeptide, was previously isolated 

from the Japanese sea hare Dolabella auricularia. This compound showed very potent 

cytotoxicity against HeLaS3 cells with an IC50 value of 1.62 nM [104]. It is worth noting 

that the first total synthesis of doliculide was accomplished soon after its isolation [105]. 

Actin is an abundant protein in many eukaryotic cells, and it is also an important target 

in many cancer studies. In order to target actin polymerization, Matcha et al. developed 

an efficient strategy for synthesizing (-)-doliculide, which was proven with great actin 

binding ability [106]. When applied to breast cancer cell lines MCF7 and MDA-MB-

231, the synthetic doliculide showed a decent anti-proliferative activity with IC50 values 

of 93 and 77 nM, respectively. Induction of apoptotic events and migratory impairment 

were also observed in both cell lines when incubated with doliculide [107]. Collectively, 

the above experimental results unveiled the high anticancer potential of doliculide. 

Kulokekahilide-1 (69) was a cyclic depsipeptide purified from the cephalaspidean 

mollusk Philinopsis speciosa. This compound showed cytotoxic activity against P388 

cells with an IC50 value of 2.2 µM [108]. Kulokekahilide-2 (70), a much more potent 

cytotoxic cyclic depsipeptide than 69 was isolated from the same origin two years later. 

The IC50 values of kulokekahilide-2 in P388, human ovarian cancer (SK-OV-3), human 

breast cancer (MDA-MB-435) and rat myoblast (A-10) cells were determined to be 4.2, 

7.5, 14.6 and 59.1 nM, respectively [109]. Due to the potent anticancer potential, 

kulokekahilide-2 and its derivatives were totally synthesized in subsequent studies. 

According to the SAR assessments and cytotoxicity tests performed by Umehara et al., 
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the IC50 values of the synthesized kulokekahilide-2 against A549, K562 and MCF7 

cells were found to be 0.0021 nM, 0.0031 nM and 0.22 nM. These low IC50 values 

indicated that this compound was of great anticancer potential. Interestingly, the cyclic 

structure of this peptide accompanied by the chirality at the 21 position largely 

contributes to its super potent cytotoxicity [110]. According to the NCI COMPARE 

analysis the mechanisms of action of kulokekahilide-2 appeared rather different from 

those of the conventional anticancer agents such as aurilide (66), palauamide (173) and 

lagunamide A (143) [111]. Nevertheless, kulokekahilide-2 and its derivatives are 

considered good anticancer candidates for testing in vivo efficacies in future human 

clinical trials. In the long run, further studies on specific mechanism of action, 

exploration of new derivatives as well as structural modifications would be of high 

significance for the development of kulokekahilide-2 as therapeutic agent for cancer 

treatment. 

Kahalalide F is an intensively studied cyclic peptide that was first isolated from 

Elysia rufescens in 1993 [112]. Owing to its remarkable anticancer potential, several 

phase II clinical trials for kahalalide F are ongoing whilst a few had been completed 

[113]. As an analogue of kahalalide F, kahalalide R1 (71) is also a cyclic depsipeptide, 

which was reported to be isolated from a species of sea slug E. grandifolia in 2006. 

Both kahalalide R1 and kahalalide F were tested for their cytotoxicities against MCF7 

cells, and the results showed that they had comparable IC50 values of 0.14 and 0.22 µM, 

respectively. Furthermore, kahalalide R1 also exhibited anti-proliferative activity in 

mouse lymphoma L1578Y cell line with an IC50 value of 4.26 nM. The anti-

proliferative potency of kahalalide R1 against cancer cells was almost the same potent 

as kahalalide F [114]. Nevertheless, further in vivo and preclinical studies on kahalalide 

R1 are desperately needed for a thorough validation of its anticancer potential. 
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Figure 1.3 Structure of cyclopeptides derived from mollusks. 

2.4 Anticancer Cyclopeptides Derived from Marine Algae 

In the plant kingdom, marine algae are the most ancient members responsible for 

maintaining the stability of the marine ecosystem though they are merely simple 

organisms possessing chlorophyll. Many bioactive compounds have also been derived 

from marine algae, therefore these microorganisms have attracted a lot of attention in 

the recent years for the exploration of algal products [115]. The structures of renowned 

bioactive algal compounds are provided in Figure 1.4 and the activities of these 

compounds are listed in Table 1.1. 

Galaxamide (72) was a representative algae-derived cyclic pentapeptide 

discovered in marine algae Galaxaura filamentosa, which showed moderate inhibitory 

activities against GRC-1 (human renal cell carcinoma, IC50=7.18 μM) and HepG2 

(IC50=7.81 μM) cell lines [116]. In the study of Lunagariya et al., [117] they 

investigated the mechanism of action of galaxamide on MCF7 cells in detail. Their 

results demonstrated that galaxamide induced apoptosis via the oxidative stress-

mediated signaling pathway, by which the mitochondrial membrane potential was 
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disrupted in response to the overwhelmed production of reactive oxygen species (ROS). 

Further, cell cycle arrest at G1 phasewas also observed after the treatment with 

galaxamide due to ROS production, which contributed much to the apoptosis of MCF7 

cells. Several synthetic analogues of galaxamide were found to be more potent than the 

natural scaffold, thus this type of compounds are worthy for further studies as novel 

candidates for the treatment of breast cancer. 

 

Figure1.4 Structure of the cyclopeptide derived from marine algaes. 

 

Table 1.1. Marine-derived anticancer cyclopeptides 
Name Biological Source Anticancer Activity Reference 

Anticancer Cyclopeptides Derived from Sponge 

Azumamide A (1) Mycale izuensis HDAC inhibitory activity against K562 cells 

(IC50=0.045 μM); Cytostatic effects on WiDr 

(IC50=5.8 μM) and K562 (IC50=4.5 μM) cells 

[32], 

[35], [36] 

Azumamide E (2) Mycale izuensis HDAC inhibitory activity against K562 cells 

(IC50=0.045 μM) 

[32], 

[35], [36] 

Microsclerodermin 

A (3) 

Microscleroderma 

herdmani 

Induction of apoptosis in AsPC-1 (IC50=2.3 

µM), BxPC-3 (IC50=0.8 µM) and PANC-1 

(IC50=4.0 µM) cells. 

[37], 

[38], [39] 

Leucamide A (4) Leucetta 

microraphis 

Inhibitory activities to HM02 (GI50=8.5 µM), 

HepG2 (GI50=9.7 µM) and Huh7 (GI50=8.3 

µM) cells. 

[40], [41] 

Carteritin A (5) Sponge, Stylissa 

carteri 

Cytotoxicity against HCT116 (IC50=1.3 µM), 

RAW264 (IC50=1.5 µM) and HeLa (IC50=0.7 

µM) cells 

[42] 

Stylissatin B (6) Stylissa massa Inhibitory effects on HCT116, HepG2, 

BGC823, NCI-H1650, A2780 and MCF7 cells. 

(IC50=2.3 to 10.6 µM) 

[43] 

Cupolamide A (7) Theonella cupola Cytotoxicity against P388 (IC50=7.5 µM) cell. [44] 

Geodiamolide H 

(8) 

Geodia 

Corticostylifera 

Anti-proliferative activitiy against T47D 

(EC50=38.36 nM) and MCF7 (EC50=89.96 nM) 

cells 

[45], 

[46], [47] 
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Theopapuamide 

(9) 

Theonella 

swinhoei 

Cytotoxicity against CEM-TART (EC50=0.5 

µM) and HCT116 (EC50=0.9 µM) cells. 

[48] 

Homophymines 

A-E (10-14) & 

A1-E1 (15-19) 

Homophymia sp. Anti-proliferative against several cancer cell 

lines (IC50=2 to 100 nM), among which PC3 

and OV3 are the most sensitive. 

[49], [50] 

Pipestelide A (20) Pipestela 

candelabra 

Cytotoxicity against KB (IC50=0.1 µM) cell.  [51] 

Neamphamides B-

D (21-23) 

Neamphius 

huxleyi 

Cytotoxicity against A549, LNCaP and PC3 

cells. (IC50=91 to 230 nM) 

[52], [53] 

Callipeltins N (24) 

and O (25) 

Asteropus sp. Cytotoxicity against A2058, HT29, MCF7 and 

MRC-5 cells. (IC50=0.16 to 0.21 µM and 0.48 

to 2.08 µM, respectively) 

[54] 

Pipecolidepsins A 

(26) and B (27) 

Homophymia 

lamellosa 

Cytotoxicity against A549 (GI50=0.6 and 0.04 

µM, respectively), HT29 (GI50=1.12 and 0.01 

µM, respectively) and MDA-MB-231 

(GI50=0.7 and 0.02 µM, respectively) cells. 

[55], 

[56], 

[57], [58]  

Halipeptin D (28) Leiosella cf. 

arenifibrosa 

Cytotoxicity against HCT116 cell line (IC50=7 

nM) and BMS ODCP with an average IC50 

value of 420 nM. 

[59], [60] 

Reniochalistatin E 

(29) 

Reniochalina 

stalagmitis 

Cytotoxicity against RPMI-8226 (IC50=4.9 

μM) and MGC-803 (IC50=9.7 μM) cells. 

[62] 

Callyaerin G (30) Callyspngia 

aerizusa 

Cytotoxicity against L5178Y (ED50=4.1 mM) 

and HeLa (ED50=41.8 mM) cells. 

[63] 

Callyaerins E (31) 

and H (32) 

Callyspngia 

aerizusa 

Cytotoxicity against L5178Y (ED50=0.39 and 

0.48 μM, respectively). 

[43] 

Scleritodermin A 

(33) 

Scleritoderma 

nodosum 

Cytotoxicity against HCT116 (IC50=1.9 μM), 

HCT116/VM46 (IC50=5.6 μM), A2780 

(IC50=0.94 μM) and SKBR3 (IC50=0.67 μM) 

cells. 

[64], 

[65], [66] 

Calyxamides A 

(34) and B (35) 

Discodermia 

calyx 

Cytotoxicity against P388 (IC50=3.9 and 0.9 

μM, respectively) cell. 

[67] 

Keramamide E 

(36) 

Theonella sp Cytotoxicity against L1210 (IC50=1.42 µM) 

and KB (IC50=1.38 µM) cells. 

[69] 

Keramamides K 

(37) and L (38) 

Theonella sp Cytotoxicity against L1210 (IC50=0.77 and 0.5 

µM, respectively) and KB (IC50=0.45 and 0.97 

µM, respectively) cells. 

[70] 

Keramamides M 

(39) and N (40) 

Theonella sp Cytotoxicity against L1210 (IC50=2.02 and 

2.33 µM, respectively) and KB (IC50=5.05 and 

6.23 µM, respectively) cells. 

[71], [72] 

Axinellins A (41) 

and B (42) 

Axinella carteri Cytotoxicity against NSLC-N6 (IC50=16.7 and 

29.8 µM, respectively) cell. 

[74] 

Stylopeptide 2 

(43) 

Stylotella sp. Inhibition of 23% BT-549 cell growth and 

44% Hs578T cell growth at one dose (10-5M). 

[75] 

Stylissamide X 

(44) 

Stylissa sp Anti-migration effects on HeLa cell. [76], [77] 

Aciculitins A-C 

(45-47) 

Aciculites 

orientalis 

Cytotoxicity against HCT116 (IC50=0.37 µM) 

cell. 

[78] 

Nazumazoles A-C 

(48-50) 

Theonella 

swinhoei 

Cytotoxicity against P388 (IC50=0.83 µM) cell. [79] 

Theonellamide G 

(51) 

Theonella 

swinhoei 

Cytotoxicity against HCT116 (IC50=6.0 µM) 

cell. 

[80] 

Koshikamide B 

(52) 

Theonella sp. Cytotoxicity against HCT116 (IC50=3.62 µM) 

and P388 (IC50=0.22 µM) cells. 

[81] 

Anticancer Cyclopeptides Derived from Ascidians/ Tunicates 

Mollamide (53) Ascidian, 

Didemnum molle 

Cytotoxicity against P388 (IC50=1.24 µM), 

A549 (IC50=3.1 µM), HT29 (IC50=3.1 µM) and 

CV1 (IC50=3.1 µM) cells. 

[84], [85] 

Mollamide B (54) Tunicate, 

Didemnum molle 

Growth inhibition of H460, MCF7 and SF-268 

cells. 

[86] 
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Trunkamide A 

(55) 

Ascidian, 

Lissoclinum sp 

Cytotoxicity against A549, P388, HT29 and 

MEL28 cells. (IC50=0.6 to 1.19 µM) 

[87], [88] 

Prepatellamide A 

(56) 

Ascidian, 

Lissoclinum 

patella 

Cytotoxicity against P388 cells. (IC50~6.57 

µM) 

[89] 

Vitilevuamide (57) Ascidian, 

Didemnum 

cuculiferum 

Cytotoxicity against HCT116 (IC50=6.24 nM), 

A549 (IC50=0.12 µM), SKMEL-5 (IC50=0.31 

µM) and A498 (IC50=3.12 µM) cells. 

[90], [91] 

Tamandarin A 

(58) 

Ascidian, 

Didemnidae sp. 

Cytotoxicity against BX-PC3 (IC50=1.69 nM), 

DU145 (IC50=1.29 nM), UM-SCC-10B 

(IC50=0.94 nM) cells. 

[92], 

[93], [94] 

Comoramides A-B 

(59-60) & 

Mayotamides A-B 

(61-62) 

Ascidian, 

didemnum molle 

Cytotoxicity against A549, HT29 and MEL28 

cells. (IC50=7.22 to 14.97 µM) 

[95] 

Patellin 6 (63) Ascidian, 

Lissoclinum 

patella 

Cytotoxicity against P388, A549, HT29 and 

CV1 cells. (IC50~2.08 µM) 

[96] 

Cycloforskamide 

(64) 

Sea slug, 

Pleurobranchus 

forskalii 

Cytotoxicity against P388 cell (IC50=5.8 µM). [97] 

Anticancer Cyclopeptides Derived from Mollusks 

Keenamide A (65) Mollusk, 

Pleurobranchus 

forskali 

Anti-proliferative activity against A549, P388, 

MEL20 and HT29 cells. (IC50=4.03 to 8.05 

µM) 

[100] 

Aurilide (66) Sea hare, D. 

auricularia 

Cytotoxicity against HeLa S3 (IC50=0.013 µM) 

cell. Inhibitory activity against ovarian, renal 

and prostate cancer cells in NCI 60 cell lines. 

[101], 

[102] 

Dolastatin 16 (67) Sea hare, D. 

auricularia 

Cytotoxicity against H460 (GI50=1.09 nM), 

KM20L2 (GI50=1.37 nM), SF-295 (GI50=5.92 

nM) and SKMEL-5 (GI50=3.75 nM) cells. 

Anti-proliferative effects against 5 human 

leukemia cell lines 

[103] 

Doliculide (68) Sea hare, 

Dolabella 

auricularia 

Cytotoxicity against HeLa S3 (IC50=1.62 nM) 

cell.  

[104], 

[105], 

[106], 

[107] 

Kulokekahilide-1 

(69) 

Mollusk, 

Philinopsis 

speciosa 

Cytotoxicity against P388 (IC50=2.2 µM) cell.  [108] 

Kulokekahilide-2 

(70) 

Mollusk, 

Philinopsis 

speciosa 

Cytotoxicity against P388 (IC50=4.2 nM), SK-

OV-3 (IC50=7.5 nM), MDA-MB-435 

(IC50=14.6 nM) and A-10 (IC50=59.1 nM) 

cells. 

[109], 

[110], 

[111],  

Kahalalide R1 (71) Sea slug, E. 

grandifolia 

Cytotoxicity against MCF7 (IC50=0.14 µM), 

L1578Y (IC50=4.26 nM) cells. 

[114] 

Anticancer Cyclopeptides Derived from Marine Algae 

Galaxamide (72) Algae, Galaxaura 

filamentosa 

Inhibitory activity against GRC-1 (IC50=7.18 

μM) and HepG2 (IC50=7.81 μM) cells. 

[116], 

[117] 

 

 

3. Terrestrial plant-Derived Anticancer Cyclopeptides 

Plants are undeniably an important source for natural products. Nowadays, 

traditional plant-based medicines are still prevalently used for healthcare and medical 
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treatment around the world. Over 28,000 species of plants have been recorded with 

differenct therapeutic purposes [118]. Therefore, plants constituents have long been 

regarded as the mainstream materials for drug discovery. In particular, over one third 

of current anticancer drugs are derived from plant natural products [119]. In this section, 

the recently isolated plant-derived cyclopeptides and their anticancer properties are 

discussed. The structures of these compounds are shown in Figure 1.5 and their 

activities are listed in Table 1.2. 

Cherimolacyclopeptides C-F (73-76) were cyclic heptapeptides obtained from the 

seeds of Annona cherimola in 2004 and 2005. All four compounds exhibited significant 

in vitro cytotoxicity against KB cells with IC50 values ranging from 0.017 to 0.97 μM 

[120–122]. Although these compounds showed anticancer potential, no further 

screening on other cancer cell lines or pharmacological investigations of these 

congeners have been reported thereafter.  

Integerrimide C (77), a novel cycloheptapeptide, has been recently isolated from 

the latex of Jatropha integerrima. The cytotoxicity bioassay indicated its inhibitory 

effect against KB cells was associated with an IC50 value of 1.7 μM [123]. The 

discovery of integerrimide C was actually the continuation of studies on the latex of 

Jatropha integerrima. Previously reported cyclopeptides integerrimides A and B were 

also the isolates of this particular species and exhibited moderate inhibitory activities 

against human melanoma (IPC-298) cell proliferation (up to 40% at 50 μM) and human 

pancreatic carcinoma (Capan II) cell migration (30% and 20% at 50 μM, respectively) 

[124]. 

Linoorbitides (LOBs) are a group of cyclopeptides found in flaxseed oil. Actually, 

flaxseed and its oil have been considered and utilized as anticancer products for many 

years [125]. In order to investigate whether flaxseed-derived LOBs are cytotoxic to 
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cancer cells, Denis et al. [126] tested the cytotoxicity of four cyclopeptides derived 

from flaxseed against A375 (melanoma), SKBR3 and MCF7 cells. Their study showed 

that LOB3 (78) possessed the highest in vitro potency among the test compounds, yet 

the minimum concentration of LOBs in serum had to be reached about 400-500 μg/mL 

for the delivery of its effectiveness. Such concentration is unlikely to be used as a drug 

through oral administration in humans. Nevertheless, as topical medication, LOB3 

could be a potential agent for the treatment of melanoma and other skin cancers. 

Although flaxseed is well known for its health benefits against cancer, searching for 

specific compounds derived from flaxseed with high potency is still under way. 

Cambodine A (79) was a novel 14-membered ring cyclopeptide extracted from the 

root barks of Ziziphus cambodiana. The in vitro bioassay showed that it was moderately 

cytotoxic against the BC-1 (lymphoma) cells with an IC50 value of 11.1 µM, whilst no 

toxicity was shown against the non-cancerous Vero cells [127].  

The species Dianthus superbus is an important anti-inflammatory and diuretic 

herb in traditional Chinese medicine. Longicalycinin A (80), a cytotoxic cyclopeptide, 

was first isolated from the extract of Dianthus superbus several years ago. The natural 

compound showed a growth inhibitory activity against HepG2 cancer cells with an IC50 

value of 22.13 µM [128]. This compound had been successfully synthesized by the  

solid-phase methodology. When acting against in vitro Dalton’s lymphoma ascites 

(DLA) and Enrlich’s ascites carcinoma (EAC) cells, CTC50 values were determined to 

be 2.62 and 6.17 µM, respectively [129]. In the study of Tehrani et al., they 

demonstrated that the synthesized linear and cyclic disulfide heptapeptides of 

longicalycinin A showed similar inhibitory effect against HepG2 (IC50=16.97 and 16.91 

µM, respectively) and HT29 (IC50=20.38 and 27.68 µM, respectively) cells. However, 

considering their vulnerability and proapoptotic actions against normal cells (skin 
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fibroblast cells), the linear disulfide heptapeptides were more tempting for promotion 

as novel anticancer agents [130]. Although longicalycinin A and its analogues can be 

totally synthesized, the mechanism of actions as well as the in vivo actions of these 

compounds are yet to be thoroughly studied. 

Similar to longicalycinin A, dianthin E (81) is another cyclic peptide isolated from 

Dianthus superbus. With the IC50 values of >33.3 µM against Hep3B (human hepatic 

carcinoma), MCF7, A549 and MDA-MB-231 cells, this compound exhibited a 

selective in vitro cytotoxic activity against HepG2 cells (IC50=3.51 µM) [131]. 

Orbitides are a group of plant cyclic peptides possessing a signature short chain of 

5 to 11 residues, they are biosynthesized by ribosomes and characterized by their N-to-

C amide bonds, but not disulfide bonds [132]. [1-8-NαC]-Zanriorb A1 (82) was a novel 

orbitide isolated from the leaves of Zanthoxylum riedelianum with proapoptotic effects. 

This compound was found to be cytotoxic against Jurkat leukemia T cells with an IC50 

value of 218 nM. Regarding its molecular mechanism, it induced remarkable cell death, 

which would be partially inhibited by the caspase inhibitor Z-VAD-FMK. Moreover, it 

also induced apoptosis via reducing the levels of mitochondrial membrane potential 

(Ψmit) and deactivating caspase-3 [133].  

Cyclotides are the macrocyclic cysteine-rich peptides derived from plants, and 

featured with three disulfide bonds, 28 to 37 amino acids and a head-to-tail cyclized 

backbone in a knotted arrangement [134]. The typical structure of cyclotides makes 

them broadly bioactive and remarkably stable against enzymatic and thermal 

degradation [135]. 

In traditional Chinese medicine, the roots and rhizomes of Rubia plants have been 

used for thousands of years to treat menoxenia, contusion, rheumatism and tuberculosis 

[136]. Rubiaceae-type cyclopeptides (RAs) are referred to as natural cyclopeptides 
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derived from Rubia. Up to now, 56 RAs have been isolated from Rubia plants. Due to 

their characteristic bicyclic structures and significant anticancer activities, RAs have 

gained much attention in recent years [137]. Rubipodanin A (83), a novel cyclic 

hexapeptide obtained from the roots and rhizomes of Rubia podantha, is the first 

naturally identified N-desmonomethyl RA. This compound was tested to be cytotoxic 

against three cancer cell lines including HeLa, A549 and SGC-7901 (human gastric 

cancer cell), with IC50 values ranging from 3.80 to 7.22 μM. However, when compared 

to the previously known cyclopeptide RA-V, in which two N-methyl groups are present 

in its backbone skeleton, the cytotoxicity of rubipodanin A was considered much 

weaker. In regards to its mechanisms, rubipodanin A exhibited a down-regulating effect 

on the nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) pathway, 

which largely contributed to its anticancer activity [138]. Derived from the same plant 

species, another new RA with potent cytotoxicity was designated rubipodanin B (84). 

This compound showed IC50 values of 1.47 μM, 0.69 μM and 3.37 μM in MDA-MB-

231, SW620 (human colorectal adenocarcinoma) and HepG2 cells respectively. 

Nevertheless, the anticancer activity of rubipodanin B was not associated with any 

down-regulation of the NF-κB signaling pathway [139]. To further determine its 

underlying mechanism, a wide screening of its molecular targets is desperately needed. 

The intensive studies of famous traditional Chinese herb Hedyotis biflora had led 

to the isolation of HB7(85), which is considered a potential anticancer cyclotide. By 

means of MTT assay, HB7 showed in vitro cytotoxicity against four pancreatic cancer 

cell lines BxPC3, Capan2, MOH-1 and PANC1 with IC50 values of 0.68, 0.45, 0.33 and 

0.36 µM, respectively. At a non-toxic concentration of 0.05 µM, HB7 even inhibited 

cellular migration and invasion of Capan2 cells. When extrapolated to the in vivo 

xenograft mouse models, this cyclotide was observed to significantly suppress tumor 
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growth without exhibiting any obvious organ injury or toxicity. Based on the results 

above, the cytotoxicity of HB7 was plausibly related to the different net charges of the 

cyclotide [140]. Because of its decent anticancer potential, the specific underlying 

mechanism of action of HB7 deserves further investigation.  

Cliotides T1-T4 (86-89) were four novel cyclotides isolated from the tropical plant 

Clitoria ternatea, belonging to the Fabaceae family. With the prevalent distribution in 

almost every tissue of Clitoria ternate, the extraction of these four cyclotides is rather 

efficient. These cyclotides have been confirmed to be heat-stable cysteine-rich peptides. 

When incubated with HeLa cells, all these four compounds yielded significant 

cytotoxicity with IC50 values ranging from 0.6 to 8.0 µM. Among the four, T1 and T4 

were the most potent ones (IC50=0.6 µM) [141]. Cliotides T2 (87), T4 (89), T7 (90), 

T10 (91) and T12 (92) also exhibited significant cytotoxicity towards A549 cells (IC50 

values ranging from 0.21 to 7.59 µM) as well as paclitaxel-resistant A549 cells (IC50 

values ranging from 0.45 to 7.92 µM). Intriguingly, the IC50 values of these five test 

compounds were decreased by two to four folds when incubated with paclitaxel [142]. 

Nevertheless, the chemosensitizing ability of the cliotides became evidenced in drug-

resistant cell lines, which deserves further studies on the aspects of compound charge 

status and in vivo efficacy. Apart from anticancer potential, cliotides, T1 to T4 in 

particular, also exhibited notable antimicrobial properties, particularly E. coli [141]. 

Among the cyclotides isolated from Psychotria leptothyrsa var. longicarpa, psyle 

E (93) was the most cytotoxic one. The IC50 value of psyle E against human lymphoma 

cell line U937-GTB was determined to be 0.76 µM. According to the reported SAR 

assessment, the linear structure of psyle E was required to maintain its potent 

cytotoxicity [143].  
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Vigno 5 (94) was a cyclotide discovered in Viola ignobilis [144]. This compound 

showed its in vitro cytotoxicity against HeLa cells with an IC50 value around 2.5 µM. 

Due to the complexity of its chemical structure and technical limitation, only the 

primary structure of vigno 5 had been elucidated so far. In the study of Esmaeili el al., 

vigno 5 induced apoptosis in a dose-dependent manner accompanied by nuclear 

shrinkage, DNA fragmentation, caspase activation and the cleavage of PARP. The 

vigno 5 induced-apoptosis was found to be caspase-dependent, explicitly caspase-3. To 

the induction of apoptotic events and mitochondrial dysfunction, a decreased level of 

anti-apoptotic Bcl-2 and an increased level of pro-apoptotic Bax were observed in the 

vigno 5-treated HeLa cells [145]. 

Cycloviolacin O2 (CyO2, 95), a potent cytotoxic cyclotide, was first isolated from 

the plant Viola odorata L. (Violaceae). The presence of glutamic acid in cycloviolacin 

O2 contributed much to its cytotoxic activity against U937 GTB (human lymphoma) 

cells with an IC50 value of 0.75 μM [146]. Besides, CyO2 also exhibited concentration-

dependent cytotoxicities towards CCRF-CEM (leukemia cell line), NCI-H69 (small 

cell lung cancer) and HT29 cells with IC50 values of 0.3, 1.2 and 5.3 μM, respectively 

[147]. Disruption of the U937 cell membranes by CyO2 further indicated its membrane-

disrupting activity while exerting cytotoxicity [148]. Gerlach et al. even demonstrated 

that CyO2 induced pore formation specifically in highly proliferating tumor cells [149]. 

