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Abstract 

Chemotherapy is one of the most effective approaches for cancer treatment. However, to 

improve efficacy, the therapeutic targets should be identified and characterised.  

Moreover, new drugs need to be discovered and developed to target different cancer 

pathways. Current therapeutics can eliminate most of the cancer cells. However, 

recurrence and metastasis still remain a major failure of cancer therapy. Emerging 

evidence demonstrates that multidrug resistance (MDR) and the existence of cancer stem 

cells (CSCs) are two major contributors for the failure of chemotherapy. MDR is a 

phenomenon in which cancer cells become resistant to structurally and functionally 

unrelated anticancer agents. CSCs are a small population of cells within cancer cells with 

capacity for self-renewal, tumor metastasis and differentiation. CSCs are also believed to 

be associated with chemoresistance. Thus, MDR and CSCs are the greatest challenges for 

cancer chemotherapy. Significant effort has been made to search for agents that 

specifically target MDR cells and CSCs. Consequently, some agents derived from nature 

have been developed to overcome MDR and CSCs. However, the developed 

chemotherapeutics cannot be used for all the cancers and some of them display severe 

cytotoxicity. Hence, there is an urgency to investigate the mechanism of drug resistance 

and to characterise cancer stem cells to identify potential new therapeutic targets.  

Natural products lie in the heart of the drug discovery. The developed chemotherapeutic 

compounds mainly originates from the secondary metabolites of microbes, terrestrial 

plants and marine organisms. In this study, MDR cancer cells were derived from tissue 

cultured cancer cells by the treatment the cells with fluorouracil (5-FU) and cisplatin 

(CDDP). CSCs were developed by treatment in serum-free medium with different factors. 

Fractions and compounds from Nature Bank (Griffith Institute for Drug Discovery, 

Griffith University), Compounds Australia (Griffith Institute for Drug Discovery, Griffith 

University) and Traditional Chinese Medicine (TCM) were screening by high through-

put screening (HTS). As a result, one potential anticancer flavonoid was isolated from the 

Australian plant Cryptocarya (QID025519) which was identified by NMR spectroscopic 

data, in combination with LC-MS. Extracts, fractions and isolated pure compounds from 

Bruguiera gymnorrhiza andSchisandraviridis were identified as potential agents for the 

treatment of tongue cancer and breast cancer. The DCM and MeOH extracts and HPLC 

fractions of B. gymnorrhiza showed antiproliferation activity against cancer cells in a 

concentration-dependent manner. Further purification of the active fractions led to the 
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isolation of five flavonoids namely rutin, myricetin 3-rutinoside, methoxyflavone, 5-

Methoxyluteolin, and 7,3',4',5'-tetrahydroxy-5- gramrione. All five compounds showed 

antiproliferation activity against CAL27 and MCF7 and MDR cells in a concentration-

dependent manner. Methoxyflavone demonstrated the strongest anticancer potential 

against CAL27 cells, MCF7 cells, CAL27 MDR cells while 7,3',4',5'-tetrahydroxy-5- 

gramrione illustrated the highest inhibitory effect on MCF7 MDR cells. Both aqueous 

and ethanol extracts showed activities against MCF7 and CAL27 cancer cells. Bioassay-

guided fractionation and purification of the extracts from S.viridis resulted in six active 

principles, including five dibenzocyclooctene lignans namely gomisin H (1), schisandrin 

(2), angeloylgomisin H (3), (+)-gomisin M2 (4) and rubschisandrin (5), and one terpenoid, 

schisanol (6). Compounds 1-3 showed moderate anticancer activities with an IC50 value 

ranging from 100-200 µg/mL against MCF7 and CAL27 cell lines.  Dioxane containing 

lignans 4-5 and triterpenoid 6 were 10 times more active with IC50 values of14.5, 13.4, 

10.6 µg/mL against MCF7, and 21.2, 17.9, 11.7 µg/mL against CAL27, respectively.  

In addition, two compounds from Compounds Australia exhibited a potential application 

prospects for tongue cancer and breast cancer therapy. One compound SN00802961 

exhibited significant inhibition on MCF7 cells, but low inhibitory effects on fibroblast 

cells. Meanwhile, it exhibited moderate inhibition on CAL27 MDR cells, CAL27 cells 

and CSCs. Compound SN00802961 has potently targeted the MAPK/ERK1/2 signaling 

pathway to induce cytotoxicity in MCF7 cells. Another agent SN00771077 for breast 

cancer cells in vitro was investigated. The effects of compound SN00771077 on cell 

viability in vitro were evaluated by treatment of MCF-7 and T47D cells. An in vitro 

viability assay demonstrated that compound SN00771077 inhibited the cell growth in a 

dose-dependent manner. The antiproliferative activity of compound SN00771077 is 

related to its activity on monomeric actin and the subsequent inhibition of polymerization 

of G-actin monomers. Exposure to compound SN00771077 induced the inhibition of 

Raf/MEK/ERK pathway in T47D cells. All the results indicated that compound 

SN00771077 had a strong cytotoxic effects on cancer cells, and shows potential in the 

treatment of breast cancer by causing the depolymerizing actin cytoskeleton. 
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Chapter 1 Introduction 