In addition, CyO2 was also reported to exhibit bioactivities against gram-negative 

bacteria and HIV-1 virus via multipleregulatory mechanisms [149, 150]. However, 

another study on the evaluation of toxicity and antitumor activity of CyO2 in mice 

showed that its antitumor effects were little or even absent at sublethal doses. It is worth 

noting that quick lethality of CyO2 was observed at 2 mg/kg whilst no abnormal signs 

were seen at the dose of 1.5 mg/kg in the experimental mice [147]. Thus, there is a great 
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disparity between the results of the in vitro and in vivo experiments. For further 

investigation of this cyclotide, problems such as low in vivo efficacy are in need of 

being addressed. 

Characterized by the macrocyclic backbones, cyclotides viphi A-G (96-102) were 

isolated from Viola philippica. These eight compounds were cytotoxic to human 

melanoma (MM96L), HeLa and human gastric adenocarcinoma (BGC-823) cells and 

human normal fibroblast cells (HFF-1). When applied at 3.24 and 3.17 µM, viphi D-E 

showed no activity against BGC-823 cell; however all these eight cyclotides displayed 

cytotoxicities against many cancer cell lines with IC50 values ranging from 1.03 to 15.5 

µM. From the results of SAR assessments, hydrophobicity and glutamic acid residue 

of loop 1 are suggested of great importance for their cytotoxic activities. Further 

biochemical assays revealed that these viphis could be influenced by minimal 

sequential changes for alterations of their bioactivities [152]. 

Vabys A (103) and D (104) were two cyclotides derived from Viola abyssinica, a 

plant growing at altitudes over 3400 meters. Both compounds contain charged residues; 

however different net charges lead to different bioactivities. Vabys A and D exhibited 

cytotoxicities against U-937 lymphoma cells in a dose-dependent manner, with IC50 

values of 2.6 and 7.6 µM, respectively [153]. 

Isolated from the alpine violet Viola biflora, vibis G (105) and H (106) were two 

bracelet cyclotides. These two compounds showed similar cytotoxic potency 

(IC50=0.96 and 1.6 µM, respectively) against lymphoma U-937 GTB cells [154]. 

A bioactivity-guided fractionation of Viola tricolor led to the isolation of a cluster 

of highly similar cyclotides, among which vitri A (107), varv A (108) and varv E (109) 

were found to be cytotoxic agents. Two human cancer cell lines, U-937 GTB (IC50=0.6, 

6 and 4 µM, respectively) and myeloma RPMI-8226/s (IC50=1, 3 and 4 µM, 
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respectively) were used in the cytotoxicity assays. Sequence determination and SAR 

analysis demonstrated that differences in the net charges and cationic amino acid 

residues in these cyclotides are extremely crucial for their cytotoxicities [155]. 

Assessment of the cytotoxic activities against human malignant glioblastoma (U251), 

MDA-MB-231, A549, DU145 and human hepatoma (BEL7402) cell lines showed the 

inhibitory activities of vitri A (107) with IC50 values ranging from 0.97 to 1.91 µM and 

vitri F (110) with IC50 values ranging from 0.85 to 1.97 µM. Importantly, the 

distribution of highly hydrophobic residues on the surface was highlighted for the 

cytotoxic activities of these cyclotides [156]. Undeniably, plant-derived cyclotides are 

the intriguing candidates for drug development as anticancer therapeutics. Owing to the 

abundant source of cyclotides, V. tricolor warrants further studies for the identification 

of new bioactive compounds and their anticancer mechanism of actions. 



38 

 

 

 

Figure 1.5 The chemical structures of terrestrial plant-derived cyclopeptides. 
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Table 1.2 Terrestrial plant-derived anticancer cyclopeptides 
Name Biological Source Anticancer Activity Reference 

Cherimolacyclopeptides 

C-F (73-76) 

Seeds of Annona 

cherimola 

Cytotoxicity against KB cell. 

(IC50=0.017 to 0.97 µM)  

[119], 

[120], [121] 

Integerrimide C (77) Latex of Jatropha 

integerrima 

Cytotoxicity against KB (IC50=1.7 

µM) cell.  

[123], [124] 

LOB3 (78) Flaxseed oil Cytotoxicty against A375, SKBR3 

and MCF7 cells. 

[125], [126] 

Cambodine A (79) Root bark of 

Ziziphus 

cambodiana 

Cytotoxicity against BC-1 (IC50=11.1 

µM) cell. 

[127] 

Longicalycinin A (80) Dianthus 

superbus 

Growth inhibitory activity against 

HepG2 (IC50=22.13 μM) cell. 

[128], 

[129], [130] 

Dianthin E (81) Dianthus 

superbus 

Cytotoxicity against HepG2 

(IC50=3.51 μM) cell. 

[131] 

[1-8-NαC]-Zanriorb A1 

(82) 

Leaves of 

Zanthoxylum 

riedelianum 

Cytotoxicity against Jurkat leukemia 

T cell (IC50=218 nM). 

[133] 

Rubipodanin A (83) Roots and 

rhizomes of 

Rubia podantha 

Cytotoxicity against HeLa, A549 and 

SGC-7901 cells. (IC50=3.80 to 7.22 

μM) 

[138] 

Rubipodanin B (84) Rubia podantha Cytotoxicity against MDA-MB-231 

(IC50=1.47 μM), SW620 (IC50=0.69 

μM) and HepG2 (IC50=3.37 μM) 

cells.  

[139] 

HB7 (85) Hedyotis biflora Cytotoxicity against BxPC3 

(IC50=0.68 μM), Capan2 (IC50=0.45 

μM), MOH-1 (IC50=0.33 μM) and 

PANC1 (IC50=0.36 μM) cells. 

[140] 

Cliotides T1-T4 (86-

89), cliotide T7 (90), 

cliotide T10 (91), 

cliotide T12 (92) 

Clitoria ternatea Cliotides T1-T4: cytotoxicity against 

HeLa (IC50=0.6 to 8.0 μM) cell.  

Cliotides T2, T4, T7, T10 and T12: 

cytotoxicity against A549 (IC50=0.21 

to 7.59 μM) and A549/paclitaxel 

(IC50=0.45 to 7.92 μM) cells. 

[141], [142] 

psyle E (93) Psychotria 

leptothyrsa var. 

longicarpa 

Cytotoxicity against U937-GTB 

IC50=0.76 μM) cell. 

[143] 

Vigno 5 (94) Viola ignobilis Pro-apoptotic activity on HeLa cell. [145] 

Cycloviolacin O2 

(CyO2) (95) 

Viola odorata L. Cytotoxicity against U937 GTB 

(IC50=0.75 μM), CCRF-CEM, NCI-

H69 and HT29 cells.  

[146], 

[147], 

[148], 

[149], 

[150], [151] 

Viphi A-G (96-102) Viola philippica Cytotoxicity against MM96L, HeLa, 

BGC-823, HFF-1 cells, but viphi D 

and E showed no activity against 

BGC-823 cell. (IC50=1.03 to 7.92 

μM) 

[152] 

Vaby A (103) and D 

(104) 

Viola abyssinica Cytotoxicity against U-937 (IC50=2.6 

and 7.6 μM, respectively) cell. 

[153] 

Vibi G (105) and H 

(106) 

Viola biflora Cytotoxicity against U-937 GTB 

(IC50=0.96 and 1.6 μM, respectively) 

cell. 

[154] 

Vitri A (107) Viola tricolor Cytotoxicity against U-937 GTB 

(IC50=0.6 µM) and RPMI-8226/s 

(IC50=1 µM) cells. 

Cytotoxicity against U251, MDA-

MB-231, A549, DU145 and 

[155], [156] 
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BEL7402 cells (IC50=3.07 to 6.03 

μM). 

Varv A (108) and E 

(109) 

Viola tricolor Cytotoxicity against U-937 GTB 

(IC50=6 and 4 µM, respectively) and 

RPMI-8226/s (IC50=3 and 4 µM, 

respectively) cells. 

[155] 

Vitri F (110) Viola tricolor Cytotoxicity against U251, MDA-

MB-231, A549, DU145 and 

BEL7402 cells (IC50=2.74 to 6.31 

μM). 

[156] 

 

4. Bacteria-Derived Anticancer Cyclopeptides 

Bacteria are single celled micro-organisms that thrive in diverse environments. In 

fact, a significant amount of bacteria are from oceans. It is hard to imagine that there 

are actually 40 million bacterial cells living in 1 g of soil and 1 million bacterial cells 

in 1 mL of freshwater [157]. Diverse habitats and complex relationships with other 

organisms, such as antagonistic actions towards some worms and molecules, cause 

bacteria to produce many different types of metabolites, and some of them are highly 

bioactive for pharmaceutical uses in humans [158]. In recent years, quite a number of 

bioactive cyclopeptides have been isolated from bacteria possessing anticancer 

properties. In this section, these cyclopeptides and their cytotoxicities against cancer 

cells are discussed. The chemical structures of these cyclopeptides are provided in 

Figure 1.6 and their activities were listed in Table 1.3. 

4.1 Anticancer Cyclopeptides Derived from Non-Marine Bacteria 

YM753 (spiruchostatin A/OBP-801) (111), a disulphide bond-containing bicyclic 

depsipeptide, was isolated from Pseudomonas sp. and identified as a gene-enhancing 

substance at first. Subsequent studies also demonstrated it also exerted TGF-β-like 

activity and HDAC inhibitory properties [159, 160]. As a HDAC inhibitor, YM753 

induced histone acetylation through cell cycle arrest at the G1 and G2/M phases and 

enhancing p21WAF1/Cip1 expression and apoptosis in WiDr cells [160]. When applied 

with celecoxib as a combo treatment, a synergetic anti-proliferative effect was observed 
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in the high-grade bladder cancer cells. Such anti-proliferation of cancer cells was found 

to be caspase dependent in both in vitro and in vivo experiments [161]. The combinatory 

treatment with OBP-801 and fibroblast growth factor receptor (FGFR) inhibitor 

BGJ298, a significant attenuation on cell growth was obtained in the muscle-invasive 

bladder cancer cells, and a regulation of the caspase and Bim pathways was 

demonstrated [162]. Accordingly, these evidence have demonstrated the great 

anticancer potential of combo remedies YM753/OBP-801/spiruchostatin A. 

Telomestatin (112) was a macrocyclic peptide first isolated from Streptomyces 

anulatus 3533-SV4 and had been shown to act as a telomerase inhibitor in cancer cells 

[163]. Telomerase is indeed a significant enzyme responsible for cellular senescence 

and tumorigenic conversion. Telomestatin can specifically bind to the telomeric G-

quadruplex structure at the 3’ telomere end and inhibit the activity of telomerase [164]. 

When acting against MiaPaCa (human pancreatic carcinoma) cells, the IC50 value of 

telomestatin was determined to be 0.5 μM [165]. This compound also exhibited 

significant cytotoxicity against four neuroblastoma cell lines with IC50 values ranging 

from 0.8 to 4.0 μM. Telomere shortening, cell cycle arrest and apoptosis were observed 

after long-term incubation with telomestain at non-cytotoxic concentrations [166]. Due 

to its potent cytotoxicity against cancer cells, telomestatin is considered as a potential 

therapeutic agent in treating cancers [167]. The pharmacological characteristics of 

telomestatin promotes it to be served as a reference standard substance in the in vitro 

telomere shortening activity assays [168]. Although a great number of telomerase 

inhibitors have been isolated from the nature, telomestatin remains the strongest 

cytotoxic agent of its kind. However, the limited production has impeded the wide uses 

of telomestatin. Fortunately, biosynthetic gene clusters responsible for the production 

of this compound had been established several years ago, which may be exploited as 
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the promising approaches for mass production of this compound for future preclinical 

and clinical trials [167].  

 

Figure 1.6 Structure of cyclopeptides derived from non-marine bacteria. 

4.2 Anticancer Cyclopeptides Derived from Marine Bacteria 

As the smallest autonomous organisms in the ocean, marine bacteria can exist 

independently or symbiotically with other marine microorganisms [168, 169]. Because 

marine bacteria are always the excellent origins of natural therapeutic agents, they are 

described as the chemical gold [170]. Numerous compounds, including cyclopeptides, 

with anticancer activities have been extracted from marine bacteria. 

Thiocoraline (113) was a potential antitumor cyclic depsipeptide produced by the 

the Gram-positive bacteria Micromonospora sp. ACM2-092 and Micromonospora sp. 

ML1 [171]. This compound exerted cytotoxicities against P388, A549, MEL28 and 

HT29 cells with IC50 values of 1.72, 1.72, 1.72 and 8.64 nM, respectively [172]. By 

using the human colorectal adenocarcinoma LoVo and SW620 cells as the cellular 

models, thiocoraline was found to induce cell cycle arrest at the G1 phase. Its anticancer 

effects may also be related to its inhibition of DNA polymerase α activities [173]. To 

the human pancreatic carcinoid BON and pulmonary carcinoid H727 cells, the 

thiocoraline treatment led to increased expression levels of poly ADP ribose 

polymerase  (PARP) and X-linked inhibitor of apoptosis protein (XIAP), indicating that 



43 

 

 

the anti-proliferative activity of this compound was highly associated with the induction 

of apoptosis [174]. Furthermore, in the aggressive neuroendocrine tumor medullary 

thyroid cancer MTC-TT cells, the IC50 value of the compound was determined to be 

7.6 nM. The studies on its mechanism of action demonstrated that thiocoraline induced 

induce cell cycle arrest at the G1 phase and activated the NOTCH pathway [175]. 

Overall, the findings above illustrated that thilcoraline is worthy for further 

investigation to reveal its anticancer potential as a palliative therapeutic agent.  

Ohmyungsamycins A (114) and B (115) were two new cyclodepsipeptides 

purified from the marine bacteria of Streptomyces sp. of a volcanic island area in Korea. 

Both cyclodepsipeptides showed selective cytotoxicity towards cancer cells over 

normal cells as no notable cytotoxicity (IC50>40 µM) against normal lung epithelial 

cells (MRC-5) was observed. When applied to the HCT116, A549, SNU-638 (human 

gastric adenocarcinoma), MDA-MB-231 and SK-HEP-1 (human liver adenocarcinoma) 

cells, ohmyungsamycin A (IC50 values ranging from 359 to 816 nM) exhibited 

inhibitory activities much higher than ohmyungmycin B (IC50 values ranging from 12.4 

to 16.8 µM). The only structural difference between these two compounds is  the lack 

of a nitrogen-containing methyl group in ohmyungmycin A. In the CRC HCT116 cells, 

ohmyungmycin A was found 78 times more potent than the positive reference drug 

etoposide. On the other hand, ohmyungmycin A also displayed much better 

antibacterial activities than ohmyungmycin B. Collectively, the N-methyl group at the 

terminus of ohmyungmycin B is  a hinder to its bioactivities [176]. As total syntheses 

of ohmyungmycins A and B had been established, investigations of these two 

compounds could be comprehensively performed. A few reports even suggested that 

these two cyclopeptides deliver antituberculosis properties [177]. Therefore,  studies on 
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synthesizing their analogs with higher selectivity and bioactivities and exploring their 

mechanisms of actions are inspired. 

Arenamides A (116) and B (117) were two novel cyclohexadepsipeptides isolated 

from the marine bacterial strain Salinispora arenicola. These two compounds merely 

exhibited moderate in vitro cytotoxicity against HCT116 cells with IC50 values of 19.7 

and 29.8 µM, respectively. However, arenamides A and B were able to block tumor 

necrosis factor (TNF)-induced activities at rather low concentrations (IC50=5.51 and 

2.64 µM, respectively). When the lipopolysaccharides (LPS)-challenged RAW 264.7 

macrophages were treated with arenamides A or B, the generation of nitric oxide (NO) 

and prostaglandin E2 (PGE2), so as the major oxidative mediators of the NFκB pathway, 

were significantly inhibited whereas cell viability was not influenced. The above data 

suggested these two compounds carry chemopreventive potential [178]. The successful 

total synthesis of arenamide A has been reported [179], which provided an alternative 

approach to obtain this compound as well as to synthesize its anologues.  

Piperazimycins A-C (118-120) were three cytotoxic hexadepsipeptides isolated 

from the genus Streptomyces living in the marine sediment near the island of Guam. 

They showed in vitro cytotoxicities against HCT116 accompanied with an average GI50 

value of 0.1 µM. Such low value unveiled the significant anticancer potency of this type 

of compounds. When screened against the NCI 60 cancer cell line panel, piperazimycin 

A exhibited a mean GI50 value of only 100 nM. Although piperazimycin A was shown 

with a selective growth inhibition against solid tumor cell lines over leukemia cell lines, 

the general mode of cytotoxicity was observed in the NCI cell line panel assay [180]. 

Further comprehensive studies on piperazimycin A can be proceeded as the total 

synthesis of piperazimycin A had been accomplished [181].    
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Obtained from a piece of driftwood collected at Kailua beach in Oahu, a Gram-

negative bacterium BH-107 yielded four cyclic acyldepsipeptides kailuins A-D (121-

124). These compounds represent a new type of lipopeptides with five amino acids and 

a β-acyloxy fatty acid moiety arranged in a 19-membered ring. All these four 

compounds displayed inhibitory activities against A549, MCF7 and HT29 cells with 

GI50 values ranging from 2.66-5.52 µM [182]. 

Mixirins A-C (125-127) were three cyclic acylpeptides obtained from marine 

bacteria of the Bacillus genus. The anti-proliferative activities of these three compounds 

were evaluated in HCT116 cells whereas their IC50 values were determined to be 0.65, 

1.6 and 1.26 µM, respectively [183]. 

Bacillus sp. SY27F collected from the Indian Ocean hydrothermal vent yielded 

bacilohydrin A (128), a novel cyclic lipopeptide with significant anticancer potential. 

Among the six tested cancer cell lines, bacilohydrin A exhibited rather high cytotoxicity 

against the HepG2, MCF7 and DU145 cells, with IC50 values varying from 50.3 to 

175.1 nM. In addition to its cytotoxic effect, cell shrinkage, condensation and DNA 

fragmentation were also observed as the result of apoptosis [184]. More studies are 

therefore needed in order to explore its detailed mechanism of action and therapeutic 

potential for cancer treatment. 

Sungsanpin (129) is a lasso peptide that contains a cyclic peptide and a tail. This 

compound was first isolated from the bacteria of Streptomyces sp. In the deep-sea 

sediment. In the cell invasion assay of A549 cells, the invading activity of the cells was 

significantly inhibited by sungsanpin. The anti-invasive mechanism of this compound 

was related to its ability to increase the expression levels of tissue inhibitor of 

metallopeptidase-1 (TIMP-1) and TIMP-2. Consequently, the degradation of matrix 
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metalloproteinases (MMPs) was inhibited, and thus resulting in a decreased metastasis 

of the A549 cells [185]. 

Marthiapeptide A (130) was a novel cyclic peptide isolated from a marine-derived 

actinomycete Marinactinospora thermotolerans. This compound displayed significant 

cytotoxicity towards SF-268, MCF7, NCI-H460 (human lung tumor cells) and HepG2 

cancer cells with IC50 values ranging from 0.38 to 0.52 μM. Its cytotoxic potency was 

actually 5 to 10 folds higher than the positive control compound—cisplatin. In addition 

to its potent cytotoxicity, marthiapeptide A was demonstrated to exert anti-microbial 

activity against a panel of Gram-positive bacteria [186]. A rational synthetic route of 

marthiapeptide A had been described to produce a sufficient amount of this compound 

for further bioactivity evaluation [187]. The synthesis of additional analogues may be 

inspired by the preparation of marthiapeptide A and its macrocyclic backbone. 

Another cytotoxic cyclic peptide named mechercharstatin A (former name, 

mechercharmycin A) (131) was isolated from the marine-derived Thermoactinomyces 

sp. YM3-251. This compound exhibited strong cytotoxicity against A549 and Jurkat 

cells with IC50 values of 0.040 and 0.046 μM, respectively [188]. The GI50 values of 

mechercharstatin A against A549, HT29 and MDA-MB-231 cells were determined to 

be 0.03, 0.04 and 0.09 μM, respectively. The anti-proliferative action of 

mechercharstatin A was associated with cell cycle arrest at the G2 phase and apoptotic 

events [189]. Although the chemical structure of mechercharstatin A is highly similar 

to telomestatin (112), a telomerase inhibitor described previously in this section, no 

significant inhibition on telomerase, DNA polymerase or reverse transcriptase was 

observed post the treatment with mechercharstatin A [186]. Therefore, more specific 

and concrete pharmacological studies are needed in order to elucidate its special 

mechanism of action. 
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Urukthapelstatin A (132) was another a cytotoxic cyclic peptide purified from the 

cultured mycelia of the marine-derived Thermoactinomycetaceae bacterium 

Mechercharimyces asporophorigenens YM11-542. This compound was assayed to be 

cytotoxic against a spectrum of cancer cell lines with the mean GI50 value of 1.55 μM, 

among which lung and ovarian cancer cell lines were the most sensitive. This peptide 

was structurally similar to telomestatin (112) as well; however, urukthapelstatin A 

showed no significant effect on telomerase inhibition. Thus, the cytotoxic activity of 

this compound is derived a mechanism very different from telomestatin, and its actions 

are more or less like the ones of mechercharstatin A (131) [190]. Regarding the 

synthetic aspect, both total synthesis and biomimmetic synthesis of urukthapelstatin A 

have been achieved correspondingly, which allow an efficient production of new 

analogues and further extensive SAR studies [191-193]. 
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Figure 1.7 Structure of cyclopeptides derived from marine bacteria. 

4.3 Anticancer Cyclopeptides Derived from Cyanobacteria 

Cyanobacteria are prokaryotes with ability to produce oxygen through 

photosynthesis [194]. There are around 150 genera and 2000 species in the phylum 

cyanobacteria. A great number of peptides found in cyanobacteria have been confirmed 
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to be cytotoxic against human cancer cells, and some of them were used as the structural 

scaffolds for the synthesis of novel anticancer agents [195]. 

Microcystins are a kind of cyanopeptides being the most extensively studied due 

to their severe toxicological influence in the ecosystem [196]. Accumulating evidence 

showed that such toxins can cause human poisoning because they widely exist in 

drinking water even after filtration [197]. Microcystins are a category of toxins with a 

cyclic heptapeptide structure produced by some cyanobacterial blooms. Over 80 

microcystins have been isolated so far [198]. Among them, microcystin-LR (133) is the 

most common encountered variant owing to its potent toxicity. Microcystin-LR is a 

cyclic heptapeptide mainly produced by Microcystis aeruginosa [199]. It has been 

broadly reported that micrcystin-LR is a significant pathological agent causing 

carcinogenesis and organ injury [200]. When human fetal L-02 hepatocytes were 

chronically exposed to low-dose microcystin-LR, increased tumor formation was 

observed as a result of gankyrin activation [201]. Moreover, microcystin-LR has been 

suggested with great potential for immunotoxicity and may lead to various diseases and 

even cancers [199]. However, microcystin-LR has also been reported with notable 

cytotoxicity against a wide spectrum of cancer cells. Particularly, microcystin-LR was 

demonstrated to directly interact with organic-anion-transporting polypeptides 

(OATP1B1 and 1B3), and consequently resulted in remarkable anti-proliferative and 

pro-apoptotic effects in pancreatic cancer cells. The IC50 values of microcystin-LR 

against both human pancreatic cancer BxPC-3 and MIA PaCa2 cells were determined 

to be 83.50 nM and 2.14 µM, respectively [202]. Niedermeyer et al. found that 

OATP1B1 and 1B3 are the essential membrane transporters for microcystin to be 

uptaken into human cells. When compared to the normal HeLa cells, microcystin-LR 

was more potent in inhibiting the proliferation of HeLa cells overexpressing OATP1B1, 
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with an IC50 value of around 1 nM. Thus, microcystin-LR is of great potential to be an 

anticancer agent against OATP1B1 transporter-overexpressing tumor cells [203]. 

Furthermore, OATP1B3 transporters-overexpressing cancer cells were found 

particularly sensitive to a series of microcystin analogs [204]. Taken together, 

microcystin-LR, as well as its analogs are worthy for further studies on their anticancer 

mechanisms.  

Apratoxins are a novel family of cytotoxic cyclodepsipeptides, and they were 

isolated from cyanobacterium Lyngbya sp. with potent anti-proliferative effects. 

Apratoxin A (134) was a natural peptide possessing a signature cyclic structure purified 

from the secondary metabolites of marine cyanobacterium Lyngbya majuscule. 

Apratoxin A showed significant in vitro cytotoxicity against KB and LoVo cancer cells 

with IC50 values of 0.52 and 0.36 nM, respectively. Nevertheless, this antitumor 

cyclopeptide was toxic and poorly tolerated in xenograft mouse models [205]. 

Mechanistic studies have become the core researching area of this compound. The in 

vitro anti-proliferative activity of Apratoxin A was associated with the G1 cell cycle 

arrest and apoptosis via an inhibition of signal transducer and activator of transcription 

3 (STAT3) [206]. Liu et al. [207] discovered that apratoxin A could induce degradation 

of cancer-related receptors, tyrosine kinases, by inhibiting their N-glycosylation and 

cotranslational translocation in the secretory pathway. A subsequent biochemical study 

demonstrated that apratoxin A prevented the protein cotranslational translocation by a 

direct blockade of the protein translocation channel Sec61α [208]. Further, Huang et al. 

[209] found that the in vivo toxicity of apratoxin A was the result of severe pancreatic 

atrophy upon the high-level exposure of the drug. They also identified Sec61 complex 

was a molecular target of apratoxin A in the secretory pathway. Taken together, the 

cytotoxicity mechanisms of apratoxin A are complicated, and its in vivo application 
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remains controversial. However, apratoxin A is an inspiring tool to the study of the 

secretory pathway and cotranslational translocation inhibition for the development of  

anticancer drugs. Two other members of the family, apratoxins B (135) and C (136) are 

also derived from the secondary metabolites of Lyngbya sp.. These two cyclopeptides 

also delivered cytotoxicities against human cancer cell lines, KB (IC50 = 21.3 and 1.0 

nM, respectively) and LoVo cells (IC50= 10.8 and 0.73 nM, respectively). The results 

indicated that apratoxin C was less potent than apratoxins A and B, though apratoxin C 

is different from apratoxin B by only the position of a methyl group [210]. Likewise, 

isolated from the marine cyanobacteria L. majusculea and L. sordida, apratoxin D (137) 

has a similar structure to apratoxin A. It exerted potent cytotoxicity to cancer cells as 

well. Its IC50 value against H460 cells was determined to be 2.6 nM. From the SAR 

assessments of apratoxins A-D, we noticed that the additional lipopeptide tail was 

responsible for the cytotoxic activities of this type of compounds; however, Suyama et 

al made a contrary claim [211]. This SAR information is extremely useful to the design 

of additional analogues. Apratoxin E (138) was another congener isolated from L. 

bouillonii strain PS372. However, comparing to the IC50 values of apratoxin A 

(IC50=1.4, 10 and 10 nM, respectively), apratoxin E (IC50=21, 72 and 59 nM, 

respectively) showed less potency when testing against the HT29, HeLa and U2OS 

(human bone osteosarcoma epithelial) cells. The cell viability test results indicated that 

the loss of a hydroxy group and the formation of a conjugated double bond in apratoxin 

E attributed to the significant reduction of bioactivities [212]. Apratoxins F (139) and 

G (140) were two novel cytotoxins obtained from L. bouillonii cyanobacterium 

collected in the Central Pacific. When incubated with H460 cancer cells, the inhibitory 

IC50 values of apratoxins F and G were found to be 2 and 14 nM, respectively; however 

they are less cytotoxic to HCT116 cells [apratoxins F (IC50=36.7 nM) and G 
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(insufficient to test the IC50 value)]. According to the SAR assessment results, the N-

methyl alanine residue was not the key functional group for the cytotoxicity of 

apratoxins [213]. Overall, disparate moieties and regions are usually crucial for 

biological activities, which can be of great use for further synthesis and drug 

development. 

Unlike aurilide (66) isolated from sea hare, aurilides B (141) and C (142) were 

obtained from cyanobacterium L. majuscula. Both aurilides B and C were cyclic 

depsipeptides with potent in vitro cytotoxic activities. In H460 cells and mouse 

neuroblastoma (neuro-2a) cells, the LC50 values of aurilide B were found to be 0.04 and 

0.01 µM, respectively whereas the LC50 values of aurilide C were found to be 0.13 and 

0.05 µM, respectively. Moreover, aurilide B was demonstrated to induce microfilament 

network disruption against A-10 smooth muscle cells with an IC50 value of 2.9 µM. In 

an in vivo experiment, aurilide B was shown to deliver net tumor cell killing activity in 

the NCI’s hollow fiber assay [214]. A quantitative shRNA screening experiment 

illustrated that cytotoxicity of aurilide B was derived from mitochondrial apoptosis, 

which was tightly regulated by the gene sodium/potassium-transporting ATPase 

subunit alpha-1 (ATP1A1) [215]. Collectively, the promising bioassay data suggested 

that aurilide B has potential for further preclinical studies as a novel anticancer agent. 

Lagunamides A-C (143-145) were cyclic depsipeptides isolated from L. majuscula 

with anti-proliferative effects against several cancer cell lines [216]. Tripathi et al. 

assessed the inhibitory activities of lagunamides A against the cancer cell lines P388, 

A549, PC3, HCT8 (human colorectal adenocarcinoma) as well as the SK-OV3 cells. 

The IC50 values of lagunamides A were found ranging from 1.64 to 6.4 nM. 

Lagunamide B was only tested for its cytotoxicities against P388 and HCT8 cell lines; 

its IC50 values were determined to be 20.5 and 5.2 nM, respectively. Subsequent studies 
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revealed that the cytotoxic effects of lagunamides A and B was highly associated with 

the induction of mitochondrial apoptosis [217]. As for lagunamide C, its IC50 values 

varied from 2.1 nM to 24.2 nM against a panel of cancer cell lines such as P388, A549, 

PC3, HCT8 and SK-OV3 [218]. 

Another cyclic depsipeptide identified from L. majuscula was homodolastatin 16 

(146), which was a homologue of the potent anticancer agent dolastatin 16. Compared 

to dolastatin 16, homodolastatin 16 only exhibited moderate activities against 

esophageal (WHCO1 and WHCO6) and cervical (ME180) cancer cell lines with IC50 

values of 4.19, 9.85 and 8.09 µM, respectively [219].  

Lyngbyabellin A (147) was another cytotoxic cyclic depsipeptide derived from 

Guamanian strain of L. majuscula. Other than cytotoxic activities against KB cells 

(IC50=0.04 µM) and LoVo cells (IC50=0.72 µM), lyngbyabellin A also exhibited 

specific cytoskeletal-disrupting effects to microfilaments in A-10 cells at 

concentrations ranging from 0.01 to 7.24 µM [220]. To further investigate the 

properties of this natural cyanobacterium metabolite, the total synthesis of 

lyngbyabellin A was subsequently achieved [221]. Similar to lyngbyabellin A, 

lyngbyabellins D (148), F (149) and H (150) were also isolated from L. majuscula. They 

exhibited cytotoxicity against H460 and KB cancer cells with IC50 or LC50 values 

ranging from 0.1 to 0.4 µM [222]. In the subsequent studies, Choi et al. identified 

lyngbyabellin N (151) from Moorea bouillonii, a rather new cytotoxic member of the 

lyngbyabellin class. This compound showed a potent anticancer potential against the 

CRC HCT116 cells with IC50 value of 40.9 nM [223]. Although a series of 

lyngbyabellins had been proved with anticancer properties, limited studies on these 

congeners largely restricted the ultimate exploration of these compounds as potential 

therapeutic agents. 



54 

 

 

Palmyramide A (152), another cyclic depsipeptide, was first isolated from L. 

majuscula. In the H460 cell line, palmyramide A displayed merely a weak cytotoxicity 

(IC50=39.7 µM). However, in neuro-2a cells，palmyramide A led to the blockage of 

the voltage-gated sodium channel with an IC50 value of 17.2 µM [224]. As a result, 

significant bioactivity improvements and further mechanistic studies of palmyramide 

A are needed. 

Hoiamides A (153) and B (154) were two cyclic depsipeptides isolated from two 

distinct collections of marine cyanobacteria obtained from Papua New Guinea. 

Hoiamide A was a potent bioactive cyclic depsipeptide found in the assemblage of 

Lyngbya majuscule and Phormidium gracile [225], while hoiamide B was extracted 

from a sample of marine cyanobacteria collected in Gallows reef, the species of which 

was still unclear [226]. In a previous report, hoiamide A was shown to strongly inhibit 

voltage-gated sodium channels so that to activate the Na+ influx in mouse neocortical 

neurons [225]. In addition, Cao et al. found that in neocortical neurons, hoiamide A 

induced neuronal death through activating the c-Jun N-terminal kinase (JNK) and 

caspase signaling pathways [227]. In the aspect of their anticancer effects, both 

hoiamides A and B showed cytotoxicity against H460 cells with IC50 values of 11.2 and 

8.3 µM, respectively [226]. Collectively, hoiamides A and B possess only moderate 

anticancer properties, which are still insufficient for further drug promotion. 

Wewakazole (155) was a cyclic dodecapeptide derived from L. majuscula in 

Papua New Guinea [228]. A mass spectrometry-guided isolation afforded the isolation 

of wewakazole B (156), another novel cyclic peptide congener of wewakazole, from 

cyanobacterium Moorea peoducens. As cyanobactins, the most prominent bioactivity 

of the two compounds is cytotoxicity. When testing against H460 cells, wewakazole B 

(IC50=1.0 µM) was more cytotoxic than wewakazole (IC50=10 µM). Besides, 
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wewakazole B also exhibited cytotoxicity against MCF7 cells with an IC50 value of 

0.58 µM. Different from wewakazole, wewakazole B was inactive in siderophore assay 

[229]. The diverging bioactivities implicated that the iron-binding ability in their 

structures is crucial and deserves a detailed investigation. In recent years, both 

wewakazole and wewakazole B have been totally synthesized. With the availability of 

such synthetic strategy, steady and sufficient supply of these cyanobactins can be 

warranted for further biological evaluations [230, 231].  

Hectochlorin (157) was isolated from L. majuscule. It’s a cyclic lipopeptide with 

moderate cytotoxicity against several cancer cell lines. Hectochlorin showed an average 

GI50 value of 5.1 µM in the NCI-60 screening assay; the colon, melanoma, ovarian and 

renal cell lines were the most sensitive to this compound [232]. In another bioassay, 

hectochlorin displayed cytotoxicity against KB and NCI-H187 (human small cell lung 

cancer) cells with ED50 values of 0.86 and 1.20 µM, respectively [233]. Further, this 

cyclic lipopeptide was able to induce actin polymerization and affect cell cycle 

regulation in those highly dividing cells. Apart from its cytotoxicity to cancer cells, 

hectochlorin was also found to be biologically active to yeasts and fungi [232]. Total 

synthesis and biosynthesis at the genetic level have been extensively studied in order to 

secure an abundant supply of this compound for further chemical and biological 

investigations [234, 235]. 

Desmethoxymajusculamide C (DMMC) (158), a cyclic depsipeptide found in the 

process of a cytotoxicity-guided fractionation, was isolated from L. majuscula. The 

cyclic DMMC exhibited potent selectivity and cytotoxicity against the cancer cell lines 

HCT116, H460 and MDA-MB-435 with IC50 values of 0.02, 0.063 and 0.22 µM, 

respectively. Furthermore, a ring-opened form of DMMC was produced by means of 

base hydrolysis. Remarkably, the linear form of DMMC shared the same potency of 
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cytotoxicity against the same panel of cancer cell lines (IC50=0.016, 0.094 and 0.23 µM, 

respectively). When acting against A10 cells, both cyclic and linear DMMCs disrupted 

the cellular microfilament networks and caused dramatic alterations in cell morphology, 

which were shown as the result of cellular apoptosis. Overall, these biological data 

indicated the potential anticancer efficacy of both cyclic and linear forms of DMMC 

[236]. The significant antitumor activities of DMMC are in need of further 

investigations, such as SAR and in vivo studies. 

Hantupeptin A (159), another cyclodepsipeptide isolated from L. majuscula, was 

first discovered in Singapore. The compound displayed in vitro cytotoxicities against 

human lymphoblastic leukemia (MOLT-4) and MCF7 cells with IC50 values of 32 nM 

and 4.0 µM, respectively [237]. A subsequent bioassay-guided investigation of the 

same cyanobacterium led to purification of two other novel cyclic peptides, 

hantupeptins B (160) and C (161). Both compounds exhibited cytotoxicities when 

tested against MOLT-4 (IC50=0.2 and 3.0 µM, respectively) and MCF7 (IC50=0.5 and 

1.0 µM, respectively) cells [238]. Furthermore, hantupeptins A-C also showed 100% 

brine shrimp toxicity when tested at 10 and 100 ppm [237, 238]. 

Two cyclic peptides isolated from L. majuscula were designated as laxaphycins A 

(162) and B (163). Laxaphycin B showed significant cytotoxicities against the CCRF-

CEM drug-sensitive human leukemic lymphoblasts (IC50 = 1.11 µM), as well as the 

vinblastine-resistant subline overexpressing Pgp CEM/VLB100 (IC50 = 1.02 µM) and 

CEM/VM-1 subline with DNA topoisomerase II alteration (IC50 = 1.37 µM). However, 

laxaphycin A was found to be inactive towards these cell lines at 20 µM [239]. 

Subsequently, Bonnard et al. demonstrated the anti-proliferative effect of laxaphycin B 

on several solid tumor cancer cell lines, including A549, MCF7, PA1 (human ovarian 

teratocarcinoma) and PC3, with IC50 values ranging from 0.19 to 1.0 µM. Furthermore, 
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obvious biological synergism was observed on DLD1 (human colorectal 

adenocarcinoma) and MDR leukemic cells in the presence of laxaphycins A and B.  

Similar to the compounds mentioned previously, laxaphycins B2 (164) and B3 (165) 

were also isolated from the same assemblage of the cyanobacteria. These two novel 

cyclic peptides, displayed merely moderate cytotoxicities against the three leukemic 

cell lines above [240]. Laxaphycin B4 (166) was a new member of B-type laxaphycins, 

and it was discovered from the marine cyanobacterium Hormothamnion 

enteromorphoides. This compound yielded growth-inhibitory activity against HCT116 

(IC50 = 1.7 µM); synergistic effect was obtained when it was used in combination with 

laxaphycin A [241]. 

Obyanamide (167) was a cytotoxic cyclic depsipeptide isolated in L. confervoides. 

From the MTT assay results, we  noticed that this compound exhibited cytotoxicity 

against KB and LoVo cells with IC50 values of 0.97 and 5.24 µM, respectively [242]. 

To further promote biochemical utilization of obyanamide, several analogues were 

synthesized for biological evaluation, among which the cyclic analogue 9b possessed 

the most potent activity. According to the SAR assessments, β-amino acid was an 

essential moiety for the bioactivities of obyanamide and its analogues [243]. Compared 

to the nature-derived obyanamide, its analogues are of greater significance for further 

biological studies.  

Grassypeptolide A (168) was a macrocyclic depsipeptide with anticancer potential 

isolated from L. confervoides. Anti-proliferative activities of grasssypeptolide A were 

investigated in the U2OS (IC50=2.2 µM), HeLa (IC50 = 1.0 µM), HT29 (IC50 = 1.5 µM) 

and IMR-32 (IC50 = 4.2µM) cancer cell lines [244]. Subsequently, another study on the 

extract of the same cyanobacterium led to the purification of grassypeptolides A-C 

(168-170). The in vitro anti-proliferative effects of these compounds were evaluated in 
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HT29 (IC50 = 1.22 µM, 2.97 µM and 76.7 nM, respectively) and HeLa (IC50 = 1.01 µM, 

2.93 µM and 44.6 nM, respectively) cells. According to the cell viability assay results, 

grassypeptolide C was 16-23 times more potent than grassypeptolide A. Moreover, both 

grasspeptolides A and C could induce cell cycle arrest at the G1 phase at relatively low 

concentrations (10 µM and 316 nM, respectively); they could also induce the G2/M 

phase arrest at higher concentrations (31.6 µM and 1 µM, respectively). These two 

compounds have the capability to bind to metal ions such as Cu2+ and Zn2+, which may 

denote a partial mechanism of their cytotoxicities [245]. The study Liu et al revealed 

that grassypeptolide A increased the cleavage of PARP and decreased the levels of bcl-

2 and bcl-xL. As for the induction of cell cycle arrest, it downregulated cyclin D, but 

upregulated P27 and P21 [246]. Grassypeptolides D (171) and E (172), two novel 

members of the family, were isolated from the marine cyanobacterium Leptolyngbya 

sp.. These two compounds were cytotoxic to HeLa cells (IC50 = 335 and 192 nM, 

respectively) and mouse neuro-2a blastoma cells (IC50 = 599 and 407 nM, respectively) 

[247]. To promote these grassypeptolides for further drug development, total synthesis 

and mechanistic studies are desperately needed. 

Palauamide (173), a cyclic depsipeptide extracted from a bioassay-guided 

fractionation, was confirmed as a potent cytotoxin isolated from Lyngbya sp. in Palau. 

When cultured with KB cells, palauamide yielded significant cytotoxicity with an IC50 

value of 13 nM [248]. Palauamide was totally synthesized, along with its diastereomers 

and other analogues, which also showed potent cytotoxicities [249, 250]. However, 

more analogues are in need to be synthesized for further elucidation of their biological 

potential and SAR studies. 

Coibamide A (174) was a cyclic depsipeptide that was first isolated from the 

marine filamentous cyanobacterium Leptolyngbya sp. in Coiba National Park, Panama. 
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The preliminary biological activity screening showed that this compound displayed 

potent cytotoxicity against NCI-H460 and mouse neuro-2a cells with LC50＜17.9 nM. 

The evaluation against the NCI’s in vitro 60 cancer cell line panel highlighted its 

remarkable anti-proliferative response. From the flow cytometric analysis, coibamide 

A was shown to induce cell cycle arrest at the G1 phase [251]. Subsequently, Hau et al. 

[252] demonstrated that coibamide A induced mammalian target of rapamycin 

(mTOR)-independent autophagy and cell death in human glioblastoma cells. In the 

glioblastoma xenograft models, the expression levels of vascular epithelial growth 

factor A/vascular epithelial growth factor receptor 2v(VEGFA/VEGFR2) were 

markedly suppressed upon the treatment with coibamide A, so that the size of tumor 

xenografts was largely reduced. However, different degrees of weight loss were 

observed in the animal experiment. Such result implicated that targeted delivery and 

toxicity profile should be improved for drug development [253]. 

Ulongamides A-E (175-179) were five β-amino acid-containing cyclopeptides 

derived from the marine cyanobacterium Lyngbya sp. in Palau. These ulongamides 

exhibited moderate in vitro cytotoxicity against KB and LoVo cells with IC50 values 

around 1 and 5 µM [254]. The total synthesis of ulongamide A as well as its two 

congeners (ulongmides B and C) had been previously accomplished [255, 256]. In the 

long run, structural optimization is needed to improve the bioactivity potency of this 

type of compounds. 

Ulongapeptin (180), another cytotoxic cyclopeptide, was isolated from Lyngbya 

sp. in Palau. This compound yielded cytotoxicity against KB cells with an IC50 value 

of 0.63 µM [257]. No further synthetic or biological approaches of this compound have 

been reported thereafter. 
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The marine cyanobacterium Okeania sp. is the origin of the cytotoxic 

cyclodepsipeptide odoamide (181). As another new member of aurilide class, odoamide  

has been reported with a significant cytotoxicity against HeLa S3 cells (IC50=26.3 nM) 

and a moderate toxicity to brine shrimp [258]. From the SAR assessment of synthetic 

odoamide isomers, the in vitro cytotoxicity was mostly affected by the serum protein 

binding of odoamide derivatives. Nevertheless, the macrocyclic structure of odoamide 

and derivatives is not crucial to the alteration of membrane permeability [259].  

Cryptophycin 1 (182), a cyclic depsipeptide isolated from cyanobacterium Nostoc 

sp., was first discovered as an antifungal agent two decades ago. Subsequent studies 

indicated that cryptophycin 1 was also an anti-proliferative agent with significant 

antitumor activities [260, 261]. A great number of experiments showed that 

cryptophycin 1 yielded inhibitory activities against various cancer cell lines such as 

L1210 (IC50 = 4 pM), SKOV3 (IC50 = 7 pM) and MCF7 (IC50 = 16 pM). Some recent 

reports demonstrated that cryptophycin 1 provided an anticancer potency ~100-fold 

higher than the mainstay anticancer drug paclitaxel; therefore, a great interest was 

immediately prompted to investigate the mechanism of action of this compound [262, 

263]. According to the study of Kerksiek et al., cryptophycin 1 was an effective 

inhibitor of tubulin polymerization, by which microtubules were depolymerized into 

linear polymers [264]. When exposed to stoichiometric amounts of proteins, 

cryptophycin 1 elicited extensive aggregates of tubulin [265]. Even at picomolar 

concentrations, cryptophycin 1 was found to cause cell cycle arrest at the G2/M phase 

via its actions on the microtubules [262]. Though inhibitory effect on macromolecular 

synthesis of cryptophycin 1 had been observed in cancer cells, the slight 

downregulation of DNA, RNA and proteins was not well correlated to its anticancer 
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potency [266]. Up to now, several analogues of cryptophycin 1, such as cryptophycin 

52, have been synthesized in order to achieve higher anticancer potency [267].  

Largazole (183) is a cyclic depsipeptide isolated from the cyanobacterium of 

Symploca sp.. This compound was found to have good selectivity against different types 

of cancer cells. For instance, largazole was less cytotoxicy to the nontransformed 

murine mammary epithelial MDA-MB-231 cells (GI50 = 122 nM, LC50 = 272 nM), but 

it was more susceptible to the invasive transformed human mammary epithelial 

(NmuMG) cells (GI50 = 7.7 nM, LC50 = 117 nM). Similarly, this cyclopeptide displayed 

higher inhibitory effect against U2OS transformed fibroblastic osteosarcoma (GI50 = 55 

nM, LC50 = 94 nM) than NIH3T3 nontransformed fibroblasts (GI50 = 480 nM, LC50 > 

8 µM) [268]. Based on the pharmacological studies carried out by Bowers et al., 

largazole was considered a potent inhibitor of class I HDACs [269]. In the subsequent 

SAR assessments of largazole and its derivatives, largazole was shown to exhibit good 

selectivity towards cancer cell lines HCT116 and A549 with GI50 values of 0.08 µM 

and 0.32 µM, respectively [270]. The in vitro cytotoxicity of largazole in the HCT116 

cells was plausibly derived from its induction of cell cycle arrest and apoptosis. When 

tested in other CRC cells (e.g. HT29 and HCT15), this compound was found to induce 

histone H3 hyperacetylation. The further in vivo studies indicated that the anticancer 

effect of largazole was highly associated with an attenuation of the protein kinase B 

(AKT) pathway and a modulation of cell cycle regulators [271]. It is widely accepted 

that ubiquitination of protein is important for the vast majority of eukaryotic cellular 

functions; regular protein ubiquitination is halted in many cancers. Liu and his co-

workers reported that largazole was able to inhibit the ubiquitin activating enzyme E1 

to disturb ubiquitin conjugation with p27Kip1 and telomeric repeat-binding factor 1 

(TRF1) in vitro [272]. In addition, largazole was demonstrated to induce the expression 
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of osteoblast differentiation markers, such as ALP. Taken together, largazole is 

suggested to activate osteogenesis [273]. While showing several intriguing and 

multidisciplinary functions, largazole is undoubtedly a potential therapeutic agent for 

further development.  

Studies on a cyanobacterium of Symploca sp. From Papua New Guinea led to the 

isolation of a novel cyclopeptide—symplocamide A (184). This compound showed 

potent cytotoxicity against H460 and neuro-2a cells with IC50 values of 40 nM and 29 

nM, respectively. In fact, symplocamide A shares a structure very similar to protease 

inhibitors; thus, it can be served as a potent chymotrypsin inhibitor (IC50 = 0.38 µM). 

The role of protease inhibition in cancer therapy is worth to be studied. On the other 

hand, symplocamide A was reported to show moderate anti-parasite activities against 

malaria, Chagas disease and leishmaniasis [274]. Solid phase total synthesis of 

symplocamide A had been accomplished by Kaiser and his co-workers, which has laid 

a groundwork for further studies of this type of compounds [275]. 

Two other cyclic depsipeptides had been isolated from Symploca sp. in Palau, and 

they were named tasipeptins A (185) and B (186). These two compounds exhibited 

cytotoxicities against KB cells with IC50 values of 0.93 and 0.82 µM, respectively [276]. 

Due to the presence of Ahp, a symbolic structural moiety of cyanobacterial metabolites, 

tasipeptins A and B were considered as potential protease inhibitors. The total synthesis 

of these two compounds had been completed by Kaiser and his co-workers [277]. It is 

believed that ever-growing investigations on Ahp-containing cyclic depsipeptides can 

make good contributions to the further rational design of novel anticancer lead 

compounds. 

Cytotoxicity-directed fractionation of cyanobacterium Symploca cf. hydnoides 

from Guam led to the isolation of a series of cyclic depsipeptides, veraguamides A-G 
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(187-193). The results of several cell viability assays showed that veraguamides A-G 

displayed weak to moderate cytotoxicities against HT29 and HeLa cells with IC50 

values varying from 0.84 to 49 µM and 0.54 to 49 µM, respectively. From the SAR 

assessments, the seven semi-synthetic analogues of veraguamide G explicitly denoted 

the sensitive positions of veraguamides that were responsible for their cytotoxic 

activities [278]. 

Floridamide (194), a novel cyclic depsipeptide containing four amino acid units, 

was discovered in a bioassay-guided investigation of Moorea producens, a species of 

filamentous cyanobacteria collected from Florida, USA. This compound displayed 

cytotoxic activities against H460 and mouse neuro-2a neuroblastoma cells with the 

EC50 values of around 1.89×10-5 µM [279]. 

Viequeamide A (195) was a highly toxic cyclic depsipeptide found in the 

cyanobacterium Rivularia sp. near the island of Vieques. It was found to be strongly 

cytotoxic against H460 cells with an IC50 value of 60 nM. As a member of the “kulolide 

superfamily”, the biological properties of viequeamied A were reported to be highly 

divergent [280]. The total synthesis of this compound had been already achieved, so 

that the steady and sufficient supply should facilitate further intriguing studies on SAR 

assessment and mechanism of actions of this type of compounds [281]. 
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Figure 1.8 Structure of cyclopeptides derived from cyanobacteria. 

Table 1.3 Bacteria-Derived Anticancer Cyclopeptides 

Anticancer Cyclopeptides Derived from Non-Marine Bacteria 

YM753 (spiruchostatin 

A/OBP-801) (111) 

Pseudomonas sp. In vitro growth inhibitory effects on 

many cancer cells including WiDr, 

melanoma (GI50=5.0 nM), Calu-3 

(GI50=1.6 nM), HOS (GI50=3.8 nM) 

cells and etc.; In vivo antitumor 

activity on WiDr xenograft model. 

[159], 

[160], 

[161], 

[162] 

Telomestatin (112) Streptomyces 

anulatus 3533-SV4 

Cytotoxicity against MiaPaCa 

(IC50=0.5 µM) cell and four 

neuroblastoma cells (IC50=0.8 to 4.0 

µM). 

Specific telomerase inhibitor in 

cancer cells inhibition (inhibit 

cellular senescence). 

[163], 

[164], 

[165], 

[166], 

[167], 

[168] 

Anticancer Cyclopeptides Derived from Marine Bacteria 

Thiocoraline (113) Gram-positive 

bacteria 

Micromonospora 

sp. ACM2-092 and 

Micromonospora 

sp. ML1 

Cytotoxicity against P388 

(IC50=1.72 nM), A549 (IC50=1.72 

nM), MEL28 (IC50=1.72 nM) and 

HT29 (IC50=8.64 nM) and MTC-TT 

(IC50=7.6 nM) cells. 

[171], 

[172], 

[173], 

[174], 

[175] 

Ohmyungsamycins A (114) 

and B (115) 

Streptomyces sp. Cytotoxicity against HCT116, 

A549, SNU-638, MDA-MB-231 

and SK-HEP-1 cells. (IC50=359 to 

816 nM and 12.4 to 16.8 µM, 

respectively) 

[176], 

[177] 
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Arenamides A (116) and B 

(117) 

Salinispora 

arenicola  

Cytotoxicity against HCT116 

(IC50=1.97 and 2.99 μM, 

respectively) cell. 

[178], 

[179] 

Piperazimycins A-C (118-

120) 

Streptomyces sp. Cytotoxicity against HCT116 cell. 

(Average GI50=0.1 µM) 

Piperazimycin A showed a mean 

GI50 of 100 nM in NCI 60 cancer 

cell line panel screening. 

[180], 

[181] 

Kailuins A-D (121-124) Gram-negative 

bacterium BH-107 

Inhibitory activities against A549, 

MCF7 and HT29 cells. (IC50=2.66 

to 5.52 µM) 

[182] 

Mixirins A-C (125-127) Bacillus genus Anti-proliferative activity of 

HCT116 (IC50=0.65, 1.6 and 1.26 

μM, respectively) cell. 

[183] 

Bacilohydrin A (128) Bacillus sp. SY27F Cytotoxicity against HepG2, MCF7 

and DU145 cells. (IC50=50.3 to 

175.1 nM) 

[184] 

Sungsanpin (129) Streptomyces sp. Anti-invasion effects on A549 cell. [185] 

Marthiapeptide A (130) Actinomycete 

Marinactinospora 

thermotolerans 

Cytotoxicity against SF-268, 

MCF7, NCI-H460 and HepG2 cell. 