During the research carried out for this PhD program it was appropriate to perform a 

review of the literature to determine the strengths and weaknesses of using natural 

products or their derivatives to explore potential new lead drugs for cancer treatment. Of 

particular relevance were compounds, derived from nature, which could target multi-drug 

resistant cancer cells and/or cancer stem cells. The review of the current literature was 

accepted in the journal of Cell and Molecular Life Sciences [1]. The introduction to this 

thesis is adapted from the review manuscript to make it more appropriate for the thesis 

style and to help provide background for some of the following chapters. 

1.1 Cells of origin in cancer 

Cancer is a complex array of diseases with a morbidity of around 7.5 million deaths per 

year worldwide and these numbers are rising, owing partly to aging populations and 

environment pollution [1]. In general terms, cancer is comprised of a group of 

immortalized cells with an autonomous and unrestrained rate of proliferation. If left 

untreated, these cells may invade neighbouring tissues and have the potential to 

metastasize other distant tissues resulting in death [2]. 

Despite the exhaustive efforts by researchers worldwide, the complex nature of the 

disease and array of different types of cancer has confounded efforts to make a concise 

treatment for patients. It was once thought that cancer occurred at a specific age, and the 

incidence and frequency depended on the gender [3]. Regardless of the age of onset or 

the gender, identification of the cellular origins of a cancer was essential for prevention, 

diagnosis and therapy. However, the failure in defining the origins of cancer did not 

hamstring the understanding of the factors that drove cancer. The fact that normal 

NIH3T3 cells were transformed into cancer cells after its own genome was substituted by 

that of the genome from either a bladder carcinoma, lung carcinoma, neuroblastoma or a 

glioma demonstrated that cancer was caused by the abnormal hereditary materials [4]. A 

string of references indicated that tumour initiation and development were caused by 

progressive genetic mutations that transformed the normal human cells into malignant 

tumour cells [5, 6]. Over the past quarter of a century researchers have investigated 

abnormal gene sequences of the genomes in cancer cells and the data showed that these 

mutations arose in both germ and somatic cells by substitution of bases, deletion or 

insertion of DNA fragments and chromosomal rearrangements. The aberrations of DNA 
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sequences also embodied epigenetic variations or changes in the methylation status of 

cytosine residues [2]. In addition, some exogenous DNA introduced into cells by viruses, 

such as papilloma virus, hepatitis B virus and Epstein Barr virus also contributed to the 

generation of cancer [7].  

Cancers are derived from single cells, or a minority of cells, with an accumulation of 

genetic mutations or variations allowing disordered differentiation which allowed for the 

selection of cells expressing genes that fostered cell growth, de-differentiation and escape 

from apoptosis [8-10]. The most significant mutations occurred in genes called cellular 

oncogenes and/or tumour-suppressor genes, which were used in normal cells to regulate 

cell proliferation, differentiation and death pathways [11]. The mutation in cellular 

oncogenes and tumour-suppressors typically enhanced cell proliferation or inhibited cell 

death [12]. For example, fibroblast growth factor (FGF) and its related pathways were 

responsible in mitogenesis, differentiation, angiogenesis, survival, and motility, and the 

aberrant expression of FGF led to the progression of prostate cancer [13]. The insulin-

like growth factor (IGF-1) pathway was another significant pathway which played an 

important role in proliferation and survival. It worked with the downstream pathways, 

including phosphatidylinositol 3-kinase (PI3-kinase)/Akt/Mtor and ras-raf-MAP kinase 

pathways [14]. It has been shown that IGF-1 had relevance in anti-apoptosis and 

mitogenesis potency, tumour invasion and metastasis [15] and consequently targeting 

IGF-1 can be used to confer a benefit in the treatment of gastrointestinal cancers [14]. 

The mutations in the genes that regulate apoptosis can also contribute to the progression 

of cancer in humans. Normally, cells have two distinct death mechanisms: necrosis and 

apoptosis. Necrosis is triggered by physical, chemical and biological factors from outside 

and was usually accompanied by inflammation [16]. On the contrary, apoptosis is a 

programmed cell death process sometimes referred to as “cell suicide” and this process is 

regulated by a cascade of gene expression and protein activations. Cell death is mainly 

facilitated by the activation of a set of latent proteases, the caspases. Two main apoptotic 

pathways have been characterized: the extrinsic pathway, in which caspase-8 can be 

activated by ligation of death receptors; or the intrinsic pathway where cell stress can 