(IC50=0.38 to 0.52 µM) 

[186], 

[187] 

Mechercharstatin A (131) Thermoactinomyces 

sp. YM3-251 

Cytotoxicity against Jurkat cell 

(IC50=4.6×10-8 M), A549 (IC50=0.03 

µM), HT29 (IC50=0.04 µM) and 

MDA-MB-231 (IC50=0.09 µM) 

cells. 

[186], 

[188], 

[189] 

Urukthapelstatin A (132) Mechercharimyces 

asporophorigenens 

YM11-542 

Cytotoxicity against several cancer 

cell lines. (Mean GI50=1.55 μM) 

[190], 

[190], 

[191], 

[192] 

Anticancer Cyclopeptides Derived from Cyanobacteria 

Microcystin-LR (133) Mainly from 

Microcystis 

aeruginosa 

Cytotoxicity against BxPC-3 

(IC50=83.50 nM) and MIA PaCa2 

(IC50=2.14 µM) and transfected 

HeLa (IC50=1 nM) cells. 

[196], 

[197], 

[198], 

[199], 

[200], 

[201], 

[201], 

[203], 

[204] 

Apratoxin A (134) Lyngbya sp. Cytotoxicity against KB (IC50=0.52 

nM), LoVo (IC50=0.36 nM) and 

HCT116 (IC50=1.21 nM) cells. 

[205], 

[206], 

[207], 

[208], 

[209], 

[213] 

Apratoxins B (135) and C 

(136) 

Lyngbya sp. Cytotoxicity against KB (IC50=21.3 

and 1.0 nM, respectively) and LoVo 

(IC50= 10.8 and 0.73 nM, 

respectively) cells. 

[210] 

Apratoxin D (137) Lyngbya 

majusculea and 

Lyngbya sordida 

Cytotoxicity against H460 (IC50=2.6 

nM) cell. 

[211] 

Apratoxin E (138) Lyngbya bouillonii 

strain PS372 

Cytotoxicity against HT29 (IC50=21 

nM), HeLa (IC50=72 nM) and 

U2OS (IC50=59 nM) cells. 

[212] 

Apratoxins F (139) and G 

(140) 

Lyngbya bouillonii Cytotoxicity against H460 (IC50=2 

and 14 nM, respectively) and 

HCT116 cells. 

[213] 
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Aurilide B (141)  Lyngbya majuscula In vitro cytotoxicity against H460 

(LC50=0.04 µM) and neuro-2a 

(LC50=0.01 µM) cells. 

In vivo net tumor cell killing 

activity 

[214], 

[215] 

Aurilide C (142) Lyngbya majuscula Cytotoxicity against H460 

(LC50=0.13 µM) and neuro-2a 

(LC50=0.05 µM) cells. 

[214] 

Lagunamide A (143) Lyngbya majuscula Cytotoxicity against P388, A549, 

PC3, HCT8 and SK-OV3 cells. 

(IC50=1.64 to 6.4 nM) 

[216], 

[217] 

Lagunamide B (144) Lyngbya majuscula Cytotoxicity against P388 

(IC50=20.5 nM) and HCT8 

(IC50=5.2 nM) cells.  

[216], 

[217] 

Lagunamide C (145) Lyngbya majuscula Cytotoxicity against P388, A549, 

PC3, HCT8 and SK-OV3 cells 

(IC50=2.1 to 24.2 nM). 

[216], 

[218] 

Homodolastatin 16 (146) Lyngbya majuscula Cytotoxicity against WHCO1 

(IC50=4.19 µM), WHCO6 

(IC50=9.85 µM) and ME180 

(IC50=8.09 µM) cells. 

[219] 

Lyngbyabellin A (147) Lyngbya majuscula Cytotoxicity against KB (IC50=0.04 

µM) and LoVo (IC50=0.72 µM) 

cells. 

Specific cytoskeletal-disrupting 

effects to microfilaments in A-10 

cells. 

[220], 

[221] 

Lyngbyabellins D (148), F 

(149) and H (150) 

Lyngbya majuscula Cytotoxicity against H460 and KB 

cells. (IC50 or LC50=0.1 to 0.4 µM) 

[222] 

Lyngbyabellin N (151) Moorea bouillonii Cytotoxicity against HCT116 

(IC50=40.9 nM) cell. 

[223] 

Palmyramide A (152) Lyngbya majuscula Modest cytotoxicity against H460 

cell (IC50=39.7 µM). 

Blockage of the voltage-gated 

sodium channel in neuro-2a cell. 

[224] 

Hoiamide A (153) Lyngbya majuscule 

and phormidium 

gracile 

Cytotoxicity against H460 

(IC50=11.2 µM) cell. 

[225], 

[226], 

[227] 

Hoiamide B (154) A sample of marine 

cyanobacteria 

collected in 

Gallows reef, 

unclear species 

Cytotoxicity against H460 (IC50=8.3 

µM) cell. 

[225], 

[226] 

Wewakazole (155) Lyngbya majuscula Cytotoxicity against H460 (IC50=10 

µM) cell. 

[228], 

[229], 

[230], 

[231] 

Wewakazole B (156) Moorea peoducens Cytotoxicity against H460 (IC50=1.0 

µM) and MCF7 (IC50=0.58 µM) 

cells. 

[229], 

[230], 

[231] 

Hectochlorin (157) Lyngbya majuscule Average GI50 value of 5.1 µM in the 

tests against a panel of NCI 60 

tumor cell lines. 

Cytotoxicity against KB (ED50=0.86 

µM) and NCI-H187 (ED50=1.20 

µM) cells. 

[232], 

[233], 

[234], 

[235] 

Desmethoxymajusculamide 

C (DMMC) (158) 

Lyngbya majuscula Selectivity and cytotoxicity against 

HCT116 (IC50=0.016 µM), H460 

[236] 
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(IC50=0.094 µM) and MDA-MB-

435 (IC50=0.23 µM) cells. 

Hantupeptin A (159) Lyngbya majuscula Cytotoxicity against MOLT-4 

(IC50=32 nM) and MCF7 (IC50=4.0 

µM) cells. 

[237] 

Hantupeptins B (160) and 

C (161) 

Lyngbya majuscula Cytotoxicity against MOLT-4 

(IC50=0.2 and 3.0 µM, respectively) 

and MCF7 (IC50=0.5 and 1.0 µM, 

respectively) cells. 

[237], 

[238] 

Laxaphycin A (162) Lyngbya majuscula Obvious biological synergism when 

acting against DLD1 and MDR cells 

in the presence of laxaphycins A 

and B. 

[239], 

[240] 

Laxaphycin B (163) Lyngbya majuscula Cytotoxicity against CCRF-CEM 

(IC50=1.11 µM), CEM/VLB100 

(IC50=1.02 µM) and CEM/VM-1 

(IC50=1.37 µM) cells. 

Anti-proliferative effects on A549, 

MCF7, PA1 and PC3 cells. 

(IC50=0.19 to 1.0 µM) 

Obvious biological synergism when 

acting against DLD1 and MDR cells 

in the presence of laxaphycins A 

and B. 

[239], 

[240] 

Laxaphycins B2 (164) and 

B3 (165) 

Lyngbya majuscula Moderate cytotoxicities against 

CCRF-CEM, CEM/VLB100 and 

CEM/VM-1 cells. 

[240] 

Laxaphycin B4 (166) Hormothamnion 

enteromorphoides 

Growth-inhibitory activity and 

synergistic effect with laxaphycin A 

when acting against HCT116 

(IC50=1.7 µM) cell. 

[241] 

Obyanamide (167) Lyngbya 

confervoides 

Cytotoxicity against KB (IC50=0.97 

µM) and LoVo (IC50=5.24 µM) 

cells. 

[242], 

[243] 

Grassypeptolide A (168) Lyngbya 

confervoides 

Cytotoxicity against U2OS 

(IC50=2.2 µM), HeLa (IC50=1.0 

µM), HT29 (IC50=1.5 µM) and 

IMR-32 (IC50=4.2µM) cells. 

[244], 

[245], 

[246] 

Grassypeptolides B (169) 

and C (170) 

Lyngbya 

confervoides 

Anti-proliferative effects on HT29 

(IC50=2.97 µM and 76.7 nM, 

respectively) and HeLa (IC50=2.93 

µM and 44.6 nM, respectively) 

cells. 

[245] 

Grassypeptolides D (171) 

and E (172) 

Leptolyngbya sp. Cytotoxicity against HeLa 

(IC50=335 and 192 nM, 

respectively) and neuro-2a 

(IC50=599 and 407 nM, 

respectively) cells.  

[247] 

Palauamide (173) Lyngbya sp. Cytotoxicity against KB (IC50=13 

nM) cell. 

[248], 

[249], 

[250] 

Coibamide A (174) Leptolyngbya sp. Cytotoxicity against NCI-H460 and 

neuro-2a cells. (LC50＜17.9 nM) 

[251], 

[252], 

[253] 

Ulongamides A-E (175-

179) 

Lyngbya sp. Cytotoxicity against KB (IC50~1 

µM) and LoVo (IC50~5 µM) cells. 

[254], 

[255], 

[256] 

Ulongapeptin (180) Lyngbya sp. Cytotoxicity against KB (IC50=0.63 

µM) cell.  

[257] 
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Odoamide (181) Okeania sp. Cytotoxicity against HeLa S3 

(IC50=26.3 nM) cell. 

[258], 

[259] 

Cryptophycin 1 (182) Nostoc sp. Broad-spectrum cytotoxicity against 

cell lines such as L1210 (IC50=4 

pM), SKOV3 (IC50=7 pM), MCF7 

(IC50=16 pM) and etc. 

[260], 

[261], 

[262], 

[263], 

[264], 

[265], 

[266], 

[267] 

Largazole (183) Symploca sp. Cytotoxicity against MDA-MB-231 

(GI50=122 nM, LC50=272 nM), 

NmuMG (GI50=7.7 nM, LC50=117 

nM), U2OS (GI50=55 nM, LC50=94 

nM), NIH3T3 (GI50=480 nM, 

LC50>8 µM), HCT116 (GI50=0.08 

µM) and A549 (GI50=0.32 µM) 

cells. 

[268], 

[269], 

[270], 

[271], 

[272], 

[273] 

Symplocamide A (184) Symploca sp. Cytotoxicity against H460 (IC50=40 

nM) and neuro-2a (IC50=29 nM) 

cells. 

[274], 

[275] 

Tasipeptins A (185) and B 

(186) 

Symploca sp. Cytotoxicity against KB (IC50=0.93 

and 0.82 µM, respectively) cell. 

[276], 

[277] 

Veraguamides A-G (187-

193) 

Symploca cf. 

hydnoides 

Cytotoxicity against HT29 

(IC50=0.84 to 49 µM) and HeLa 

(IC50=0.54 to 49 µM) cells. 

[278] 

Floridamide (194) Moorea producens Cytotoxicity against H460 and 

neuro-2a cells. (EC50=1.89×10-5 

µM) 

[279] 

Viequeamide A (195) Rivularia sp. Cytotoxicity against H460 (IC50=60 

nM) cell. 

[280], 

[281] 

 

5. Conclusions and future perspectives 

This review included the recently discovered natural anticancer cyclopeptides, 

which have been summarized and categorized according to their origins. An abundant 

number of cyclopeptides with diverging chemical and biological characteristics can be 

obtained from the aqueous and terrestrial portions of our nature. Cyclopeptides derived 

from natural sources have drawn great attention due to their high therapeutic potential 

for drug development. Today, many studies have shown that natural cyclopeptides are 

effective in the treatment and preventive measures of cancerous pathologies. Other 

biological activities such as antiviral, antibacterial and antimalarial effects have also 

been extensively observed whilst some are considered promising. Hence, detailed 

mechanism studies and structural modification of cyclopeptides are desperately needed 

for the development of cyclopeptide as therapeutic drug candidates. Nonetheless, the 
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current research studies on the anticancer effects of natural cyclopeptides are just the 

tip of the iceberg. The natural cyclopeptides are undoubtedly a rich source as bioactive 

compound leads gifted from nature to benefit human welfare. 
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CHAPTER 2 

 

 
The Evaluation of In Vitro and In Vivo  

Anticancer Activities of the Natural 

Cyclopeptide From Maytenus variabilis
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ABSTRACT 

Cancer is one of the leading causes of death worldwide. Current cancer chemotherapies 

are often associated with narrow therapeutic indices. Introducing novel safe and efficient 

therapeutics is the top priority for cancer treatment. Plants are undeniably an important source 

of anticancer agents whereas plant-derived cyclopeptides have been suggested as good 

anticancer candidates. The purpose of this chapter is to investigate the anticancer activity of 

the natural cycloheptapeptide MV-A via in vitro and in vivo approaches. In the present study, 

MV-A showed extremely potent cytotoxic effect with a selectivity towards cancer cells. In 

particular, MV-A was roughly 35 times more potent in killing human colorectal cancer 

HCT116 cells than human normal colonic epithelial CCD841 cells. Moreover, the in vivo 

antitumor efficacy of MV-A at the two doses (low and high) was apparently superior to the 

clinically used anticancer drug paclitaxel. Taken together, our results highlighted the promising 

selectivity of cyclopeptide MV-A against colorectal cancer cells. Therefore, MV-A is 

potentially an anticancer agent. 

Objectives 

The objectives of this study were to i) evaluate the anticancer effect, ii) elucidate the 

mechanism of action, and iii) identify the binding target(s) of the natural cycloheptapeptide 

MV-A.
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1. Introduction 

Cancer is a type of disease characterized by the uncontrolled growth and spread 

of abnormal cells. This pathology is a major cause of death worldwide. In 2018, there 

were estimated over 18 million new cancer cases globally [282]. Current approaches 

for cancer treatment include surgery, radiation therapy, chemotherapy, immunotherapy, 

targeted therapy, hormone therapy, stem cell transplant and precision medicine [283]. 

However, surgical tumor removal followed by radiation treatment and chemotherapy is 

one of the most common strategies in the present clinical setting. Although numerous 

cancer chemotherapeutics are available today, many of them are somehow associated 

with certain disadvantages, for instance, rapid development of drug resistance and 

undesirable side effects. The discovery and development of new anticancer drugs with 

high potency and little or tolerable side effects becomes extremely important and urgent. 

Plants are considered as a good source of anticancer compounds and compound leads 

[284]. 

Cyclopeptides, also known as cyclic peptides, are cyclic compounds featured 

with peptide bonds. Many bioactive cyclopeptides can be obtained from higher plants. 

In fact, more than four hundred natural cyclopeptides have been discovered in the past 

century [285], particularly from the Caryophyllaceae and Rhamnaceae families. Plant-

derived cyclopeptides are generally categorized into two major classes, 

heterocyclopeptides and homocyclopeptides, and further categorized into five 

subclasses, heteromonocyclopeptides, heterodicyclopeptides, homomonocyclopeptides, 

homodicyclopeptides and homopolycyclopeptides [285]. Macrocyclic natural products 

are a rich source of biologically active compounds, and the identification of their targets 

may assist researchers in the synthesis of biological agents specific for particular 

diseased conditions [286]. Apart from the isolation from plants, cyclic peptides can be 
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synthesized via ribosomal or non-ribosomal mechanisms in a biological system. The 

ribosomal synthesis of cyclopeptides mainly depends on the incorporation of 21 amino 

acids of any kind whereas the non-ribosomal synthetic pathway is merely limited to the 

length of the established peptide chain, which is extended from various groups of 

precursors, including pseudo, non-proteinogenic, hydroxyl, N-methyl, and D-amino 

acids [287]. Natural cyclic peptide products comprise a peculiar class of macrocycles 

due to their constrained three-dimensional chemical structures, relative ease of 

synthesis and intrinsic cell permeability [288-289]. They have been shown with a 

variety of biological activities including anti-platelet, anti-malarial, antiviral, antifungal 

and anticancer effects [286, 290]. It is worth noting that these versatile cyclic peptides 

can also be synthesized in the laboratory with relatively easy approaches [291]. 

Cyclopeptides that modulate specific molecular pathways in suppressing the 

proliferation of cancer cells are potential candidates for anticancer therapies and/or 

chemopreventive agents [292]. In recent years, various types of cyclopeptides have 

been isolated from plants and showed strong anticancer functions. However, studies on 

the anticancer effects and the mechanism of actions of cyclopeptides are relatively 

limited. 

From several previous studies, potent anticancer and anti-obesity compounds 

have been isolated from the stem barks of Maytenus variabilis (Loes.) C. Y. Cheng 

(Celastraceae). Most of the promising compounds are indeed cyclopeptides containing 

a novel amino acid residue. This interesting plant is widely distributed in Guangxi, 

Sichuan, Guizhou and Hubei, and has been used as a resource for the development of 

herbal medicines [293]. In our study, the dry stem barks (3.0 kg) from the decaying 

wood of Maytenus variabilis (Loes.) C. Y. Cheng (Celastraceae) were purchased from 

a biotech company in Guizhou, China. Our primary screening assays showed that the 
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methanol extract made from a small of amount of the plant materials (5 g) exhibited a 

complete growth inhibition  in HCT116 cancer cells at a concentration of 0.625 μg/mL. 

Because of this surprising experimental data, all the collected barks were thus  subjected 

to a series of phytochemical studies for a comprehensive identification of anticancer 

compounds. At the end of our experiments, three novel cyclic peptides [i.e. MV-A, 

MV-B and MV-C] (Figure 2.1) were isolated from the methanol extract of the barks 

of  Maytenus variabilis.  

In this study, we aim to investigate whether these cyclopeptides exhibits 

efficient anticancer activity in vitro and in vivo. 
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Figure 2.1 Chemical structures of cyclopeptides MV-A, MV-B and MV-C. 
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2. Material and methods 

2.1 Materials 

Dimethyl sulfoxide (DMSO) was purchased from Sigma–Aldrich (USA). 

Palitaxel and vinblastine were purchased from Sigma-Aldrich (USA). Fluorouracil (5-

FU) was from Abcam (UK). Maytansine was provided by Prof. Zhang Hongjie’s group. 

The 96-well polystyrene micro-well plates were from SPL (South Korea). Microplate 

reader was from Bio-Rad (USA). 

Reagents 

Compounds MV-A, MV-B and MV-C were provided by Prof. Zhang Hongjie 

from Hong Kong Baptist University. The chemical structures of MV-A, MV-B and 

MV-C were fully elucidated and characterized via 1H nuclear magnetic resonance 

(NMR), 13C NMR, high-resolution mass spectrometry (HRMS), optical activity, as well 

as X-ray crystallographic analysis. For the biological experiments, the compounds were 

reconstituted in DMSO to a concentration of 4 μg/mL and stored at -20°C until use. 

Cell line and culture condition 

All cancer cell lines used in this study were purchased from American Type 

Culture Collection (ATCC, USA). Human colon cancer HCT116 cells were routinely 

cultured in McCoy’s 5A medium (GIBCO, USA). Human prostate cancer LNCaP cells 

were maintained in RPMI1640 medium with hormone-free 10% heat-activated fetal 

bovine serum (FBS) supplemented with 0.1 nM testosterone. Human breast cancer 

MCF-7 cells were maintained and assayed in MEME medium containing 10 mg/L of 

insulin. Human cancer cells of colon HT29, lung A549, melanoma A375, and 

pancreatic PANC1 were cultured in Dulbecco's Modified Eagle Medium (DMEM, 

GIBCO). Human lung cancer H460 cells were cultured in Roswell Park Memorial 
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Institute medium (RPMI 1640, GIBCO). All culture media were supplemented with 10% 

FBS (GIBCO) and 1% penicillin-streptomycin (GIBCO). Retinoic acid receptor-related 

orphan receptor gamma t T lymphocyte cells (RORt Jurkat) were provided by Dr. 

Huang, Zhaofeng, Zhongshan School of Medicine, Sun Yat-sen University. RORt 

Jurkat cells were routinely cultured in RPMI 1640 medium supplemented with 10% 

FBS, 2 mM glutamine, 1 mM sodium pyruvate, 50 μM 2-mercaptoethanol, and 1% 

penicillin-streptomycin (GIBCO). Normal human colon CCD841 cells were purchased 

from ATCC and routinely cultured in Eagle's Minimum Essential Medium (EMEM, 

ATCC) supplemented with 10% FBS, 1% penicillin-streptomycin. All cells were 

incubated in a 5% CO2 and 95% air humidified atmosphere at 37°C. 

2.2 Methods 

2.2.1 Cell viability assay 

The cytotoxicities of MV-A, MV-B and MV-C in cancer cells was assessed in 

terms of cellular protein content by utilizing the sulforhodamine B (SRB) colorimetric 

assay. Cancer cells were seeded in 96-well plates at a density of 4×103 cells/well and 

incubated with serial dilutions of the compounds for 48 h or 72 h. Subsequently, cells 

were fixed with cold 10% trichloroacetic acid (TCA) at 4°C for 45 min, washed with 

water three times, and completely air-dried at room temperature. Fixed cells were then 

treated with 0.057% SRB solution at room temperature for 15 min followed by three 

times of 1% acetic acid rinsing and completely air-dried at room temperature. Finally, 

10 mM Tris base solution was added to the cells and the 96-well plate was agitated on 

a gyratory shaker for 2-3 h. The OD values were measured at 515 nm using a microplate 

reader (Bio-Rad). The % inhibition (see the formulae below) and standard deviations 

(STDEV) were calculated using the Microsoft Excel program whereas the half maximal 
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inhibitory concentration (IC50) was calculated by using the statistic program GraphPad 

Prism 8: 

 % of control cell growth =  
mean OD smaple−mean OD day0

mean OD neg control−mean OD day0
× 100 

% growth inhibtion = 100 − % of control cell growth 

2.2.2 Colony formation assay 

HCT116 cells were seeded at a density of 600 cells/well in a 6-well plate, cultured 

in McCoy’s 5A supplemented with 10% FBS, 1% penicillin-streptomycin for 24 h. 

Subsequently, cells were treated with MV-A at various concentrations (0.33 to 13.4 nM) 

for another 48 h. Subsequently, cells were cultured for 14 days to allow colony 

formation whilst fresh medium was added periodically to replenish nutrients and 

maintain correct pH. Colonies were fixed with methanol/acetic acid solution 3:1 (v/v) 

for 5 mins and then stained with 0.5% crystal violet in methanol for counting. 

2.2.3 In vivo xenograft mouse models 

All animal studies were approved and performed according to Animal Care and 

Use Guidelines of the Animal Ethics Committee at Hong Kong Baptist University and 

performed following Animal Care and Use guidelines set by NIH (National Institute of 

Health, USA). BALB/c nude mice, SPF class, male or female, 5-6 weeks old, were 

purchased from Charles River Laboratories (Taiwan, China). Before the experiment, 

there was a one week of acclimatization for the mice to settle with the SPF class 

laboratory conditions. MV-A was tested for its antitumor efficacies against HCT116 

and MCF7 cancer cells planted in nude mice (Balc/nu/nu, female) in comparison with 

paclitaxel and maytansine, the most highly potent anticancer agents obtained from 

plants [294, 295]. HCT116 or MCF7 cancer cells (5×106 cells) were subcutaneously 

implanted in the rear flank of each mouse. Female mice receiving MCF-7 cells were 

implanted with an s.c. pellet of 17-estradiol (0.72 mg/pellet) a few days prior to cell 
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injection for a proper tumor induction. Ten days after cancer cell injection, solid tumors 

with average size of about 80-100 mm3 were observed at the implanted sites. For the 

test trials on HCT116 xenografts, the mice were randomly divided into 5 treatment 

groups:  MV-A high dose (1.0 mg/kg, n=10), MV-A low dose (0.5 mg/kg, n=10),  

paclitaxel (5.0 mg/kg, n=10), maytansine (0.1 mg/kg, n=10) and vehicle (n=10 mice). 

For the test trials on MCF7 xenografts, the mice were randomly divided into 4 groups: 

MV-A high dose (2.0 mg/kg, n=10), MV-A low dose (1.0 mg/kg, n=10), paclitaxel (5.0 

mg/kg, n=10), and vehicle (n=10). To the mice bearing the HCT116 xenografts, they 

were given the above treatment by means of i.v. (intravenous) administration every 

other day for 21 days. For the mice bearing the MCF7 xenografts, they were given i.p. 

(intraperitoneal) treatments of drugs twice a week for a total of 28 days. Weight of mice 

and tumor volume were measured twice a week till the end of the experiment. The 

tumor size in mm3 was calculated by the formula: tumor volume = length×width×height 

(L×W×H).    

2.2.4 Statistical analysis 

In vitro data were analyzed from three independent experiments. Statistical 

analysis was performed with a t-test or one-way ANOVA with GraphPad Prism 8. 𝑃 < 

0.05 was considered statistically significant. 
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3. Results 

3.1 The three cyclopeptides showed potent activity against cancer cells 

The three novel cyclopeptide compounds MV-A, MV-B and MV-C (Figure 2.1) 

demonstrated tumor cell killing activity against a panel of human cancer cell lines with 

IC50 values in the range of 0.05-52 nM (Table 2.1). In particular, MV-A displayed 

cancer cell killing activity more potent than that of paclitaxel or vinblastine, which are 

the mainstay anticancer agents used in the clinical setting. MV-A also delivered an anti-

proliferative effect comparable to the renowned anticancer compound maytansine, 

which is conjugated with an antibody to form DM1 as a therapeutic anticancer drug 

approved by the U.S. FDA in 2013 [296]. Most importantly, the effective 

concentrations of MV-A to inhibit  90 % cancer cells were lower than those of 

maytansine, paclitaxel and vinblastine (Table 2.2). 
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Table 2.1 Cytotoxic activity (IC50 values) of MV-A, MV-B and MV-C 

Cancer cells KB HCT116 LNCaP A549 MCF7 

Compounds Bioactivity: IC50 (nM) 

MV-A 0.05 0.25 0.42 0.24 0.26 

MV-B 0.79 2.62 not tested 6.35 5.83 

MV-C 12.5 43.5 not tested 51.8 26.6 

Maytansine 0.16 not tested 0.56 3.18 0.69 

Paclitaxel 3.38 5.78 15.9 4.81 3.24 

 

Table 2.2 Cytotoxic activity (IC90 values) of MV-A, MV-B and MV-C 

Cancer cells KB HCT116 A549 MCF7 

Compounds Bioactivity: IC90 (nM) 

MV-A 1.65 0.69 1.02 1.47 

MV-B 11.4 not tested 6.84 9.21 

MV-C not tested not tested not tested not tested 

Maytansine 5 not tested >40 >20 

Paclitaxel >20 >20 >20 >30 

Vinblastine 10.1 not tested >40 >50 
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3.2 MV-A inhibits cancer cell growth 

To determine the anticancer effect of MV-A, we further performed the SRB cell 

viability assays on a spectrum of human cancer cell lines (i.e. HT29, A375, H460 and 

PANC1), murine T lymphocytes (RORt Jurkat) and human normal colonic epithelial 

cells (CCD841). At the end of the 48-h incubation, MV-A decreased cell viability in a 

concentration-dependent manner in all cancer cell lines tested. The IC50 values were 

ranged from 1.4 to 4.8 nM (Table 2.3). Importantly, the IC50 value for the human 

normal colonic epithelial cells was 160 times higher than A549 cancer cells and 35 

times higher than HCT116 cancer cells (Figure 2.2). This piece of result indicated that 

MV-A selectively exhibited a significant cytotoxic selectivity towards cancer cells. 
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Table 2.3 Cytotoxic activities of MV-A on HT29, A375, H460, PANC1, RORt Jurkat 

and CCD841 cell lines. Data were collected from three independent experiments and 

are presented as means ± SD (n=3). 

 

Cell line Cell type IC50 (nM) 

HCT116 Colorectal carcinoma 1.102±0.4 

HT29 Colorectal carcinoma 1.491±0.7 

A375 Malignant melanoma 4.812±0.4 

A549 Lung carcinoma 0.269±0.1 

H460 Lung carcinoma 1.390±0.4 

PANC1 Pancreatic carcinoma 1.853±0.3 

RORγt Jurkat T lymphocyte 2.618±0.4 

CCD841 Normal colonic epithelial 38.418±2.5 

 

 
Figure 2.2 The cytotoxicity of MV-A in CCD841, HCT116, and HT29 cells. Cells were 

treated with MV-A for 48 h and subjected to SRB assay for the evaluation of its effect 

on cell viability in terms of cellular protein content. 
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3.3 MV-A is cytotoxic to HCT116 colorectal cancer cells 

Apart from the SRB cell viability assay, colony formation test, also known as 

clonogenicity assay, was also employed in order to evaluate the rather long-term 

cytotoxicity effect of MV-A. In this assay, the inhibition of viable colonies reflects the 

inhibitory effect of the test compound on cellular proliferation without bias to the mode 

of cell death [297]. As shown in Figure 2.3A, colony formation was significantly 

repressed in the HCT116 cells exposed to MV-A for 48h. When MV-A was applied at 

a concentration of 5.36 nM or higher, the formation of HCT116 colonies was almost 

completely inhibited at the end of the 14-day experiment. The numbers of HCT116 

colonies were counted and presented in Figure 2.3B.  
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Figure 2.3 Inhibitory effect of MV-A on colony formation of HCT116 cells. 

Clonogenicity assay was performed post treatment with 0.5% DMSO, MV-A or 5-FU 

for 14 days at the indicated concentrations, and cells were stained with crystal violet at 

the end of the experiment for visualization. (A) Photographs of HCT116 colonies. The 

inhibitory efficiency of colony formation at different concentrations of MV-A was 

compared with the control groups. (B) The number of colonies at different 

concentrations of MV-A was compared with the control groups. All data were obtained 

from three independent experiments and presented as mean ± standard deviation. “*” 

indicates a significant difference with P < 0.05 when compared with DMSO. 
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3.3 MV-A treatment leads to tumor regression in the HCT116 carcinoma 

xenograft mouse models 

Tumor xenograft models have been extensively used for the assessment of in vivo 

efficacy of antitumor agents. We evaluated the effects of MV-A on subcutaneous 

HCT116 and MCF tumors in athymic nude mice. The treatment started on the 6th day 

when the HCT116-tumors reached approximately 100 mm3 (L×W×W). Two doses of 

MV-A (0.5 and 1.0 mg/kg), paclitaxel (5 mg/kg), maytansine (0.1 mg/kg) and vehicle 

were administered via the i.v. route to the tumor-bearing mice every other day for 21 

days (n=10/group). All mice  in the maytansine group died after the first two treatments. 

At the end of this 21-day experimental trial, MV-A inhibited the growth of HCT116 

xenografts by 31.1 % and 52.8 % at the doses of 0.5 and 1.0 mg/kg, respectively (Figure 

2.4). A weight loss of 1 to 2 g was observed in the MV-A-treated mice after the first 

two treatments, but the weight of mice stayed relatively stable thereafter. In the 

maytansine group, all mice died after the two initial treatments at the dose of 0.1 mg/kg. 

This result implicated that maytansine gives extremely high toxicity in vivo. 

Surprisingly, the antitumor efficacy of MV-A (37.6% inhibition of tumor volume) at 

the dose of 1.0 mg/kg was apparently superior to that of paclitaxel at the dose of 5.0 

mg/kg. 
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Figure 2.4 The antitumor effect of MV-A in HCT-116 xenograft mouse model. MV-A 

(0.5 or 1.0 mg/kg), paclitaxel (5 mg/kg), or vehicle solution was administered i.v. to the 

tumor-bearing mice every other day for 3 weeks. (A) The tumor growth curve shows 

the growth inhibition of HCT116-xenografts in terms of tumor size upon different 

treatments. (B) shows the inhibition of HCT116-xenografts in terms of tumor weight. 

Excised tumor weight at the P versus control (% inhibition): MV-A 1 mg/kg = 

0.0000078 (52.8%), MV-A 0.5 mg/kg = 0.0031 (31.1%), and paclitaxel = 0.00045 

(37.6%). (C) shows the photograph of vehicle at the end of HCT116-tumor xenograft 

experiment. 
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3.4 MV-A treatment leads to tumor regression in the MCF7 carcinoma xenograft 

mouse model  

The treatment started on the 12th day when the MCF7-tumor size reached 

approximately 100 mm3 (LWH). Two doses of MV-A (1.0 and 2.0 mg/kg), paclitaxel 

(5 mg/kg), and vehicle solution were administered via the i.p. route to the tumor-bearing 

mice twice a week for 4 weeks (n=8/group). In this experimental trial, MV-A inhibited 

the growth of MCF7 tumors by 48.1 % and 72.6 % at the doses of 1.0 and 2.0 mg/kg, 

respectively, when compared to the vehicle group (Figure 2.5). A weight loss of 1 to 2 

g was observed in the MV-A group after the first two treatments, but the weight of the 

mice stayed relatively stable thereafter. The antitumor efficacy of MV-A (28.2% 

inhibition) at the two doses (1.0 and 2.0 mg/kg) was apparently superior to that of 

paclitaxel at the dose of 5.0 mg/kg. 
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Figure 2.5 The antitumor effect of MV-A in MCF7-xenograft bearing mice. MV-A 

(1.0 or 2.0 mg/kg), paclitaxel (5 mg/kg), or vehicle solution was administered i.p. to the 

tumor-bearing mice every other day for 4 weeks. (A) The tumor growth curve shows 

the inhibition of MCF7 xenografts upon different treatments in terms of tumor size. (B) 

The bar chart shows the inhibition of MCF7 xenografts upon different treatments in 

terms of tumor weight. Excised tumors were weighed at the end of the 28-day 

experimental trial; p versus vehicle (% inhibition): MV-A 2.0 mg/kg = 0.0005 (72.6%), 

MV-A 1.0 mg/kg = 0.0006 (48.1%), and paclitaxel 5 mg/kg = 0.08 (28.2%). 
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4. Discussion 

Nowadays, many people are suffering from cancer, and chemotherapy is still the 

most commonly used therapy for treating many kinds of cancers. The development of 

novel active compounds with wide therapeutic indices is important to overcome the 

disadvantages of chemotherapy. Cyclopeptides are peptide compounds with their 

amino and carboxyl termini linked together by a peptide bond. With such a linkage, a 

cyclic structure is formed. Interestingly, many of the cyclopeptides contain some 

unusual amino acids [298]. Due to their unique structures, cyclopeptides are shown to 

have versatile biological functions including anti-inflammatory, anti-malarial, antiviral, 

antifungal and anticancer activities [299]. 

Different from the common cyclopeptides, which are normally formed from the 

common amino acids listed in Table 1, the structures of MV-A, MV-B and MV-C are 

containing peptide bond(s) made from a novel amino acid. This novel amino acid was 

identified as α-amino-2, 3-dimethyl-cyclopropaneacetic acid (DMCPA) (Figure 2.6), 

which has not been reported in any literature. We believe that this novel amino acid 

forms the key sub-structural component(s) responsible for the cancer cell killing 

activity of cyclopeptides of the similar kind.  
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Figure 2.6 Chemical structure of the novel amino acid α-amino-2, 3-dimethyl-

cyclopropaneacetic acid (DMCPA). 
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When one of the DMCPA residues is replaced by a leucine residue, the cancer cell 

killing activity was significantly reduced. MV-C contains only one DMCPA residue, 

which resulted in a reduction of at least 100 times in cancer cell killing when compared 

to MV-A.  

In a previous study, a cycloheptapeptide (ternatin) (Figure 2.7), which is 

structurally similar to MV-A, MV-B and MV-C, has been reported. However, this 

compound does not have a DMCPA residue. Ternatin was reported to possess cytotoxic 

activity against murine P388 leukemia cells with an IC50 value of 1.63 μM [300]. To 

compare with the literature data of ternatin, we evaluated the effects of MV-A and MV-

B on murine P388 leukemia cells. In our current study, MV-A and MV-B inhibited the 

growth of murine P388 leukemia cells by 100 % at a concentration of 10 ng/mL. This 

piece of result demonstrated that the cyclopeptides having the DMCPA residue (i.e. 

MV-A and MV-B) possess a biological activity much higher than ternatin. 
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Figure 2.7 The chemical structure of ternatin. 
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Further, we found that the activity of cyclopeptides is considerably affected by the 

presence of an adjacent functional group as it may interfere with the DMCPA residue. 

For example, MV-B exhibits a comparative activity to paclitaxel, but it shows much 

lower activity than MV-A. The only structural difference between these two 

compounds is that the leucine residue next to DMCPA in MV-A is substituted by a 

hydroxy group in MV-B. We suspect that this hydroxy substitute may have greatly 

disrupted the interaction between the DMCPA residue and the DMCPA targeted 

proteins.  

In the current work, we chose MV-A  for the detailed investigation and discovered 

that the natural cyclopeptide MV-A exerted potent cytotoxicity and antitumor activity 

in a wide spectrum of human cancer cells. Among those cancer cell lines we tested, 

MV-A showed the highest cytotoxic effect against A549 and HCT116 cancer cells. 

Importantly, MV-A exhibited a relatively low cytotoxic effect on the normal epithelial 

CCD841 cells. Therefore, MV-A has a cytotoxic selectivity towards cancer cells than 

normal cells. Furthermore, the colony formation assay is the standard in vitro assay to 

determine cell survival assay based on the ability of single cells to grow into colonies 

[301], and our results showed that MV-A completely inhibited HCT116 colony 

formation at low concentrations (e.g. 8.04 nM). This assay presented the long-term anti-

proliferative potential of MV-A, which cannot be determined using other short-term 

assays. The colony formation assay indicates whether the cells have lost their ability to 

proliferate but not the cell deaths [302]. Combining the colony formation assay with 

the SRB assay provided more complete information of the anticancer property of MV-

A. 

Considering its strong in vitro activity, we hypothesized that MV-A would show 

antitumor effects in the xenograft mouse models. Cell line derived xenograft mouse 
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model is the most widely used model and relatively rapid analysis for investigating the 

antitumor effects of therapeutic agents [303]. In this model, human cancer cells are 

transplanted under the skin of animals or the animals’ organs where the target human 

cell lines are originated. Immunocompromised mice (e.g. nude mice and severely 

compromised immunodeficient (SCID) mice) are commonly used animals in these in 

vivo studies [304]. In our xenograft mouse model studies, HCT116 or MCF 7 cancer 

cells were subcutaneously into nude mice for developing tumors, followed by MV-A 

treatment. To the HCT116 and MCF7 xenograft-bearing mice, MV-A significantly 

suppressed the growth of tumors, in terms of tumor weight and tumor volume. 

Importantly, MV-A exhibited an in vivo toxicity lower than the clinically used drug 

paclitaxel. The present findings suggest that MV-A appears a potent antitumor agent 

with a low toxicity profile. 

5. Conclusion 

In conclusion, the plant cyclopeptide MV-A showed potent anti-proliferative 

effects in various types of cancer cells. In addition, MV-A also exhibited remarkable 

antitumor effects in xenograft mouse models against the colorectal HCT116 cancer 

cells and the breast MCF7 cancer cells with low toxicity. Taken together, our findings 

are of great importance to the development of anticancer compounds. MV-A is a novel 

cyclic peptide containing a unique amino acid that has not been reported previously. 

Because of the structure novelty and the antitumor potency, we believe MV-A is worthy 

for further investigation in order to determine the mechanisms of its anticancer effect 

and its direct binding targets. 
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Investigation of Anticancer Mechanism of 

Cyclopeptide MV-A 
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ABSTRACT 

MV-A is a novel cycloheptapeptide isolated from the stem barks of Maytenus variabilis, 

which suppresses the proliferation of various kinds of cancer cells at nanomolar concentrations. 

Due to its novelty and potency, the underlying mechanisms of action of this cyclopeptide is 

worth for a thorough investigation. Human colorectal carcinoma HCT116 cells were used as 

the cellular testing model for our current mechanism study. Our results showed that MV-A 

effectively inhibited the proliferation of HCT116 cells by mediating the G1 phase arrest and 

inducing cellular senescence via the p16INK4a/pRB pathway. Further, our phosphor-specific 

protein array analysis showed that MV-A inhibited the phosphorylation process of the PI3K-

AKT pathway. In conclusion, these findings suggest that MV-A is potentially a good anticancer 

drug candidate.
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1. Introduction 

Colorectal cancer (CRC) is the second-leading cause of cancer death, and the 5- 

and 10-year relative survival rates for CRC are 65% and 58%, respectively [305]. In 

the past decade, unprecedented progress has been obtained in the reduction of both the 

incidence and mortality rates of CRC in the United States, largely due to the 

strengthened prevention schemes and early diagnosis and screening of CRC [306]. In 

Hong Kong, CRC is the commonest cancer and the second leading cause of cancer 

death [307]. The current therapies for CRC, such as chemotherapy, immunotherapy and 

targeted therapy, either inhibit cancer cell proliferation or induce cell apoptosis, 

senescence and/or autophagy [308]. At present, the first-line drugs used to treat CRC 

are 5-fluorouracil (5-FU), capecitabine (Xeloda) and the combo usage of trifluridine 

and tipiracil (Lonsurf) [309]. These chemo drugs attack cells that are rapidly dividing, 

but they attack normal cells as well. Thus, they often give rise to undesirable side effects 

due to their low selectivity and/or specificity to cancer cells. For example, when 5-FU 

or capecitabine is given as an infusion, they may cause hand-food syndrome [310]. In 

this regard, the development of novel potent anticancer agents is sought. 

Cyclopeptides are polypeptide chains that composed of peptide bonds in a 

cyclic conformation comprising proteinogenic or nonproteinogenic amino acids. 

Cyclopeptides have gained special attention due to their unique functions with low 

toxicity, good binding affinity, and selectivity. Whilst most cyclopeptides are found in 

the nature, some of them have been successfully synthesized in the laboratory [310]. A 

cycloheptapeptide is referred to as a cyclopeptide possessing seven amino acid residues. 

In recent years, many natural cycloheptapeptides with potent anticancer activity have 

been discovered [310-313]. However, the exact anticancer mechanisms of these 

cycloheptapeptides remain elusive. 
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Based on our previous efficacy study of MV-A, we found that MV-A showed 

distinct inhibitory effects on the growth of colon cancer cells at nanomolar 

concentrations. When extrapolated in vivo, MV-A provided a remarkable reduction of 

HCT116 tumors in the xenograft-bearing mice. Therefore, it is worth to investigate the 

anticancer mechanism of action of MV-A. The purpose of the current study was aimed 

to determine the molecular mechanism of cyclopeptide MV-A, by means of various 

biochemical assays, such as flow cytometric analysis, colorimetric staining, 

quantitative polymerase chain reactions, phospho-antibody array and Western blotting. 

2. Material and methods 

2.1 Cell viability assay 

The cytotoxicity of MV-A in HCT116 cells was assessed in terms of cellular 

protein content by utilizing the sulforhodamine B (SRB) colorimetric assay, described 

in the previous chapter. 

2.2 Flow cytometric analysis 

HCT116 cells were seeded at 2×105 cells/mL in 6-well plates with complete 

medium supplemented with 10% FBS for 24 h. Subsequently, the medium was changed 

to serum-reduced medium (i.e. 2% FBS) and treated with MV-A at various 

concentrations for 48 h. At the time of harvest, cells were trypsinized and the pelleted 

cells were stained with propidium iodide (PI) and Annexin V (Invitrogen). Flow 

cytometry application was performed with a FACS Caliber (BD Biosciences). 

Apoptotic events were determined by typical quadrant analysis. 

2.3 Cell cycle analysis 

HCT116 cells were seeded at 2×105 cells/mL in 6-well plates with complete 

medium supplemented with 10% FBS for 24 h. Subsequently, the cells were cultured 

in serum-free medium for another 24 h. Then the medium was changed to serum-



102 

 

 

reduced medium (i.e. 2% FBS) and cells were treated with MV-A at various 

concentrations for 48 h. At the time of harvest, cells were trypsinized and the pelleted 

cells were fixed in 70% ethanol overnight. The fixed cells were then stained with the 

PI/RNase Staining Buffer (BD Biosciences) for 15 mins at room temperature. Flow 

cytometry was performed with a FACS Caliber (BD Biosciences) for the quantitation 

of cellular DNA content. 

2.4 Western blot analysis 

Total proteins from HCT116 cells were extracted using the protease and 

phosphatase inhibitors-containing M-PER buffer (ThermoFisher) on ice. Cell lysates 

were loaded, separated by 10% SDS-polyacrylamide gel electrophoresis and transferred 

onto PVDF membranes by wet electroblotting. The membranes were blocked with 5% 

non-fat dry milk in Tris-buffered saline with 0.1% Tween 20 for 1 h at room temperature, 

incubated with primary antibodies overnight at 4 ºC, and subsequently incubated with 

corresponsive secondary antibodies. Protein bands were visualized by utilization of an 

ECL kit (Western Bright). 

2.5 Senescence staining 

HCT116 cells were seeded at a density of 2×105 cells/mL in 6-well plates, and 

treated with MV-A at 0.33, 0.67, 1.34 and 2.68 nM or 5FU at 11.5 µM for 48 h. Then 

the senescence-associated β-galactosidase staining was performed using a commercial 

kit (Cell Signaling Technology; #9860) according to the manufacturer’s protocol. The 

stained cells were observed under a microscope (magnification: 200×) for the 

development of blue stain. 

2.6 RT2 Profiler PCR array 

HCT116 cells were treated with vehicle (i.e. DMSO) or MV-A (1.68 nM) for 48 

h prior to total RNA extraction using the RNeasy Mini Kit (Qiagen). Equal amounts of 
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total RNA (1 µg) were then reversely transcribed into cDNA using the PrimeScriptTM 

RT Reagent Kit (TaKaRa). Human cellular senescence RT2 Profiler PCR array (PAHS-

050Z, Qiagen) and human PI3K RT2 Profiler PCR array (PAHS-058Z, QIAGEN) were 

performed using the SYBR Green Mastermix (Bio-Rad) as the dye reagent on the CFX 

ConnectTM (Bio-Rad) machine following the manufacturer’s instructions. Expression 

levels of test genes in the MV-A-treated sample were compared to the vehicle-treated 

group using the SABiosciences web-based software 

(https://dataanalysis.sabiosciences.com/pcr/arrayanalysis.php). Heatmap images were 

generated using GraphPad Prism 8. Any gene expression with a change of two-fold or 

greater was considered significant. 

2.7 Phospho-antibody array 

The phospho-specific protein microarray (PEX100) was designed and 

manufactured by Full Moon Biosystems, Inc. (Sunnyvale, CA, USA). This array chip 

contains 1318 antibodies for detecting 584 different phosphorylation sites, so that a 

rather complete phosphorylation profiling can be established. Phospho-array detection 

was performed in collaboration with Wayen Biotechnology (Shanghai, China). DMSO- 

or MV-A - (1.68 nM) treated HCT116 cells were collected and lysed using the Protein 

Extraction Kit (Full Moon BioSystem). Cell lysates were biotinylated and allowed for 

hybridization to the Phospho-specific protein arrays for two hours at room temperature. 

The array slides were washed and incubated with Cy3-Streptavidin for 45 min at room 

temperature. The slides were then washed, rinsed, dried and scanned using the GenePix 

Array Scanner (Molecular Devices). The fluorescent signal of each antibody was 

obtained according to the fluorescence intensity of the antibody spot. A ratio 

computation was used to measure the extent of protein phosphorylation. The 

https://dataanalysis.sabiosciences.com/pcr/arrayanalysis.php
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phosphorylation ratio was calculated as follows: phosphorylation ratio = phospho value 

/ unphospho value. 

2.8 Statistical analysis 

Data were analyzed from three independent experiments. Statistical analysis was 

performed with a t-test or one-way ANOVA with GraphPad Prism 8. 𝑃 < 0.05 were 

considered statistically significant. 

3. Results 

3.1 Cytotoxicity 

We tested the cytotoxicity of MV-A in human colorectal carcinoma HCT116 cells 

at cell density of 8,000 cells/well in different formats of microplate in order to construct 

the best dose-response curve. Concentrations ranging from 0.33 to 2.68 nM of MV-A 

were chosen as the dosing concentrations based on the results of SRB assays. The IC50 

of MV-A in HCT116 cells was determined to be 2.28 ± 0.3 nM (Figure 3.1).  
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Figure 3.1 The cytotoxicity of MV-A in HCT116 cells. HCT116 cells were treated with 

MV-A for 48 h and subjected to SRB assay for the evaluation of its effect on cell 

viability in terms of cellular protein content. 
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3.2 Effect of MV-A on induction of apoptosis of HCT116 cancer cells 

In order to determine whether the cytotoxicity of MV-A was due to the induction 

of apoptosis, HCT116 cells treated with MV-A at various concentrations were stained 

with Annexin V/propidium iodide (PI) for the detection of membrane impermeability 

and loss of cellular DNA content, which are the featuring characteristics of cellular 

apoptosis [314]. As shown in Figure 3.2, the percentages of apoptotic cells were 

analyzed by flow cytometric analysis. From the results, we noticed that when MV-A 

was applied at concentrations lower than the IC50 value, the percentages of apoptotic 

cells did not change significantly. However, when MV-A was applied at 6.7 and 13.4 

nM (i.e. 3 to 5 times higher than its IC50 value), the number of apoptotic cells was 

remarkably increased. These findings suggest that the anti-proliferative effect of MV-

A in HCT116 cells was probably derived from a non-apoptotic mechanism. 
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Figure 3.2 (A) Flow cytometric analysis of HCT116 cells using Annexin V/PI staining. 

HCT116 cells were treated with MV-A at the indicated concentration for 48 h prior to 

labelling with annexin V and PI. (B) Graphical representation of the percentage of 

apoptotic cells. Q1 shows the percentage of necrotic cells, Q2 and Q4 represent late and 

early apoptotic cells, respectively, Q3 shows the population of normal cells.  
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To further study the anticancer mechanism of MV-A on CRC cells, we examined 

the expression levels of several apoptotic proteins, including Bik, Bcl-2, p38, p38α/β 

and phosphorylated p38, by means of Western blotting analysis. As shown in Figure 

3.3, the treatment with MV-A significantly reduced the expression levels of p38α/β as 

well as the level of phosphorylated p38 in the HCT116 cells. However, the levels of 

pro-apoptotic proteins Bik and Bcl-2 were just marginally inhibited by MV-A. Taken 

together, the results further demonstrated that the anticancer mechanism of MV-A in 

HCT116 cancer cells is not associated with apoptosis. 
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Figure 3.3 (A) Representative images of western blots showed the effect of MV-A on 

the levels of Bcl-2, p-38, p38α/β, p-p38 and Bik. GAPDH was served as a cytoplasmic 

loading reference. (B) Graphical representation of quantitative data as mean ± SD, n=3. 

*P < 0.05, **P < 0.01 vs control. 
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3.3 Effect of MV-A on cell cycle regulation in HCT116 cancer cells 

By using the FACScan flow cytometer, we investigated whether MV-A affects the 

phases of cell cycle. When HCT116 cells were treated with low concentrations of MV-

A (i.e. < IC50 value) for 24 h (Figure 3.4A), a significant increase in the percentage of 

cells in G1 phase was observed. This piece of data suggested that the increase of G1 

phase was accompanied by a delay in the entry into S phase. However, when MV-A 

was applied at concentrations above the IC50 value (e.g. 2.68 nM), an increase in G2 

phase was seen. This result suggested that the increase of G2 phase may be derived 

from its cytotoxicity effects. Unlike the results obtained from the 24-h treatment, the 

48-h treatment with MV-A only resulted in a slight increase of cells in the G2/M phase 

when compared to the DMSO control (Figure 3.4B). 

To further investigate the molecular mechanisms involved in the arresting effect 

of MV-A on cell cycle, we examined the expression levels of some regulators of the G1 

phase checkpoint. Our Western blot analysis (Figure 3.4C) revealed that MV-A 

treatment reduced the protein expressions of cyclin D1, CDK2, and CDK4 in a dose-

dependent manner. Hence, we conclude that the low dose of MV-A is a regulating agent 

of the G1 phase checkpoint, and thus a cell cycle modulator. 



111 

 

 

 
Figure 3.4 Cell cycle analysis using propidium iodide (PI) staining and flow cytometry. 

Cell cycle distribution of 0.5% DMSO- or MV-A-treated HCT116 cells for 24 h (A) 

and 48 h (B). (C) Cells were treated with vehicle solution (0.5% DMSO), 5-FU or MV-

A at indicated concentrations for 48 h prior to protein extraction. Cell cycle checkpoints 

were examined by means of Western blotting. α-Tubulin was served as a cytoplasmic 

loading reference. Graphical representation of quantitative data as mean ± SD, n=3. *P 

< 0.05, **P < 0.01 vs control. 
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3.4 MV-A elicited cellular senescence 

To determine whether the anti-proliferative effect of MV-A is derived from its 

induction of cellular senescence, we performed a SA-β-gal staining in the MV-A-treated 

HCT116 cells. Figure 3.5 shows that SA-β-gal-positive signals were notably increased 

in the HCT116 cells post exposure to MV-A in a dose-dependent manner when 

comparing to the DMSO control. Recalled the results of our flow cytometric analysis, 

the anti-proliferative effect of MV-A was primarily derived from a non-apoptotic 

mechanism. Taken together with the current SA-β-gal staining result, we suggest that 

MV-A is a potential inducer of cellular senescence.   
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Figure 3.5 The senescent status of HCT116 cells upon MV-A treatment. HCT116 cells 

were treated with vehicle (0.5% DMSO), various concentrations of MV-A (0.33 to 2.68 

nM) or fluorouracil (5-FU, 11.5 µM) for 48 h prior to SA-β-gal staining. The SA-β-gal-

positive cells were stained cyan. (B) Graphical representation of the numbers of 

senescent cells as mean ± SD, n=3. **P < 0.01 vs control. 
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3.5 MV-A Targeted the p16/pRb Signaling Pathways 

To gain an insight into the pathways underlying the MV-A-induced cellular 

senescence, HCT116 cells were treated with MV-A for 48 h prior to RNA extraction. 