trigger the activation of caspase-9. An additional pathway is the perforin/granzyme 

pathway that induces apoptosis through granzyme A or granzyme B. This pathway is 

sometimes referred to as the intrinsic pathway since the activation of perforin/granzyme 

pathway was regulated by the B-cell lymphoma/leukemia-2 (Bcl2) family of genes, which 

regulated the release of pro-apoptotic proteins (cytochrome c, Smac, Omi, AIF, and 
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EndoG) from mitochondria to cytosol, which caused apoptosis. The failure of genes or 

gene families in these two pathways may result in cancer growth by the loss of expression 

of pro-apoptotic proteins and overexpression of apoptotic inhibitors [6, 17], which 

deregulate the balance between cell survival and cell death, ultimately resulting in loss of 

cell cycle check points and the subsequent accumulation of genetic mutations. In 

conclusion, the abnormal expression of genes, which controlled cell growth, 

differentiation and apoptosis contributed to the transformation of the cancer cells from 

normal cells. 

1.2 Multi-drug resistant cancer cells 

Chemotherapy using anticancer agents with structural and functional diversity has been 

developed to treat cancers. These drugs have been applied alone or in combination to 

prolong life or to alleviate the symptoms of cancer for decades. However, chemotherapy 

has failed to completely eradicate cancers for several reasons. Multidrug resistance (MDR) 

is one of the major obstacles for chemotherapy. MDR is a phenomenon in which cancer 

cells become resistant to mechanistically and structurally unrelated anticancer drugs [18]. 

Various factors can contribute to MDR, including inappropriate drug delivery and genetic 

alterations that prolong cell survival [19]. Overexpression of drug efflux pumps, such as 

the ATP-binding cassette (ABC) transporter family of proteins is one of the major factors 

that confers drug resistance [18]. This is the largest transporter superfamily which exports 

specific molecules through cell membranes. For example, the activation of one of the 

ABC transporter P-glycoproteins (P-gp), the product of the MDR1 (also referred to as 

ABCB1) gene, can cause active drug release from cells [20]. Overexpression of ABC 

transporters can reduce the cellular concentration of the drugs, such as the well-known 

anti-cancer compounds vinblastine, vincristine and doxorubicin (DOX) [21]. Therefore, 

ABC transporters play an important role in the development of drug resistance in cancers.  

In contrast, the resistance can also result from reduced drug uptakes, caused by the 

mutations of receptors or transporters for some specific compounds, or the deficiency of 

endocytosis-related gene expression [19]. For example, deficient uptake was one of the 

contributors to cisplatin (CDDP)-resistant human liver carcinoma cells [22]. Other 

cellular factors, such as the activation of detoxifying systems, including DNA repair, and 

defective cell apoptosis also contributes to the multi-drug resistance [19].  
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1.2.1 Mechanisms of multi-drug resistance 

There were two mechanisms for the absorption of drugs with different pharmacological 

properties. Hydrophilic drugs penetrated the plasma membrane through transporters or 

hydrophilic channels, whereas hydrophobic drugs entered the cells by diffusion. 

Transporters, located in the membrane, play an important role in drug resistance since 

they facilitated the drug flux across the membranes. Based on the direction in which the 

transporters deliver the substrates across the cell membrane, drug transporters can be 

classified into two categories, efflux and influx. In fact, these transporters were not 

developed for drug delivery but for nutrients or endogenous substrates. However, drugs 

with similarity to these substrates, can be recognized and delivered by the transporters.  

1.2.1.1 ATP-binding cassette (ABC) transporter family and drug resistance 

The ABC transporter family acts by pumping drugs to either the external leaflet of the 

membrane or the extracellular domain and requires ATP hydrolysis to do so [20]. To date, 

49 human ABC genes have been identified and were clustered in seven subfamilies 

(ABCA-ABCG) according to the homology of amino acid sequences, the constitution of 

transmembrane (TM) domains and ATP-binding sites [23]. There are three major 

transporters (Fig. 1.1) correlated with MDR including P-glycoprotein (MDR1/ABCB1), 

MDR-associated protein (MRP/ABCC1) and breast cancer resistance protein 

(BCRP/ABCG2) [19] and these are discussed in the following sections. 

P-glycoprotein in cancer (ABCB1) 

P-glycoprotein (P-gp), a 170 kDa TM phosphoglycoprotein, is one of the most important 

ABC transporters and its overexpression is directly associated with MDR in humans. 