We examined the expression levels of a panel of senescence-related genes by means of 

RT2 profiler qPCR array. Among the 84 genes, nine of them were significantly regulated 

(fold change >2) in the HCT116 cells upon the treatment with MV-A at 1.68 nM, a 

concentration lower than its IC50 value (Figure 3.6A, Table 3.1). In particular, MV-A 

upregulated the transcript levels of CDKN1A (p21) and CDKN2A (p16); however, it 

downregulated the transcript levels of TP53 and RB1. At the translational level, p16 

and RB proteins were notably elevated in the HCT116 cells after the 48h treatment of 

MV-A, while p21, p53 and other senescence-related regulators (E2F1, Cyclin A, Cyclin 

E2, p27) were decreased (Figure 3.6B). Upon the activation of p16 by MV-A, the levels 

of CDKs (CDK2, 4) and cyclins (cyclin A, C1, E2) were all inhibited, and the ability 

of these CDKs to phosphorylate RB was blocked. As a result, the non-phosphorylated 

form of RB was enhanced and E2F1 activity was attenuated. The inhibition of c-myc 

by MV-A also partially contributed to the senescent status of the HCT116 cells. Based 

on our qPCR array and Western blotting results, the mechanism of action of MV-A in 

HCT116 cells was highly associated with the activation of the p16/RB axis. At this 

point, we believe the anti-proliferative effect of MV-A is mainly driven by the 

upregulation of the p16 and RB cascade, rather than the p53 nor p21 signaling pathway, 

in the HCT116 cells.  
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Figure 3.6 Assessment of senescence-related regulators in HCT116 cells upon MV-A 

treatment. (A) Heatmap profile of expression differences among genes related to 

cellular senescence pathway of the qPCR array (Qiagen) following MV-A treatment at 

1.68 nM for 48 h in HCT116 cells. Ten of the 84 genes measured (12%) had a >2-fold 

change. (B) Cells were treated with 0.5% DMSO, 5-FU or MV-A at indicated 

concentrations for 48 h prior to protein extraction. Senescence regulators were 

examined by Western blotting. GAPDH was served as a cytoplasmic loading reference. 

Graphical representation of quantitative data as mean ± SD, n=3. *P < 0.05, **P < 0.01 

vs control. 
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Table 3.1 Data profile of fold changes among genes related to cellular senescence 

pathway of the qPCR array (Qiagen) following MV-A treatment at 1.68 nM for 48 h in 

HCT116 cells. Red color indicates significant up-regulation and blue color indicates 

significant down-regulation. 

Well Gene 

Fold Up- or Down-

Regulation 

Test Sample /Control Sample 

A01 ABL1 1.56 

A02 AKT1 -1.65 

A03 ALDH1A3 -2.21 

A04 ATM -1.19 

A05 BMI1 1.20 

A06 CALR -1.14 

A07 CCNA2 -1.30 

A08 CCNB1 -1.25 

A09 CCND1 1.48 

A10 CCNE1 -1.56 

A11 CD44 1.52 

A12 CDC25C -2.00 

B01 CDK2 -1.23 

B02 CDK4 -1.05 

B03 CDK6 1.36 

B04 CDKN1A 2.22 

B05 CDKN1B -1.15 

B06 CDKN1C -2.02 

B07 CDKN2A 1.09 

B08 CDKN2B 1.26 

B09 CDKN2C -2.18 

B10 CDKN2D -1.14 

B11 CHEK1 1.09 

B12 CHEK2 -1.33 

C01 CITED2 -1.07 

C02 COL1A1 -1.10 

C03 COL3A1 1.18 

C04 CREG1 -1.09 

C05 E2F1 -1.73 

C06 E2F3 -1.18 

C07 EGR1 -1.99 

C08 ETS1 3.29 

C09 ETS2 -1.17 

C10 FN1 -2.49 

C11 GADD45A 2.24 

C12 GLB1 -1.87 

D01 GSK3B 1.28 

D02 HRAS -1.15 

D03 ID1 -2.18 

D04 IFNG 1.10 

D05 IGF1 1.46 

D06 IGF1R -1.10 

D07 IGFBP3 -1.25 
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D08 IGFBP5 1.96 

D09 IGFBP7 1.09 

D10 ING1 -1.43 

D11 IRF3 -1.49 

D12 IRF5 -1.71 

E01 IRF7 -1.72 

E02 MAP2K1 1.52 

E03 MAP2K3 1.49 

E04 MAP2K6 1.21 

E05 MAPK14 -1.40 

E06 MDM2 1.70 

E07 MORC3 1.38 

E08 MYC 1.69 

E09 NBN 1.51 

E10 NFKB1 -1.01 

E11 NOX4 1.10 

E12 PCNA -1.35 

F01 PIK3CA -1.35 

F02 PLAU 1.41 

F03 PRKCD -1.79 

F04 PTEN 1.13 

F05 RB1 -1.09 

F06 RBL1 1.03 

F07 RBL2 -1.71 

F08 SERPINB2 1.33 

F09 SERPINE1 4.40 

F10 SIRT1 1.43 

F11 SOD1 -1.78 

F12 SOD2 -1.38 

G01 SPARC 1.10 

G02 TBX2 1.10 

G03 TBX3 -1.50 

G04 TERF2 1.31 

G05 TERT -1.84 

G06 TGFB1 -1.36 

G07 TGFB1I1 1.23 

G08 THBS1 1.59 

G09 TP53 -1.58 

G10 TP53BP1 -1.36 

G11 TWIST1 -1.02 

G12 VIM 1.16 
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3.6 MV-A inhibited colon cancer cell proliferation via inhibiting the PI3K-AKT 

signaling 

We used a phospho-specific protein microarray containing 1318 phosphoprotein 

antibodies to characterize the phosphorylation patterns of MV-A. Phosphorylation 

ratios were calculated to determine the differences between two samples (i.e. DMSO 

vs. MV-A) at 584 site-specific phosphorylation sites associated with cancer signalling 

(Figure 3.7A). We found that 112 sites were significantly regulated by MV-A and we 

performed gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes 

(KEGG) analyses to determine the enriched pathways in the HCT116 cells (Figure 

3.7B, Table 3.2). KEGG analysis revealed that 27 of the affected phosphorylation sites 

are highly associated the PI3K-AKT signalling pathway (Figure 3.8, Table 3.3).  
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Figure 3.7 Phospho-specific protein array. (A) Scanned images of phosphorylated 

protein signals in HCT116 cells treated with DMSO or MV-A. (B) KEGG pathway 

analysis of the 112 regulated sites, p<0.05. 
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Table 3.2 KEGG pathway analysis of the 112 regulated sites, p<0.05. 

Term Count Genes P Value 

hsa04151:PI3K-Akt 

signaling pathway 
27 

HSP90AB1, FGFR1, YWHAZ, NFKB1, 

RPS6KB1, ITGB3, PTEN, ATF2, 

PTK2, CASP9, IL4R, BCL2, PRKAA1, 

CHUK, EGFR, MAP2K1, RELA, 

RAF1, IRS1, BRCA1, KDR, GSK3B, 

PDGFRA, PDGFRB, MTOR, IKBKB, 

IL3RA 

3.07067E-13 

hsa04510:Focal 

adhesion 
26 

BCAR1, ERBB2, ELK1, ITGB3, PTEN, 

PXN, SRC, CTNNB1, VCL, ACTG1, 

PTK2, BCL2, SHC1, PAK1, ACTB, 

EGFR, MAP2K1, RAF1, VAV1, KDR, 

PPP1CA, GSK3B, JUN, PDGFRA, 

PDGFRB, CRK 

1.1878E-17  

hsa04010:MAPK 

signaling pathway 
24 

EGFR, FGFR1, MAP2K1, RELA, 

RELB, RAF1, ELK1, NFKB1, NFKB2, 

ATF2, RPS6KA5, DUSP4, DUSP1, 

JUN, MAPK14, MAPT, JUND, 

PDGFRA, PDGFRB, STMN1, PAK1, 

IKBKB, CRK, CHUK 

1.82236E-13 

hsa04722:Neurotrophin 

signaling pathway 
21 

MAP2K1, NFKBIE, CAMK2G, RELA, 

RAF1, NFKB1, PRKCD, IRS1, 

RPS6KA5, JUN, MAPK14, BCL2, 

GSK3B, CAMK2D, CAMK2B, SHC1, 

IKBKB, ABL1, CAMK2A, CRK, 

CALM1 

5.92986E-17 

hsa04810:Regulation of 

actin cytoskeleton 
21 

ACTB, EGFR, FGFR1, MAP2K1, 

LIMK1, WASF1, BCAR1, RAF1, 

ITGB3, VAV1, PXN, SRC, VCL, 

ACTG1, PTK2, PPP1CA, ARAF, 

PDGFRA, PDGFRB, PAK1, CRK 

3.70957E-12 

hsa04012:ErbB 

signaling pathway 
20 

EGFR, MAP2K1, ERBB2, CAMK2G, 

RAF1, ELK1, RPS6KB1, SRC, PTK2, 

JUN, GSK3B, ARAF, CAMK2D, 

CAMK2B, SHC1, PAK1, MTOR, 

ABL1, CAMK2A, CRK 

1.80968E-18 

hsa04910:Insulin 

signaling pathway 
16 

MAP2K1, RAF1, ELK1, FOXO1, 

RPS6KB1, IRS1, PPP1CA, GSK3B, 

ARAF, SHC1, PRKAA1, MTOR, 

IKBKB, CRK, LIPE, CALM1 

3.84345E-10 

hsa04062:Chemokine 

signaling pathway 
16 

MAP2K1, BCAR1, RELA, RAF1, 

NFKB1, PRKCD, VAV1, PXN, SRC, 

PTK2, GSK3B, SHC1, PAK1, IKBKB, 

CRK, CHUK 

2.45998E-08 

hsa04660:T cell receptor 

signaling pathway 
13 

LAT, MAP2K1, NFKBIE, JUN, 

GSK3B, MAPK14, RELA, RAF1, 

NFKB1, PAK1, IKBKB, VAV1, CHUK 
8.12386E-09 

hsa04931:Insulin 

resistance 
12 

PPP1CA, RELA, GSK3B, FOXO1, 

PRKAA1, NFKB1, RPS6KB1, MTOR, 

IKBKB, PTEN, IRS1, PRKCD 

1.98758E-07 
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hsa04110:Cell cycle 10 

CCNB1, YWHAZ, GSK3B, SMAD3, 

CHEK1, SMAD2, CHEK2, RB1, 

CDC25C, ABL1 

4.40087E-05 

hsa04152:AMPK 

signaling pathway 
9 

HNF4A, EEF2K, FOXO1, PRKAA1, 

RPS6KB1, EEF2, MTOR, IRS1, LIPE 
0.000256083 

hsa04020:Calcium 

signaling pathway 
9 

EGFR, CAMK2G, ERBB2, PDGFRA, 

CAMK2D, PDGFRB, CAMK2B, 

CAMK2A, CALM1 
0.002973724 

hsa04370:VEGF 

signaling pathway 
8 

PTK2, CASP9, MAP2K1, MAPK14, 

RAF1, SRC, PXN, KDR 
1.69869E-05 

hsa04920:Adipocytokine 

signaling pathway 
8 

NFKBIE, RELA, PRKAA1, NFKB1, 

MTOR, IKBKB, IRS1, CHUK 
4.22388E-05 

hsa04210:Apoptosis 7 
CASP9, RELA, BCL2, NFKB1, 

IKBKB, IL3RA, CHUK 
0.000184092 

hsa04310:Wnt signaling 

pathway 
7 

JUN, CAMK2G, GSK3B, CAMK2D, 

CAMK2B, CAMK2A, CTNNB1 
0.011242459 

hsa04150:mTOR 

signaling pathway 
6 

PRKAA1, RPS6KB1, MTOR, IKBKB, 

PTEN, IRS1 
0.001107582 

hsa04115:p53 signaling 

pathway 
5 

CCNB1, CASP9, CHEK1, CHEK2, 

PTEN 
0.013009916 

hsa04911:Insulin 

secretion 
5 

CAMK2G, CAMK2D, CAMK2B, 

CAMK2A, ATF2 
0.028577094 
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Figure 3.8 Genes involved in PI3K-AKT pathway revealed by KEGG analysis. Genes 

involved in the phospho-specific protein array are highlighted in red. 
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Table 3.3 Phospho-antibody array analysis upon MV-A treatment in HCT116 cells. 

Red color indicates up-regulation and blue color indicates down-regulation. 

 

Name Gene Symbol 
Fold change 

F148_vs_control 

IKK-alpha/beta (Phospho-

Ser180/181) 
CHUK/IKBKB 3.04 

IL3RB (Phospho-Tyr593) IL3RA 2.29 

BRCA1 (Phospho-Ser1457) BRCA1 2.22 

PDGFR alpha (Phospho-Tyr849) PDGFRA 2.09 

BCL-2 (Phospho-Ser70) BCL2 1.88 

AMPK beta1 (Phospho-Ser182) PRKAA1 1.60 

NFkB-p65 (Phospho-Thr435) RELA 1.60 

IL-4R/CD124 (Phospho-Tyr497) IL4R 1.57 

Raf1 (Phospho-Ser43) RAF1 1.57 

GSK3 beta (Phospho-Ser9) GSK3B 0.65 

VEGFR2 (Phospho-Tyr1059) KDR 0.65 

ATF2 (Phospho-Ser112/94) ATF2 0.62 

IRS-1 (Phospho-Ser636) IRS1 0.61 

PDGFR beta (Phospho-Tyr740) PDGFRB 0.61 

EGFR (Phospho-Tyr1110) EGFR 0.60 

Caspase 9 (Phospho-Ser144) CASP9 0.59 

P70S6K (Phospho-Ser418) RPS6KB1 0.57 

FAK (Phospho-Tyr407) PTK2 0.57 

FGFR1 (Phospho-Tyr154) FGFR1 0.57 

mTOR (Phospho-Ser2448) MTOR 0.56 

Integrin beta-3 (Phospho-Tyr773) ITGB3 0.55 

14-3-3 zeta (Phospho-Ser58) YWHAZ 0.55 

HSP90B (Phospho-Ser226) HSP90AB1 0.41 

PTEN (Phospho-Ser380) PTEN 0.36 

MEK1 (Phospho-Thr291) MAP2K1 0.33 

NFkB-p105/p50 (Phospho-Ser337) NFKB1 0.30 
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To further understand the mechanism of actions of MV-A on the regulation of the 

PI3K pathway, RT2 profiler qPCR array was used to assess the expression levels of a 

panel of PI3K-AKT-related genes. Among the 84 genes, only three of them were 

significantly regulated (fold change >2) in the HCT116 cells upon the treatment with 

MV-A at 1.68 nM (Figure 3.9, Table 3.4), suggesting that MV-A may not regulate the 

transcription levels of the PI3K pathway components. Taken together, the results 

demonstrated that MV-A only regulates, at the post-translational level, the protein 

phosphorylation process of the PI3K pathway. These findings were validated by our 

Western blotting results that MV-A only inhibited the phospho-forms of PI3K and AKT 

proteins (Figure 3.10). 

 

Figure 3.9 Assessment of PI3K-related regulators in HCT116 cells upon MV-A 

treatment. Heatmap profile of expression differences among genes related to PI3K 

pathway in the qPCR array (Qiagen) following MV-A treatment at 11.68 nM for 48 h 

in HCT116 cells. Only three of the 84 genes measured (12%) had a >2-fold change. 
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Table 3.4 Data profile of fold changes among genes related to PI3K pathway of the 

qPCR array (Qiagen) following MV-A treatment at 1.68 nM for 48 h in HCT116 cells. 

Red color indicates significant up-regulation and blue color indicates significant down-

regulation. 

 

Well Gene 

Fold Up- or Down-

Regulation 

Test Sample /Control Sample 

A01 ADAR  -1.13 

A02 AKT1  -1.26 

A03 AKT2  -1.14 

A04 AKT3  -1.24 

A05 APC  1.43 

A06 BAD  -1.02 

A07 BTK  -1.11 

A08 CASP9  1.06 

A09 CCND1  1.48 

A10 CD14  1.13 

A11 CDC42  1.22 

A12 CDKN1B  -1.26 

B01 CHUK  1.50 

B02 CSNK2A1  -1.23 

B03 CTNNB1  -1.12 

B04 EIF2AK2  -1.03 

B05 EIF4B  1.04 

B06 EIF4E  1.08 

B07 EIF4EBP1  -1.39 

B08 EIF4G1  1.69 

B09 ELK1  -1.48 

B10 FASLG  -1.22 

B11 FKBP1A  1.23 

B12 FOS  -1.65 

C01 FOXO1  1.01 

C02 FOXO3  1.00 

C03 GJA1  -1.30 

C04 GRB10  -1.74 

C05 GRB2  1.42 

C06 GSK3B  1.15 

C07 HRAS  1.27 

C08 HSPB1  1.07 

C09 IGF1  1.02 

C10 IGF1R  1.00 

C11 ILK  1.09 

C12 IRAK1  1.49 

D01 IRS1  -1.11 

D02 ITGB1  -1.13 

D03 JUN  3.80 

D04 MAP2K1  1.43 

D05 MAPK1  -1.21 

D06 MAPK14  -1.07 
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D07 MAPK3  -1.31 

D08 MAPK8  -1.25 

D09 MTCP1  -1.16 

D10 MTOR  1.08 

D11 MYD88  1.03 

D12 NFKB1  1.09 

E01 NFKBIA  -1.30 

E02 PABPC1  -1.18 

E03 PAK1  -1.18 

E04 PDGFRA  -1.21 

E05 PDK1  -1.80 

E06 PDK2  -2.11 

E07 PDPK1  1.08 

E08 PIK3CA  -1.52 

E09 PIK3CG  -1.10 

E10 PIK3R1  -1.10 

E11 PIK3R2  -1.18 

E12 PRKCA  1.61 

F01 PRKCB  -1.30 

F02 PRKCZ  -1.31 

F03 PTEN  1.07 

F04 PTK2  -1.41 

F05 PTPN11  1.17 

F06 RAC1  -1.03 

F07 RAF1  -1.04 

F08 RASA1  -1.15 

F09 RBL2  -1.90 

F10 RHEB  1.36 

F11 RHOA  1.20 

F12 RPS6KA1  1.10 

G01 RPS6KB1  1.28 

G02 SHC1  -1.47 

G03 SOS1  1.05 

G04 SRF  1.22 

G05 TCL1A  1.20 

G06 TIRAP  1.07 

G07 TLR4  -1.00 

G08 TOLLIP  1.37 

G09 TSC1  1.32 

G10 TSC2  -1.20 

G11 WASL  -1.02 

G12 YWHAH  -3.55 
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Figure 3.10 Representative Western blots showed the effect of MV-A on the expression 

levels of p-AKT 1/2/3, AKT, p-PI3K and PI3K. HCT116 cells were collected 48 (A) or 

24 h (B) after the treatment with MV-A and subjected to Western blot analyses. GAPDH 

was served as a cytoplasmic loading reference. Graphical representation of quantitative 

data as mean ± SD, n=3. *P < 0.05, **P < 0.01 vs control.  
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4. Discussion 

The present study was aimed to clarify the underlying anticancer mechanisms of 

MV-A in HCT116 cells. Our results indicated that MV-A inhibited the proliferation of 

HCT116 cells in a dose-dependent manner, induced cellular senescence and attenuated 

the PI3K-AKT pathway. MV-A treatment substantially induced cellular senescence 

through the activation of the p16/Rb signaling pathway (Figure 3.11) and interceded 

cancer cell proliferation through suppressing the phosphorylation of PI3K-AKT 

pathway components (Figure 3.12) in HCT116 cells. 
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Figure 3.11 The schematic presentation of MV-A-induced cellular senescence pathway. 

 

 

Figure 3.12 The schematic presentation of MV-A-induced cell growth inhibition 

through regulating the PI3K-AKT pathway. 
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In our previous studies, we found that MV-A exhibited significant cytotoxicity 

against various cancer cells and inhibited colony formation of HCT116 cells. From the 

results of various biochemical assays, we suggest that the anticancer activity of MV-A 

is not due to the induction of the apoptosis, particularly when it is applied at low 

concentrations under its IC50 concentration. Apoptosis is the process of programmed 

cell death and is one of the hallmarks of anticancer agents [315]. It is the most common 

target for cancer therapies, especially for chemotherapy [315, 316]. There are intrinsic 

and extrinsic pathways to induce apoptosis. The intrinsic pathway is mainly regulated 

by the proteins of the Bcl-2 family, such as Bcl-2, Bax and Bik [317]. In this study, the 

percentage of apoptotic cells was not significantly increased by MV-A at concentrations 

below IC50 and the levels of pro-apoptotic proteins Bik and Bcl-2 were just marginally 

affected by MV-A in the HCT116 cells. These results indicated that the anti-

proliferation effects of MV-A are not due to apoptosis.  

DNA damages are the critical determinants for the development of cancer, where 

cell cycle checkpoints are the strategic controller of cell proliferation and cell death 

[318, 319]. Therefore, cell cycle arrest plays a crucial role in the control of cancer cell 

death. The Cyclin D1/CDK4 complex has been considered the G1 phase checkpoint for 

the regulation of cell cycle [320]. It is acknowledged that the association between 

CDK2 and cyclin D is important to the activation of pRb kinase, which is essential for 

the G1/S transition [321]. We observed that MV-A mediated the G1 phase arrest at low 

concentrations and downregulated the levels of checkpoint proteins regulating the G1/S 

transition, including cyclin D1, CDK2, and CDK4. 

Cellular senescence is the irreversible arrest of cell proliferation in response to 

oncogenic stress, thus senescence is thought to suppress the development of cancer 
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[322]. There are two major tumor suppressor pathways: the p53/p21 and p16INK4a/pRB 

pathways [323]. P53 and pRB are the main regulators of these two pathways, where 

p21 is a downstream effector of p53, and p16 INK4a is an upstream effector of pRB 

[324]. Both pathways are involved in the process of cell cycle arrest [325]. Senescent 

cells are metabolically active with some morphological changes, such as enlarged and 

flatted cell shape, which can be visualized using senescence-associated beta 

galactosidase (SA-β-gal) staining [326]. As senescence therapies have been suggested 

to be an alternative approach to cancer treatment, the discovery of senescence-inducing 

agents may provide potential strategies to the clinical management of cancers. 

Senescence, like apoptosis, is a barrier to tumorigenesis and can be detected in early 

stages of carcinogenesis [327]. In general, senescence relies on several pathways that 

result in an irreversible cell-cycle blockade, including the p53/ p21CIP1/WAF1 (p21) 

and p16INK4a (p16)/retinoblastoma (RB) tumor suppressor pathways [328, 329]. Tumor 

suppressor p53 is the master regulator of senescence as it inhibits CKD2/Cyclin E 

activity upon p21 induction [330]. A family of protein kinases known as cyclin-

dependent kinases (CDKs) are considered to be associated with these senescence 

pathways [331]. The CDK inhibitors (CKIs) are also relevant to the regulation of the 

senescence pathways, and there are two major families of CKIs: the INK and the 

Cip/Kip family. For example, p16INK4a is a famous member of the INK family whereas 

p21Cip1 and p27Kip1 are renowned members of the Cip/Kip family [332]. The inhibition 

of CDK activities leads to the hypophosphorylation of pRB whereas functional RB 

appears to inhibit the transcription factor E2F family, which often results in cellular 

senescence [330, 333]. The loss of phosphorylation of RB is highly correlated to the 

blockade of G1 progression, and CDKs are responsible for RB phosphorylation and 

hence maintain the senescent status [334, 335]. Moreover, the inhibition of c-myc can 
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also drive to cellular senescence responses [336]. It was reported that most senescence 

inducers activate the p53/p21 and/or p16/RB tumor suppressor pathways and 

suggesting senescence inducers may be beneficial to cancer therapy [337]. Our results 

showed that MV-A induced p16 and RB levels but attenuated the levels of CDKs 

(CDK2, 4), cyclins (cyclin A, C1, E2) and E2F1. Taken together, we suggest the 

induction of senescence by MV-A in HCT116 cells is driven by the p16/RB pathway 

while involving the inhibition of CDKs and cyclins (Figure 3.11). 

The phospho-specific protein array analysis is one of the simplest methods for 

measuring the expression levels of several phosphorylated proteins in one sample. In 

this study, we used a phospho-specific protein microarray (FullMoon) to characterize 

the phosphorylation patterns of MV-A, and PI3K-AKT signaling pathway was found to 

be one of the key pathways affected by MV-A. PI3K-AKT pathway is one of the most 

important intracellular signaling pathways for the modulation of cancer cell 

proliferation, growth, survival and mobility [338]. The activation of the PI3K-AKT 

pathway had been reported to enhance the development of tumor growth and resistance 

to anticancer therapies [339]. Inhibition of PI3K signaling can lead to the decrease of 

cell proliferation and the increase of cell death [340]. PI3K signaling is terminated by 

the degradation of PI-3,4,5-triphosphate (PIP3), which is mediated by two subtypes of 

phosphatases, SH2-containing inositol phosphatase (SHIP) and phosphatase and 

tension homolog (PTEN) [341]. PTEN is usually attenuated in tumors, which leads to 

the activation of AKT and upregulation of mTOR-dependent pathways [342]. Many 

small molecules have been discovered as PI3K inhibitors and it becomes clearer that 

PI3K inhibitors are effective in cancer treatment according to the investigation of PI3K 

inhibitors in preclinical and clinical trials, such as BGT-226 (Novartis) and BAY80-

6946/Copanlisib (Bayer) [343]. In addition, our Western blotting results also showed 



133 

 

 

that MV-A significantly decrease the levels of p-Akt and p-PI3K. Collectively, we 

conclude that MV-A treatment led to the inhibition of PI3K-AKT pathway, which 

contributed to the anti-proliferative effect of MV-A. 

5. Conclusion 

In summary, MV-A mediated G1 phase arrest at low concentrations and suppressed 

the expression of G1 checkpoint proteins. MV-A induced cellular senescence in 

HCT116 cells via the activation of p16/RB. The anti-proliferative mechanism of MV-

A is highly associated with the down-regulation of the PI3K signaling pathway. These 

findings revealed that MV-A is an alternative anticancer agent for combating colorectal 

cancer. 
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The Investigation of Anti-migratory and Anti-

invasive Effects of the Natural Cyclopeptide 

MV-A 
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ABSTRACT 

Our previous studies demonstrated that cycloheptapeptide MV-A delivers potent 

anticancer activities. However, its anti-metastatic potential is yet to be fully elucidated. It is 

widely acknowledged that cancer is rather lethal when tumor cells become metastatic. As an 

aggressive diseased condition, metastasis is highly associated with epithelia-mesenchymal 

transition (EMT) events. Accumulating evidence showed that EMT plays an important role in 

the regulation of cell adhesion, migration and invasion, thus promotes metastasis and increases 

malignancy. The present study aimed to investigate whether MV-A exerts anti-metastatic 

properties against malignant tumor cells. In our in vitro experiments, human colorectal 

carcinoma HCT116 cells were used as our principal cellular model. The anti-metastatic effect 

of MV-A was evaluated by means of scratch wound assay, transwell migration and invasion 

assays, Western blotting, pathway-focused qPCR array and phospho-specific protein array 

analyses. Our experimental results showed that MV-A notably decreased the invasiveness and 

migrative ability of HCT116 cells via an inhibition of the EMT pathway. Therefore, we suggest 

that MV-A is a potential anti-metastatic agent for treatment of colorectal cancer.
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1. Introduction 

Invasion is one of the six hallmarks of metastatic cancer [343]. In fact, metastasis 

is generally described as a haematogenous dissemination, which refers to the migration 

of cells from the primary tumor mass to the outer organs or sites other than the tumor 

origin via the bloodstream [344]. Metastasis is the leading cause of cancer death, and 

approximately 90% of cancer patients die from metastatic cancers [345]. The initiating 

steps in metastasis requires the loss of cell to cell adhesion and cell to extracellular 

matrix (ECM) adhesion followed by the proteolytic degradation of the ECM, all of 

which subsequently lead to the process called epithelia-mesenchymal transition (EMT). 

Some early investigations reported that the down-regulation of E-cadherin and up-

regulation of vimentin are essential for the initiation of EMT events [346]. In general, 

EMT plays a crucial role in many biological processes, including wound healing, tissue 

fibrosis and cancer progression [347]. More recent studies have demonstrated that the 

activation of EMT involves the loss of epithelial molecules, such as adherens junction 

proteins E-cadherin and β-catenin, and a gain of mesenchymal markers, such as N-

cadherin and vimentin [348]. Owing to its promotion of cellular motility, migration and 

invasion, EMT often leads to metastasis in cancer progression as well as resistance to 

chemotherapeutic agents [344, 349-350]. According to a collection of mechanistic 

studies, EMT can be induced by the TGF-β, PI3K, Wnt, Notch and Hedgehog signaling 

pathways, as well as the activation of mitogen-activated protein (MAP) kinases, matrix 

metalloproteinases (MMPs) and transcription regulators Twist and Snail [351]. In 

particular, different classes of MMPs have been shown to play important roles in ECM 

degradation, and therefore, they are involved in the process of EMT in various kinds of 

malignancies. In regards to ECM degradation, cell motility is often enhanced. As a 

consequence, cellular migration, invasion and metastasis are facilitated [351, 352]. Cell 
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adhesion molecules (CAMs) are important transmembrane proteins for the stabilization 

of ECM. A number of cancer studies suggested that many of these transmembrane 

adhesion proteins act as tumor suppressors in addition to their primary roles in cell 

adhesion [353]. The loss of CAMs, explicitly cell adhesion molecule 1 (CADM1), 

integrin α7, vascular cellular adhesion molecules (VCAM), and intracellular adhesion 

molecule (ICAM), indeed promotes cell motility in cancer cells [354]. Therefore, 

targeting EMT activation is a novel strategy for treating metastatic cancers. 

As many mainstay anticancer drugs are merely inducers of apoptosis, necrosis 

and/or senescence, they may not be effective in suppressing metastasis. Therefore, the 

discovery of novel anti-metastatic drugs is emergent. In the past decade, there were 

some anticancer drugs claimed to interfere tumor metastasis, such as bevacizumab 

(Avastin) [354], which is an FDA-approved drug. This anticancer compound is shown 

to serve as an inhibitor for MMPs, angiogenesis and TGF-β signaling [355]. However, 

most of the anti-metastatic drugs were not efficacious in clinical trials and caused 

undesirable side effects [356, 357].  

Natural products, such as resveratrol and curcumin, have been suggested to have 

anti-metastatic and anti-invasive effects against cancer cells [357]. Resveratrol is a 

phytoalexin found in Polygonum cuspidatum, grapes and various kinds of nuts. 

According to a number of previous studies, this phytoalexin has been reported to exert 

anti-metastatic, anti-inflammatory and antioxidant activities. Li’s group has shown that 

resveratrol suppresses pancreatic cancer cell migration through an inhibition of the 

PI3K/Akt and NFκB signalling pathways [358]. The study of another research group 

also demonstrated that resveratrol inhibited EMT activation through suppressing the 

TGF-β1/Smads signalling pathway with an up-regulation of the epithelial molecules 

(i.e. Snails and E-cadherin) in colorectal cancer cells [359]. On the other hand, 
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curcumin is a hydrophobic polyphenol isolated from rhizomes of turmeric (Curcuma 

longa) [360]. Curcumin has been reported to have anti-angiogenic, anti-inflammatory, 

anti-tumorous, anti-invasive and anti-metastatic activities since it down-regulates the 

NF-κB, PI3K/Akt, MAPK, Wnt, Notch and EMT signalling pathways [361]. Due to its 

poor solubility and low bioavailability, curcumin is not much tested in clinical trials. 

Drug combination of western medicine a d traditional Chinese medicine (TCM) has 

been proved to have higher utilities and better therapeutic outcomes [362]. Therefore, 

the development of novel anti-metastatic agents with high efficacy and low toxicity are 

urgently needed.  

The present study aimed to investigate the anti-metastatic and anti-invasive effects 

of MV-A on human colon HCT116 cells by doing the wound healing assay, cell 

migration and invasion assays and qPCR array analysis. Our data demonstrated that 

MV-A inhibited colon cancer cell motility, migration and invasion. Our results also 

showed that the anti-metastatic mechanism of MV-A was highly associated with a 

down-regulation of the EMT and PI3K-AKT signalling pathways. 

2. Material and methods 

2.1 Scratch wound assay 

The motility of HCT116 cells was assessed using the scratch wound assay. Cells 

were seeded at a density of 2×105 cells/mL in a 6-well plate and incubated overnight 

till confluence. Subsequently, the monolayer cells were scraped with a line using a 200 

μL pipette tip in the middle of well to create a wound. The line of each well was 

photographed under a microscope (LEICA, DMI3000B & DFC450C) at 0 h. The cells 

were then washed twice with phosphate buffered saline (PBS) to remove floating cells 

or debris. Fresh complete media with or without MV-A (0.33 to 2.68 nM) were added 
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to the wells. Images of cell migration were taken at 0, 24, 48 h after wounding. Motility 

was determined by the decrease of the open wound area. 

2.2 Transwell migration assay 

Cell migration ability of HCT116 cells was assessed using the transwell migration 

assay. Cells were seeded at a density of 1×106 cells/mL in 100 μL of growth medium 

without FBS. MV-A was added to the upper chamber of each transwell, which equipped 

with a 8 μm-pore size filter membrane (Boyden chamber, Corning, USA), to final 

concentration of 1.34 or 2.68 nM. Complete culture medium (600 μL) as a 

chemoattractant agent, was added to the lower chamber of the transwell plates. After 

an overnight incubation at 37°C, cells were fixed with 70% ethanol for 10 min and 

stained with crystal violet for 10 min. Cells on the top surface of the filter membrane in 

the upper chamber were gently scraped away using a cotton swab. Stained filters were 

photographed under a microscope (LEICA, DMI3000B & DFC450C) and the cells 

migrated across the chamber were quantified by manual counting in a double-blinded 

manner. Migration was determined by the number of migrated cells. 

2.3 Transwell invasion assay 

To assess the invasion ability of HCT116 cells, transwell invasion assay was 

performed using a Boyden chamber. 30 uL Matrix gel (Corning, USA) was added to 

each transwell, which equipped with a 8 μm-pore size filter membrane (Boyden 

chamber, Corning, USA), of the culture plate and incubated at 37 °C for 30 min. Cells 

were then seeded in the transwells at a density of 1×106 cells/mL in 100 μL of growth 

medium without FBS. MV-A was added to the upper chamber of each transwell to a 

final concentration of 1.34 or 2.68 nM. Complete culture medium (600 μL) as a 

chemoattractant agent, was added to the lower chamber of the plate. After an overnight 

incubation at 37 °C, cells were fixed with 70% ethanol for 10 min and stained with 
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crystal violet for 10 min. Cells on the top surface of the filter membrane in the upper 

chamber were gently scraped away using a cotton swab. Stained filters were 

photographed under a microscope (LEICA, DMI3000B & DFC450C) and the cells 

invaded across the matrix gel were quantified by manual counting in a double-blinded 

manner. Invasion was determined by the number of invaded cells. 

2.4 RT2 Profiler PCR array 

HCT116 cells were treated with vehicle (DMSO) or MV-A (1.68 nM) for 48 h 

prior to total RNA extraction using the RNeasy Mini Kit (QIAGEN). Equal amounts of 

total RNA (1 µg) were then reverse transcribed to cDNA using the PrimeScriptTM RT 

Reagent Kit (TaKaRa). Real-Time PCR was performed using the SYBR Green 

Mastermix (Bio-Rad). The human EMT RT2 Profiler PCR array (PAHS-090Z, 

QIAGEN) was run in the CFX ConnectTM (Bio-Rad) machine following the 

manufacturer’s instructions. Fold changes of gene expression levels were analyzed 

using the SABiosciences web-based software 

(https://dataanalysis.sabiosciences.com/pcr/arrayanalysis.php) and the heatmap images 

were generated using the program GraphPad Prism 8. A two-fold or greater change in 

expression level was considered significant. 

2.5 Western blot analysis 

Total proteins were extracted from HCT116 cells using the ice-cold M-PER 

buffer (ThermoFisher) supplemented with protease and phosphatase inhibitors. Cell 

lysates were loaded, separated by 10% SDS-polyacrylamide gel electrophoresis and 

transferred onto PVDF membranes by wet electroblotting. The membranes were 

blocked with 5% non-fat dry milk in Tris-buffered saline containing 0.1% Tween 20 for 

1 h at room temperature, incubated with primary antibodies overnight at 4 ºC, and 

subsequently incubated with corresponsive secondary antibodies. Protein were 

https://dataanalysis.sabiosciences.com/pcr/arrayanalysis.php
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visualized by utilization of an ECL kit (Western Bright). 

2.6 Statistical analysis 

Data were analyzed from three independent experiments. Statistical analysis was 

performed with a t-test or one-way ANOVA with GraphPad Prism 8. 𝑃 < 0.05 were 

considered statistically significant. 

3. Results 

3.1 MV-A reduced cellular mobilization and migration in colorectal cancer cells 

To fully elucidate the anticancer properties of MV-A, we aimed to examine 

whether MV-A affects cellular mobilization and migration in colorectal cancer cells. In 

Figure 4.1, we observed that the treatment with MV-A at different concentrations 

significantly inhibited the mobilization of HCT116 cells in the scratch wound assay. 

Owing to these results, the inhibitory mechanism of MV-A on cellular mobilization 

became an interest of our investigation. 

Recently, hedgehog signaling pathways have been suggested as one of key 

mechanisms in EMT events and thus cancer cell migration [363]. In this regard, we 

analyzed several hedgehog signaling molecules in our current study. As shown in 

Figure 4.2, the expression level of GLI-1 was markedly decreased in the HCT116 cells 

upon the treatment with MV-A (1.34 to 4.02 nM). Our result suggested that the 

inhibitory effect of MV-A on cellular mobilization may involve a suppression of the 

sonic hedgehog (SHH) signaling as GLI-1 and SHH are the dominant cognate 

transcription factors of SHH. Nevertheless, a detailed investigation is definitely needed. 
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Figure 4.1 (A) Migration assay of HCT116 cells treated with various concentrations of 

MV-A. Images were acquired 0, 24 h and 36 h after scratching. The dotted lines define 

the areas lacking cells. (B) The histogram showing the wound healing effect of MV-A 

on cancer cell migration. The quantification of % of confluency in the wound area are 

measured and presented as mean ± SD. Data were collected from 3 independent 

experiments. 
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Figure 4.2 (A) Representative western blots showing the suppressive effect of MV-A 

on the expression levels of GLI-1and SHH in the HCT116 cells. (B) Graphical 

representation of quantitative data as mean ± SD, n=3. *P < 0.05. 
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Apart from the scratch wound assay results, a significant decrease of cellular 

migration was also observed in the HCT116 cells treated with MV-A. In our transwell 

migration assay, cells that were able to migrate across the filter membrane of the upper 

chamber of the transwell plate to the lower chamber are shown as blue dots on the filter 

upon a short crystal-violet staining process. From the results of the transwell migration 

assay, we noticed that cellular migration was significantly inhibited in the MV-A-

treated HCT116 cells in a dose-dependent manner (Figure 4.3A). To each of the 

transwell filter membrane, the number of migrated cells was manually counted. Data of 

the migration assay was presented in a histogram shown in Figure 4.3B. 
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Figure 4.3 The transwell migration assay. (A) Representative photographs showing the 

migrated cancer cells treated with MV-A at 1.34 and 2.68 nM as well as the DMSO- 

and 5FU-treated controls. (B) The histogram showing the effect of MV-A on cancer cell 

migration. The numbers of migrated cells (blue dots on the filter membrane) were 

manually counted and presented as mean ± SD. Data were collected from 3 independent 

experiments. 
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3.2 MV-A inhibited cell invasion in colon cancer cells 

In a parallel experiment, we also investigated whether MV-A inhibits invasion in 

colorectal cancer cells. From our matrigel invasion assay results, we noticed that the 

number of invaded HCT116 cells was significantly decreased in a dose-dependent 

manner upon the treatment with MV-A (1.34 and 2.68 nM) when compared to the 

DMSO-treated control (Figure 4.4). These data indicated that MV-A significantly 

inhibited cell invasion in colorectal cancer cells. 
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Figure 4.4 The transwell invasion assay. (A) Representative photographs showing the 

invaded cancer cells treated with MV-A at 1.34 and 2.68 nM as well as the DMSO- and 

5FU-treated controls. (B) The histogram showing the effect of MV-A on cancer cell 

invasion. The numbers of invaded cells (blue dots on the filter membrane) were 

manually counted and presented as means ± SD. Data were collected from 3 

independent experiments. 
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3.3 MV-A inhibited the epithelial-mesenchymal transition (EMT) pathway 

To determine the effect of MV-A on the EMT signaling pathway, we examined the 

expression levels of a panel of EMT-related genes after the treatment with MV-A in the 

HCT 116 cells by means of qPCR array. Among the 84 testing genes, eighteen of them 

were significantly regulated (fold change >2) in the HCT116 cells upon the treatment 

with MV-A (1.68 nM) (Figure 4.5). The gene profiling results showed that integrin 

alpha 5 (ITGA5), integrin alpha V (ITGAV) and matrix metallopeptidase 9 (MMP9) 

were downregulated to the greatest extent. When HCT116 cells were subjected to 

phospho-specific protein array, FAK (phosphor-Tyr407) was found to be the most 

significantly downregulated. As shown in Figure 4.6, the expression level of MMP9 

and N-cadherin were markedly decreased in the HCT116 cells upon the treatment with 

MV-A (1.34 to 4.02 nM). 
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Figure 4.5 Assessment of EMT-related regulators in HCT116 cells upon MV-A 

treatment. Heatmap profile of expression differences among genes related to EMT 

pathway following MV-A treatment at 1.68 nM for 48 h in HCT116 cells as measured 

by qPCR array (Qiagen). Eighteen of the 84 genes measured (21.4%) had a >2-fold 

change.  
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Table 4.1 Data profile of fold changes among genes related to EMT pathway of the 

qPCR array (Qiagen) following MV-A treatment at 1.68 nM for 48 h in HCT116 cells. 

Red color indicates significant up-regulation and blue color indicates significant down-

regulation. 

Well Gene 

Fold Up- or Down-

Regulation 

Test Sample /Control Sample 

A01 AHNAK 1.70 

A02 AKT1 -1.54 

A03 BMP1 1.76 

A04 BMP2 -1.04 

A05 BMP7 -1.34 

A06 CALD1 -1.07 

A07 CAMK2N1 1.72 

A08 CAV2 1.05 

A09 CDH1 -1.49 

A10 CDH2 2.49 

A11 COL1A2 2.58 

A12 COL3A1 5.73 

B01 COL5A2 -1.23 

B02 CTNNB1 -1.72 

B03 DSC2 -1.46 

B04 DSP 1.32 

B05 EGFR 1.83 

B06 ERBB3 -2.10 

B07 ESR1 1.92 

B08 F11R -1.30 

B09 FGFBP1 -1.50 

B10 FN1 -2.53 

B11 FOXC2 -1.22 

B12 FZD7 -2.04 

C01 GNG11 1.04 

C02 GSC -1.04 

C03 GSK3B 1.22 

C04 IGFBP4 2.68 

C05 IL1RN 1.14 

C06 ILK -1.28 

C07 ITGA5 -1.57 

C08 ITGAV -1.42 

C09 ITGB1 1.13 

C10 JAG1 1.12 

C11 KRT14 4.25 

C12 KRT19 1.19 

D01 KRT7 2.92 

D02 MAP1B -1.32 

D03 MMP2 1.22 

D04 MMP3 -1.04 

D05 MMP9 -1.29 

D06 MSN 1.04 

D07 MST1R -1.17 
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D08 NODAL 1.44 

D09 NOTCH1 1.77 

D10 NUDT13 4.72 

D11 OCLN 1.52 

D12 PDGFRB 1.46 

E01 PLEK2 -1.09 

E02 PPPDE2 1.18 

E03 PTK2 -1.64 

E04 PTP4A1 1.81 

E05 RAC1 -1.13 

E06 RGS2 -1.53 

E07 SERPINE1 3.93 

E08 SIP1 1.83 

E09 SMAD2 -1.13 

E10 SNAI1 -1.22 

E11 SNAI2 16.36 

E12 SNAI3 -1.24 

F01 SOX10 -1.04 

F02 SPARC -1.04 

F03 SPP1 -5.03 

F04 STAT3 -1.29 

F05 STEAP1 1.49 

F06 TCF3 1.67 

F07 TCF4 3.32 

F08 TFPI2 1.59 

F09 TGFB1 -1.12 

F10 TGFB2 1.98 

F11 TGFB3 1.31 

F12 TIMP1 1.51 

G01 TMEFF1 1.07 

G02 TMEM132A -1.80 

G03 TSPAN13 -1.46 

G04 TWIST1 -2.52 

G05 VCAN 2.23 

G06 VIM 1.29 

G07 VPS13A 1.01 

G08 WNT11 -1.25 

G09 WNT5A 3.70 

G10 WNT5B 1.16 

G11 ZEB1 1.93 

G12 ZEB2 2.44 

 

Figure 4.2 (A) Representative western blots showing the suppressive effect of MV-A 

on the expression levels of GLI-1and SHH in the HCT116 cells. (B) Graphical 

representation of quantitative data as mean ± SD, n=3. *P < 0.05. 
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Figure 4.6 (A) Representative western blots showing the suppressive effect of MV-A 

on the expression levels of MMP9 and N-cadherin in the HCT116 cells. (B) Graphical 

representation of quantitative data as mean ± SD, n=3. *P < 0.05. 
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4. Discussion 

In this study, we investigated the anti-metastatic activities of MV-A and its 

inhibitory effects on cancer cell migration and invasion. There are many in vitro assays 

to study cell metastatic behavior, such as two-dimensional (2D) wound healing assays, 

2D individual cell-tracking experiments by live cell imaging and three-dimensional (3D) 

spreading and transwell assays [365]. Quantification of cell migration processes using 

microscopy can be an important tool to study new anticancer drugs for understanding 

the anti-metastatic mechanism of actions of the drugs [364, 365]. These assays provide 

a relatively easy and fast approaches with high reproducibility to determine and 

measure the cancer cell migration process and the anti-metastatic potential of 

therapeutic drugs [365]. The wound healing assay is useful to determine the migration 

ability of the whole cell group and the transwell migration, and invasion assays are 

useful to determine the ability of single cell to respond the chemo-attractants 

directionally [366]. However, these assays have some limitations, including that wound 

healing assay is not suitable for non-adherent cells and the time-lapse data of cell 

migration and invasion is difficult to be obtained in transwell assays [365, 366]. In the 

present studies, we performed these three basic assays to illustrate the anti-metastatic 

activities of MV-A, including the wound healing assay, transwell migration assay, and 

transwell invasion assay. Our results indicated that MV-A significantly inhibited 

cellular migration and invasion in a dose-dependent manner in the colorectal cancer 

HCT116 cells. Also, our results showed that the anti-migratory and anti-invasive 

properties of MV-A were highly associated with a down-regulation of the EMT pathway 

in the colorectal cancer cells.  

Metastasis of epithelial cancer cells is considered as one of the hallmarks of 

malignant cancer and the main cause of high mortality in cancer [343, 367]. In fact, 
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metastasis is a highly complex process involving multiple steps, including cellular 

mobilization and migration from the primary tumor, intravasation and extravasation at 

a distant site as well as colonization in the foreign micro-environment. According to a 

number of studies, metastasis is initiated by a series of EMT events, in which epithelial 

cells are transformed into more mesenchymal derivatives, and the reverse process is 

known as mesenchymal-epithelial transition (MET) [368]. Nevertheless, the loss of 

epithelial molecules and the gain of mesenchymal components are well acknowledged 

as the essential processes for EMT [369]. The zinc-finger transcription factors, such as 

Snails (i.e. Snail1, Snail2 and Snail3) and ZEBs (i.e. ZEB1 and ZEB2), are suggested 

to interact with the promoter gene CDH1 to inhibit E-cadherin at the transcription level 

[370]. In our study, we found that the treatment with MV-A resulted in a significant 

down-regulation of phosphorylated FAK (pFAK) in colorectal cancer cells, so as the 

MMP9 transcript. In line with previous reports, the reduction of pFAK and MMP9 was 

associated with the decrease of cancer cell migration [371]. As MV-A was demonstrated 

to reduce cellular migration and invasion via a down-regulation of EMT events and 

integrin/FAK signals, we suggest MV-A can serve as an anti-metastatic agent for the 

management of malignancies (Figure 4.7).  

As cellular migration and invasion are intercalated with various 

extracellular/intracellular signaling pathways, we truly believe an inhibition of merely 

one of these pathways would not be effective for halting metastasis [372]. After an 

extensive review of research studies and literatures, the common and essential 

mechanistic pathways of metastasis have been outlined and illustrated in Figure 4.8 

[345, 372]. Because of the highly complicated cascades and networks of extracellular 

and intracellular signals of metastasis, the anti-metastatic agents should not target a 

single molecular regulator or signaling pathway [372]. Further detailed investigation 
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on the signaling pathways affected by cyclopeptide MV-A, explicitly for its inhibitory 

effect on cellular migration and invasion, should be carried out in the future. 
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Figure 4.7 Pathways and molecular regulators involved in metastasis.  

 

 

Figure 4.8 Pathways and molecular regulators involved in metastasis.  
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5. Conclusion 

The present study demonstrated the anti-migratory and anti-invasive effects of 

MV-A in human colorectal cancer cells. These results suggest an inhibitory role of MV-

A in the treatment of metastatic conditions. However, further investigations of MV-A 

are needed to clarify its precise molecular mechanisms for developing this cyclopeptide 

as an anti-metastatic drug.  
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The Investigation of Direct Binding Targets 
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ABSTRACT 

Drug affinity responsive target stability (DARTS) is a commonly used 

methodology for identifying and studying protein-compound interactions. DARTS is 

useful for the identification of protein targets for compounds, including small molecules, 

without synthetic chemistry. In this study, we aimed to determine the direct binding 

target(s) of cycloheptapeptide MV-A in human colorectal carcinoma HCT116 cells by 

means of DARTS. After several rounds of DARTS experiments and mapping with 

protein databases, we found five proteins that are the major binding partners of MV-A, 

and they are Hsp90, calnexin, EF2, 14-3-3 and annexin A1. Pull-down assays have been 

performed as parallel experiments for a confirmation of the interactions. Molecular 

docking analyses and molecular dynamics studies on the interaction between MV-A and 

these five proteins will be performed in the near future for a more complete interacting 

profiling investigation. Furthermore, mutants with non-functional binding domains of 

these five proteins will be generated for scrutinizing the direct protein targets of MV-A.  
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1. Introduction 

The scrutinization of protein targets of active natural products is a vital part of the 

development of novel anticancer drugs [373]. In modern medicine and pharmacology, 

the mechanism of action of a drug often includes molecular regulators and its binding 

partners [374]. In recent years, more and more researchers have begun to screen target 

proteins of natural products with different target identification techniques. Many of 

these methods are suitable for studying the interaction between proteins and small 

molecules. The affinity-based approaches are designed for catching the direct protein-

small molecule interactions [374]; the phenotype-based approaches aid the 

comparisons of different biological profiles [375]; the genetic-based approaches assist 

to identify the genes affected the most by the small molecules [376]; and computational 

approaches illustrate the target binding sites upon simulations [377]. Among the 

mentioned methods, affinity-based approaches are the most common ones. Affinity 

chromatograph (also called “pulldown” assays) [378], drug affinity responsive target 

stability (DARTS) test [379], target identification by chromatographic co-elution 

(TICC) [379] and ligand-directed tosyl chemistry [380] are the conventional techniques 

for affinity-based approaches.  

Many target identification techniques require certain modifications of the drugs. 

However, it is a challenge to modify the plant cyclopeptides without losing their 

bioactivities because most cyclopeptides are complicated stereochemical structures. In 

our experiment for finding the interacting targets of cycloheptapeptide MV-A. DARTS 

appears an appropriate identification approach since no synthetic chemistry is involved. 

DARTS assay was first developed by the Lomenick’s research group in 2009 [381]. 

Similar to other affinity-based approaches, DARTS relies on the binding affinity 

between the drug molecule and its protein target(s). The basic strategy of DARTS is 
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shown in Figure 5.1. The principle relies on that the target protein is presumed to be 

stabilized by its binding to a small molecule, which prevents the bound protein to be 

destructed from proteolysis by an enzyme [382]. In general, DARTS is a relatively 

simple technique and is not limited by the stereochemistry of the compounds. It is 

performed by treating cell lysate with the compound and followed by proper digestion 

of the proteins in the cell lysate with proteases, such as pronase and thermolysin. The 

digested cell lysate is subsequently separated by SDS-PAGE and stained to identify 

potential binding protein bands by comparing with control. Mass spectrometry (MS) is 

used to identify the proteins in those bands [383, 384]. DARTS is not limited to Western 

Bloting, SDS-PAGE, 2D-PAGE, or gel-free MS-based proteomics, but there are many 

proteomics methods that could be applied to DARTS [383]. It is a fast and efficient 

method to determine the direct binding proteins of a small molecule without compound 

modification or protein purification, and is not limited by cell or tissue types. Despite 

the advantages of DARTS, it has some limitations. First, the low binding affinity 

between the small molecule and its target protein(s) can largely limit the efficacy of 

DARTS. Second, the susceptibility of target proteins is correlated to the efficiency of 

protease digestion. Third, protein bands may not be easily visualized if the target protein 

is not abundant in cell lysate and some target proteins may be sensitive or resistance to 

the certain proteases [385]. 

There are some tricks for a successful DARTS experiment: the choice of cell lysate 

(i.e. source of target proteins), the proper drug concentration range and the choice of 

proteases for proteolytic treatment. Usually, we choose the cell types that are sensitive 

to the small molecules, i.e. biological effects of the small molecules should be 

obviously attained in those cells. The concentration range of small molecules should be 

based on the EC50, a concentration that is 10-fold higher than EC50 is recommended. 
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Though many kinds of proteases can be used in DARTS, thermolysin and pronase are 

highly suggested. The protease to protein ratio is critical for a proper proteolysis (i.e. a 

range with proteins from partially to completely digested is most suitable) [383]. 

A number of direct binding proteins of natural small molecules / drugs have been 

identified using the DARTS approach. For instance, eIF4A is a direct target of 

resveratrol; EF1-α is binding target of didemnin B (DB); calcineurin is a target of 

FK506-FKBP12; mTOR is a target of rapamycin-FKBP12; COX-2 is a target of 

celecoxib; and IQGAP1/MYH9 is a target of disulfiram [379, 382-387]. These studies 

have shown the potential utilization of DARTS approach for the identification of target 

proteins. In order to improve the protein band sensitivity of DARTS, 2D gels, 2-D 

fluorescence difference gel electrophoresis (DIGE) and gel-free approaches can be used 

instead of SDS-PAGE [383]. 

DARTS approach is the most suitable approach for the molecules that cannot be 

modified easily, like MV-A. The current study describes the use of DARTS in 

identifying the molecular targets of cyclopeptide MV-A in HCT116 cells. The findings 

of direct protein targets further supports the usefulness of MV-A for cancer treatment. 
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Figure 5.1 Flowchart of DARTS strategy. 
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2. Material and methods 

DARTS assay was performed according to the methods reported by the Lomenic’s 

research group [368-370] with slight modifications. 

2.1 Materials 

1. Phosphate-buffered saline (PBS). 

2. Protease inhibitor cocktail (100X, ThermoFisher) was diluted to 20X for cell 

lysis. 

3. M-PER lysis buffer (ThermoFisher) was supplemented with 100X protease 

inhibitor cocktail (i.e. 990 μL M-PER buffer with 10 μL 100X protease 

inhibitor cocktail) and kept on ice. Fresh lysis buffer should be prepared for 

each DARTS experiment. 

4. Protein concentration was measured using Nanodrop (ThermoFisher). Bovine 

Serum Albumin (BSA) was used to construct the protein standard curve. 

5. TNC buffer (10X) was prepared by mixing 500 μL 1 M Tris-HCl pH 8.0, 100 

μL 5 M sodium chloride, 100 μL 1 M calcium chloride and 300 μL ultrapure 

water. 

6. Compound MV-A was diluted in 1% DMSO at various concentrations. 

7. Pronase (Roche) was diluted with ultrapure water to 10 mg/mL. 

8. Thermolysin (ThermoFisher) was diluted with 1X TNC buffer to 10 mg/mL. 

9. SDS-PAGE loading buffer (5X) was prepared by mixing 12.5 mL 1 M Tri-

HCl pH 6.8, 25 mL 100% glycerol, 5 g sodium dodecyl sulfate, 0.25 g 

bromophenol blue, 2.5 mL 14.3 M β-mercaptoethanol and 10 mL ultrapure 

water. 

10. SDS-PAGE gel (usually use 8-12% Bis-Tris gradient gel). 

11. Silver staining kit (ThermoFisher). 
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12. In-gel digestion kit (ThermoFisher). 

13. Trypsin Gold (Promega) was diluted with acetic acid to 1 mg/mL. 

14. Mass spectrometry materials. 

2.2 DARTS proteolysis 

1. Grow cells to about 80% confluence. 

2. Wash the cells with ice-cold PBS twice. 

3. Lyse cells with 600 μL M-PER lysis buffer (from one 10-mm culture dish). 

4. Scrape cells off with cell scraper and collect to a 1.7 mL tube. 

5. Allow cells on ice for 10 min. 

6. Centrifuge for 15 min at 15,000 X g at 4 °C. 

7. Transfer 540 μL supernatant to a new tube and add 60 μL 10X TNC buffer to 

make final concentration of 1X. 

8. Measure the protein concentration of cell lysate. 

9. Aliquot 99 μL cell lysate into new tubes. 

10. Add 1 μL of vehicle control (1% DMSO), or 1X TNC or various 

concentrations of MV-A to each aliquot of cell lysate. Incubate cell lysate with 

compounds for 1 h at room temperature with shaking at 600 rpm with a 

thermomixer. 

11. Make protease dilutions in 1 X TNC buffer. 

12. After incubation with compounds, split each sample into 30 μL samples. 

13. Add 3 μL of protease solutions at appropriate final ratio between enzyme and 

lysate for appropriate time at room temperature. For the non-digested samples, 

add 3 μL of 1X TNC buffer. 

14. Stop each digestion reaction by adding 3 μL of 20X protease inhibitor cocktail 

and incubate on ice for 10 min. 
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15. Add 9 μL of 5X SDS-PAGE loading buffer to the samples and heat at 95 °C 

for 10 min. 

16. Spin samples down briefly and proceed to analysis via SDS-PAGE. 

2.3 Identification of potential protein targets 

1. Load 20 μg each sample into each lane of a 15-well minigel (1.5 mm thickness). 

2. Perform electrophoresis at room temperature using a constant voltage of 80 V 

until the dye has reached the bottom of the gel. 

3. Remove the gel from the glass plates and transfer it into a tray contain distilled 

water (filter sterile). 

4. Wash the gel for 5 mins twice with distilled water (filter sterile) with agitation. 

5. Stained the gel to visualize protein samples using the silver staining kit and 

follow the manufacturer’s instructions for staining. 

6. Excise the potential binding target gel bands with a clean scalpel. 

7. Distain the gel bands using the silver staining kit and follow the manufacturer’s 

instructions for distaining. 

8. Digest and extract the gel bands using in-gel digestion kit following the 

manufacturer’s instructions or using Trypsin Gold (Promega) following the 

manufacturer’s instructions. 

9. Transfer the extracted peptides into the new tubes and spin dry the samples 

completely at room temperature. 

10. Add 15 μL 0.1% formic acid into each dried tube, sonicate for 15 min and 

centrifuge 15 min at 15,000 X g at room temperature. 

11. Transfer 10 μL of each sample into the Agilent vial with insert and analyze via 

ion-trap LC-MS. 

12. Proteins with more than two peptides and program scores >100 were 
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considered as reliable proteins. The database of SwissProt 140923 (546238 

sequences; 194363168 residues) was used for protein identification. 

13. The same experiments were repeated three individual experiments. 

 

3. Results 

The experimental flowchart of DARTS is shown in Figure 5.2. We have tried 

different drug concentrations, different proteases, enzyme-lysate ratios and incubation 

time periods to find the most appropriate experimental condition for our detection of 

the binding targets of MV-A (Figure 5.2-5.6). In several rounds of DARTS experiment, 

we used thermolysin in the proteolytic treatment process with enzyme-lysate ratios of 

1:2 and 1:5 for 1 min, or a ratio of 1:20 for 10 or 20 min (Figure 5.3, 5.4), but no 

potential band was observed. According to some previous reports, thermolysin may 

have limited usage in DARTS because of the resistance of some proteins to thermolysin 

[382, 383]. In the subsequent rounds of DARTS experiment, we therefore switched to 

use pronase in the proteolytic treatment process because pronase possesses broader 

substrate cleavage sites. We used enzyme-lysate ratios varying from 1:100 to 1:1000 in 

our titrating for the best protein digestion (Figure 5.5-5.8). From our SDS-PAGE 

results, potential target bands were attained from the protease digestion performed at a 

ratio of pronase:protein 1:1000 with an incubation period of 20 min. 
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Figure 5.2 Flowchart of DARTS using for identification of protein targets of MV-A. 
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Figure 5.3 HCT116 lysates were incubated with MV-A (0.54 to 53.62 nM) for 1h at 

room temperature, and then proteolyzed with themolysin (1:2 or 1:5) for 1 min at room 

temperature, followed by silver staining. 

 

 

Figure 5.4 HCT116 lysates were incubated with MV-A (0.54 to 53.62 nM) for 1h at 

room temperature, and then proteolyzed with themolysin (1:20) for 10 or 20 min at 

room temperature, followed by silver staining. 
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Figure 5.5 HCT116 lysates were incubated with MV-A (0.54 to 53.62 nM) for 1h at 

room temperature, and then proteolyzed with pronase (1:100 or 1:200) for 20 min at 

room temperature, followed by silver staining. 

 

Figure 5.6 HCT116 lysates were incubated with MV-A (0.54 to 53.62 nM) for 1h at 

room temperature, and then proteolyzed with pronase (1:500) for 20 min at room 

temperature, followed by silver staining. 
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Figure 5.7 HCT116 lysates were incubated with MV-A (0.54 to 53.62 nM) for 1h at 

room temperature, and then proteolyzed with pronase (1:1000, 1:2000, 1:3000) for 20 

min at room temperature, followed by silver staining. 

 

 

Figure 5.8 HCT116 lysates were incubated with MV-A 5.36 and 53.62 nM for 1h at 

room temperature, and then proteolyzed with pronase (1:1000) for 10 (left) or 20 (right) 

min at room temperature, followed by silver staining. 
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In our first few rounds of analysis, we used trypsin from the in-gel digestion kit 

(ThermoFisher) for the digestion of our excised protein bands. However, we found that 

proteins in the gel bands were not well digested, and extensive keratin contaminations 

were detected in the protein samples. In the subsequent rounds of analysis, we switched 

using another brand of trypsin and avoided keratin contaminations by using ultrapure 

water and filter sterilized solutions in each step. 

After several trials, we figured out the best condition for our DARTS experiment. 

The conditions were set as follows: HCT116 cell lysates were incubated with 0.54, 5.36 

and 53.62 nM of MV-A for 1 h. Following this treatment, cell lysates were subjected to 

proteolysis with pronase (1:1000, pronase: lysate) for a period of 20 min. The reaction 

mixture was then analyzed by SDS-PAGE. A comparison between the gel bands of MV-

A-treated lysates and the DMSO-treated lysate (i.e. control) allowed the detection of 

bands with different intensities (Figure 5.9). We found two protected bands (i.e. 75 kDa 

and 35 kDa) in the MV-A-treated samples. Ion trap LC-MS spectrometry-based 

examination of these bands permitted defining MV-A interacting proteins. As shown in 

Table 5.1, five proteins were identified from the two protected bands as candidate 

targets for MV-A: heat shock proteins 90 (HS90), calnexin (CALX), elongation factor 

2 (EF2), 14-3-3 protein (1433) and annexin A1 (ANXA1).  
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Figure 5.9 (A) HCT116 lysates were incubated with MV-A (0.54 to 53.62 nM) for 1 h 

at room temperature, and then proteolyzed with pronase (1:1000) for 20 mins at room 

temperature, followed by silver staining. Red arrows represent the two bands (~75 kDa 

and ~35 kDa) were protected by MV-A from proteolysis in pronase-digested cell lysates. 

(B) Graphical representation of quantitative data as mean ± SD, n=3. 
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Table 5.1 A Proteins Identified by DARTS on HCT116 protein extracts as MV-A 

(53.62 nM) molecular targets (first red arrow,~75 kDa) 

 

Protein 

ID 

Protein Mass Score Queries 

matched 

emPAI 

HS90B Heat shock protein HSP 

90-alpha  

85006 2691 118 1.78 

HS90A Heat shock protein HSP 

90-beta 

83554 2661 121 1.83 

CALX Calnexin 67982 152 11 0.33 

EF2 Elongation factor 2 96246 146 12 0.26 

 

 

Table 5.1 B Proteins Identified by DARTS on HCT116 protein extrats as MV-A 

(53.62 nM) molecular targets (second red arrow, ~35 kDa) 

 

Protein 

ID 

Protein Mass Score Queries 

matched 

emPAI 

1433Z 14-3-3 protein zeta/delta 27899 980 45 2.88 

1433T 14-3-3 protein theta 28032 788 42 3.29 

1433B 14-3-3 protein beta/alpha 28179 675 47 3.27 

1433E 14-3-3 protein epsilon 29326 622 32 1.63 

1433G 14-3-3 protein gmma 28456 586 41 2.78 

ANXA1 Annexin A1 38918 377 12 0.63 
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4. Discussion 

Many methods for drug target identification have been recently developed; 

however, most of these methods require certain degree of structural modification of the 

small molecules. Our potent cyclopeptide MV-A is a complex compound, and it is 

difficult to modify this compound without effecting its activity. DARTS is a relatively 

simple approach for us in identifying the protein targets of MV-A because it requires 

no modification of the small molecule. Also, the identified targets can be easily 

confirmed by a variety of functional and analytical studies [383].  

While MV-A displays decent growth inhibitory activity against various cancer 

cells, it is necessary to determine its protein targets as a portion of the mechanistic study. 

Though DARTS is a relatively easy identification approach, optimizing the 

experimental conditions are intricated and time consuming. For instance, we had to 

determine the appropriate type of protease, protease to protein ratio, the incubation time 

of proteolysis and the type of trypsin for in-gel digestion. Upon the excision of the 

suspected protein bands from SDS-PAGE, putative proteins were mapped with the 

human International Protein Index database (NCBI) using a Mascot search engine. 

Ultimately, we identified HSP90, calnexin, EF2, 14-3-3 and annexin A1 as the direct 

binding targets of MV-A. 

Heat shock protein 90 is a ubiquitously expressed molecular chaperone. It 

facilitates the functions of many oncoproteins, and plays role in cell survival, cell cycle 

control, hormone signaling and apoptosis [388]. Hsp90 is an essential partner for cancer 

cell growth and proliferation. An increased expression of Hsp90 has been found in 

many cancers. Hsp90 interacts with many signaling protein kinases involved in tumor 

progression, including cell surface receptor kinases, src family tyrosine kinase, Raf 

family protein kinases, MAPK-related protein kinases, cyclin-dependent kinases, 
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mitotic and checkpoint protein kinases, and protein kinase CK2 [389]. Apparently, 23 

Hsp90 inhibitors are being tested in oncology trials and they are mainly used for the 

treatment of prostate, breast, and non-small-cell lung cancers [390]. Geldanamycin was 

the first naturally occurring Hsp90 inhibitor tested in clinical trials; however, its phase 

III clinical trial was terminated due to high mortality rate [391]. Therefore, developing 

HSP90 inhibitors with improved pharmacological properties and safety is essentially 

needed. 

Calnexin is an endoplasmic reticulum (ER)-induced phosphoprotein and involved 

in antigen processing machinery (APM) in cancer cells [392, 393]. It has been proved 

as a prognostic marker for colorectal and lung cancers [394, 395] as it plays an 

important role in cancer cell survival. The cleavage of calnexin is demonstrated to 

promote signal transducer and activator of transcription 3 (STAT3)-dependent 

transcription in response to the activation of epidermal growth factor receptor (EGF) 

[396]. It is also reported that the extracellular calnexin could be involved in bacterial 

immune systems [397]. According to some previous studies, calnexin plays an 

important role in protein synthesis and effects the expression levels of PD-1 on CD4+ 

and CD8+ T-cells in some human tumor microenvironments [398, 399]. Taken together, 

this protein may be a potential target for cancer therapy. 

There are two types of elongation factors: EF1 and EF2. EF1 binds and transfers 

an aminoacyl-tRNA to the A-site of the ribosome [400] whereas EF2 plays an important 

role in the elongation step of polypeptide chains. Thus, EF2 is involved in protein 

synthesis, cell cycle progression, genotoxic stress and cellular proliferation [401]. A 

number of oncological studies reported that eukaryotic EF2 (eEF2) is highly expressed 

in gastric, colorectal, pancreatic, breast, ovarian and lung cancers, and this protein is 

known to regulate cell cycle and apoptosis, as well as the PI3K-Akt and EMT pathways 
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[400, 401-404]. Moreover, only a few EF2 inhibitors have been discovered so far, and 

most of them target on the EF2 kinase, which is a protein kinase responsible for the 

regulation of its substrate EF2 [405]. It is generally acknowledged that EF2 can serve 

as a promising target for cancer chemotherapy and immunotherapy for various kinds of 

cancers. 

14-3-3 proteins are a family of proteins that play essential roles in many major 

cellular functions and various protein kinase signaling pathways [406]. There are seven 

isoforms in this family involved in cancers: β, γ, ɛ, ζ, θ, η and σ [407]. Five of the 

isoforms were detected as the binding targets of MV-A. 14-3-3 proteins play a critical 

role in cancer-related mechanisms, such as apoptosis, cell cycle regulation, autophagy, 

glucose metabolism, phosphorylation-dependent protein-protein interactions, DNA 

repair, cell motility and metastasis [408, 409]. These 14-3-3 proteins can directly 

interact with more than 100 other proteins in the development and progression of 

cancers. It is not surprising that high expression levels of 14-3-3 proteins are observed 

in multiple types of cancer tissues [410]. Moreover, 14-3-3 proteins also promote cancer 

cell survival via their binding to the p85 regulatory subunit of PI3K, and/or activating 

Akt or inactivating the tumor suppressors p53, p21 and p27 [411, 412]. Furthermore, 

some studies indicated that inhibition of 14-3-3 proteins could suppress tumor growth. 

The peptide agent R18 and small molecule FOBISIN101 have been shown to inhibit 

14-3-3 proteins in various kinds of cancer cells [410]. Collectively, 14-3-3 proteins are 

suggested to be the therapeutic targets of cancers. 

Annexin A1 is a Ca2+-dependent phospholipid binding protein involved in cell 

proliferation, cell differentiation, apoptosis, metastasis and inflammatory response 

[413]. In general, annexin A1 protects cells against DNA damage; however, high levels 

of annexin A1 promote tumorigenesis and metastasis [414, 415]. Depending on the 
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different stages of cancer, annexin A1 may play some diverging functions. It has been 

reported to up-regulate and serve as a tumor progression marker in hepatic, pancreatic, 

breast and stomach cancers, but it was shown to be down-regulated in head and neck, 

prostate and esophageal cancers [416]. In some drug-resistant tumor cells, elevated 

levels of annexin A1 were found [417]. In a previous study, annexin A1 was 

demonstrated to regulate the expression of MMP-9 and induce the activation of NF-κB 

in breast cancer cells [418]. On the contrary, another study proposed an opposite 

observation. The authors of this opposing study revealed that annexin A1 suppressed 

NF-κB activity and prevented NF-κB binding to DNA in CRC cells [419]. Nevertheless, 

annexin A1 is suggested as a potential target in cancer therapy. 

Figure 5.10 shows the proposed functional roles of the five targets in the MV-A 

regulated pathways that were identified previously. Inhibition of Hsp90 suppresses the 

phosphorylation of Akt and further downregulates the PI3K-Akt signaling pathway 

[388]. Inhibition of 14-3-3 proteins also suppresses the expression of PI3K, and/or Akt. 

Moreover, 14-3-3 proteins regulate the phosphorylation of CDK inhibitor p27 and thus 

mediate the G1-arrest [420]. Inhibition of EF2 proteins suppresses the phosphorylation 

of Akt and mTOR and further downregulates the PI3K-Akt signaling pathway [403]. 

Overexpression of EF2 also promotes G2/M phase arrest by up-regulating the 

expression of Cyclin B1 and MMPs and thus inhibits cell migration [403]. In addition, 

inhibition of annexin A1 also down-regulates the expression of MMPs and thus inhibit 

cell migration and invasion [418]. Calnexin has not been found to be directly involved 

in the PI3K-Akt or EMT pathways, but its inhibition promotes STAT-3 signaling 

pathway. Further mechanism studies should be investigated to elucidate the functional 

roles of the five targets upon MV-A treatment in HCT116 cancer cells. 

The current study unveiled the direct interacting proteins of the novel 
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cyclopeptide MV-A. However, further studies are needed to validate the interacting 

affinity, binding sites and bound energy. In line with our pathway analyses, the 

identified targets appear reasonable for the anticancer actions of MV-A.  
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Figure 5.10 The proposed model for the five identified targets involved in the MV-A 

regulated pathways in HCT116 cells. Red indicates the binding target proteins. 
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5. Conclusion 

The exploration of the interactions between novel bioactive compounds and their 

cellular receptors is meaningful. In this study, we successfully identified five potential 

interacting targets (i.e. HSP90, calnexin, EF2, 14-3-3 and annexin A1) of the novel 

cyclopeptide MV-A using the DARTS approach. Further studies, such as molecular 

docking analysis, knockdown or knockout analysis and in vivo assays, should be done 

to validate those potential binding targets. 



182 

 

 

 

 

 

 

 

CHAPTER 6 

 

 

 
Conclusions and Future Prospects 
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1. Conclusions 

Cancer is a type of disease characterized by the uncontrolled growth of 

abnormal cells and is a major cause of death worldwide. Colorectal cancer (CRC) is the 

commonest cancer and the second leading cause of cancer death in Hong Kong. At 

present, the first-line drugs used to treat CRC often give rise to undesirable side effects 

due to their low selectivity and/or specificity to cancer cells. Thus, the development of 

novel potent anticancer agents is sought. 

Over the decade, natural cyclopeptides have gained special attention from 

researchers, particularly phytochemists, by reason of their unique functions coupled 

with low toxicity, good binding affinity and selectivity. Despite the multiplicity of 

reports on the wide use of cyclopeptides, studies on the mechanism of action of plant 

cycloheptapeptides on cancer treatment are rather limited. Hence, a detailed account of 

the anticancer and anti-metastatic mechanisms, so as the binding targets of plant 

cycloheptapeptide MV-A, has been provided in this thesis. The major findings of the 

present PhD study have been summarized below: 

• In chapter 2, we first evaluated the efficacy of our plant cycloheptapeptides MV-

A, MV-B and MV-C in various cancer cell lines. Among these three compounds, 

MV-A showed the most potent anti-proliferative effect in cancer cells whilst its 

IC50 values are within a low nanomolar range. We further evaluated the in vivo 

antitumor effects of MV-A in xenograft mouse models. Our results showed that 

MV-A significantly suppressed the volume of xenograft tumors with low 

toxicity. No death of animals was resulted from the treatment of MV-A. These 

findings are worthy for further investigation in order to determine the 

mechanisms of the anticancer effect of MV-A and its direct binding targets. 

• In chapter 3, we investigated the underlying anticancer mechanisms of MV-A 
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in HCT116 cells. Though MV-A inhibited the proliferation of HCT116 cells in 

a dose-dependent manner, MV-A did not induce apoptosis at non-toxic 

concentrations. Instead, it mediated an arrest at the G1 phase. Accordingly, MV-

A suppressed the expression of G1 checkpoint proteins. The qPCR array and 

phospho-protein array results indicated that MV-A induced cellular senescence 

and interfered the PI3K-AKT pathway. MV-A treatment substantially induced 

cellular senescence through the activation of p16/Rb signaling pathway. We 

demonstrated that upon the activation of p16 by MV-A, the levels of CDKs 

(CDK2, 4) and cyclins (cyclin A, C1, E2) were all inhibited, and the ability of 

these CDKs to phosphorylate RB and E2F1 activity was accordingly blocked. 

MV-A treatment also interceded cancer cell proliferation through attenuating 

the phosphorylation of PI3K-Akt pathway in HCT116 cells. These findings 

revealed that MV-A is an alternative anticancer agent for combating colorectal 

cancer. 

• In Chapter 4, we investigated the anti-metastatic activities of MV-A in terms of 

its inhibitory effects on cancer cell migration and invasion. Our results indicated 

that MV-A significantly inhibited the migrative and invasive properties of 

HCT116 cancer cells in a dose-dependent manner. Also, the qPCR array results 

demonstrated that eighteen genes of the EMT pathway were affected by MV-A 

treatment in the colorectal cancer cells. 

• In Chapter 5, we investigated the binding target proteins of MV-A. The DARTS 

approach is a well-studied drug target system based on the stabilization between 

the drug molecules and target proteins. Using the DARTS assay, we identified 

HSP90, calnexin, EF2, 14-3-3 and annexin A1 as the direct binding targets of 

MV-A. The interaction between MV-A and these proteins is consistent with our 
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pathway analysis.  

In conclusion, MV-A showed low toxicity to normal colonic epithelial cells in 

comparison of those cancer cells. It demonstrated potent anticancer effects in vitro and 

in vivo. MV-A induces cellular senescence through the activation of the p16/Rb and 

PI3K-AKT signaling pathways. The proposed mechanisms of actions of MV-A in 

HCT116 cells have been illustrated in Figure 6.1. MV-A shows anti-migratory and anti-

invasive effects in HCT116 cells. Moreover, five direct binding proteins of MV-A have 

been identified. 
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Figure 6.1 The proposed model for the mechanism of the actions of MV-A in HCT116 

cells. 
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2. Future prospects 

As our studies have shown the potent anticancer efficacies of MV-A, we believe 

this cyclopeptide can be developed as a potential anticancer drug candidate. However, 

more thorough chemical and biological investigations are needed, for instance: 

• To further elucidate the mechanism of action of MV-A and confirm the 

molecular targets using multiple therapeutic approaches against different 

cancers. In Chapter 5, we have identified five direct binding targets of MV-A 

using DARTS experiment. In order to explore the interactions between MV-A 

and its protein targets, we will 1) use Western Blotting to confirm the direct 

binding; 2) use molecular docking analysis to explore the binding sites and 

bound energy; 3) use in vitro loss/gain-of-function approaches, Western 

Blotting and qPCR experiments to examine whether MV-A effects the 

expression levels of the target proteins and their down-stream signals; and 4) 

use various biochemical assays to determine whether MV-A has specificity 

against particular cancer types. 

• To validate the antitumor and anti-metastatic effects of MV-A in different tumor 

xenograft mouse models, including orthotopic tumors. We will inject HCT116-

luc cells into the nude mice orthotopically and monitor the cancer metastatic 

process using IVIS in vivo imaging system. We will also excise the primary 

tumor, metastatic tumors and other organ tissue samples for histopathological 

analysis at the end of the animal studies. 

• To investigate the in vivo pharmacokinetic and toxicological effects, 

bioavailability, and stability of MV-A. We will use Sprague-Dawley (SD) rats 

for toxicity study and all rats will be administrated with vehicle or MV-A for 28 

days. Their body weight, signs of toxic effects and/or mortality will be observed 
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carefully. At the end of the toxicity study, blood samples will be obtained, the 

external features of organs will be observed, and the organs will also be excised 

for staining with hematoxylin and eosin (H&E) for histopathological analysis. 

• Total synthetic approach of MV-A will be established to produce a large quantity 

of this compound for further preclinical studies.  

• To synthesize analogues of cyclopeptide MV-A by using different amino acids 

as constructing units in order to perform a rather thorough SAR assessment of 

this type of compounds against cancer cells. 

• To investigate MV-A treatment for other types of cancers, such as lung, breast, 

pancreatic cancers. The anticancer efficacy (in vitro and in vivo), mechanism of 

actions and binding targets will also be investigated in other types of cancers. 

• To further promote MV-A to the clinical development, strategies for 

pharmacological manipulation should be applied, such as combining drugs 

based on gene sequencing or functional mechanisms, and drug delivery systems 

for MV-A. 

Collectively, we believe the present findings provide a direction for future studies 

to advance the cyclopeptide MV-A as anticancer drug candidate for preclinical and 

clinical trials. 
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