Similar to several other ABC transporter members, P-gp consists of two TM domains, 

each of which comprises six helices, and two ATP binding sites. Two paralogs, expressed 

by the MDR1/ABCB1 and MDR2/3/ABCB4 genes, have been identified so far. The P-gp 

expressed from MDR1/ABCB1 was initially demonstrated to have a protective role from 

toxins in susceptible tissues, such as the brain, inner ear, testis, and mammary tissue [24-

26]. When substrates or drugs enter the binding site, ATP will be hydrolyzed by ATPase 

to supply the energy to release the substrates/drugs to the outer leaflet or the extracellular 

space. There are three patterns that modulate the ATPase activity of P-gp by drug 

substrates and modulators; many drugs stimulate the activity of ATPase at low 

concentrations while inhibiting activity at higher concentrations, other drugs can only 

inhibit the activity of ATPase whereas some of the drugs stimulate the ATPase activity. 
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P-gp can transport a large range of compounds from chemotherapeutics to peptides, 

however, priority is given to amphipathic and relatively hydrophobic drugs, including the 

large complex drugs such as paclitaxel, vinblastine and small molecules such as 

daunorubicin and DOX. Most of the commonly recognized constitutions of the substrates 

of P-gp contained planar aromatic rings and positively charged tertiary N atoms. 

Therefore, a therapeutic approach exists which targets P-gp so that efflux driven drug 

resistance of cancer cells could be reversed. In a cellular environment, ABCB1 expression 

can be regulated by both transcriptional regulation and the translation or stability of the 

mRNA. For example, P-gp has been shown to bypass translational silencing [27] in 

specialized Ribonucleoprotein particles RNP called Stress Granules (reviewed in [28]. 

ABCB1 can also be regulated via its upstream signaling pathways, such as protein kinase 

C and mitogen-activated protein kinase cascades, fluxion of Ca2+, and NF-κB [29] and 

some drugs were developed to regulate these pathways. For instance, curcumin and 

capsaicin were used to block NF-κB activation. With a greater understanding of the 

mechanisms of ABCB1 activation, new therapeutics can be developed to target these 

pathways.  

MDR-associated proteins (ABCC1) 

The existence of P-gp by itself cannot explain all the occurrences of MDR since the 

overexpression of P-gp was not found in all types of MDR cells. Further studies 

discovered other efflux pumps, such as multidrug-resistance-associated proteins (MRPs) 

and breast cancer resistant protein (BCRP/ABCG2). The MRP family is comprised of 13 

members, 9 of which were associated with drug resistance. MRP1 and MRP9 played the 

most important roles in drug resistance among the MRPs [30]. MRP1 shares 15% identity, 

at the protein level, with P-gp and consists of one membrane spanning domain (MSD) 

with five TM helices, and two other MSDs with six TM helices. Subsequently, MRP1 has 

an overlapping resistance with P-gp. MRP1 is a 190 kDa protein encoded by the ABCC1 

gene, which is expressed in normal tissues, such as lung, testis, kidney, placenta, 

macrophages, skeletal and cardiac muscles [31]. Primarily, the expression of MRP1 can 

make a contribution to some drug protection in these tissues of humans. For example, 

defective expression of MRP1 can enhance the damage caused by etoposide in the mucosa 

of the oropharyngeal cavity and the seminiferous tubules of the testis [32]. In parallel, the 

diversity of substrates of MRP1 resulted in decreasing accumulation of drugs, including 

certain anticancer drugs such as antharacyclines, vinca alkaloids, cisplatin, 

epipodophyllotoxins, camptothecins, saquinavir, methotrexate and mitoxantrone [30]. 
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MRP9 is another member within the family which is related to drug resistance and is 

comprised of two MSD and 12 helices. The high expression of an unusual truncated 

MRP9 mRNA was discovered in breast cancer and MRP9 could be a significant target 

for breast cancer treatment because of the relatively low expression level in normal breast 

tissue [30].  

Breast cancer resistance protein (ABCG2) 

Interestingly, the overexpression of P-gp or MRP cannot be detected in the drug resistant 

cell line, MCF7/AdrVp. However, a related 2.4 kb mRNA which encodes a 663 amino 

acid protein was identified in the cell line and was termed as the breast cancer resistance 

protein (BCRP/ABCG2) [33]. The G subfamily of ABC transporters is comprised of six 

half-transporters with a nucleotide binding domain (NBD) at the N-terminus and a TM 

domain at the C-terminus [34]. The expression level of ABCG2 mRNA in some tissues 

may shed some light on its potential function. There were no ABCG2 transcripts detected 

in heart, lung, skeletal muscle, kidney, pancreas, spleen, thymus and peripheral blood 

leukocytes while approximately 100 times more expression was detected in placental 

tissue than that in the brain, prostate, small intestine, testis, ovary, colon or liver [35]. It 

appears to play a protective role in human stem cells because ABCG2 has been reported 

as a potential phenotypic marker for stem cells in normal lung [36] and breast tissue [37]. 

Some anticancer therapeutics were identified as the substrates of ABCG2, including 

mitoxantrone, topotecan, isrinotecan, flavopiridol and methotrexate [38]. In addition, 

bioflavonoid kaempferol is a substrate of ABCG2 and inhibits ABCG2-mediated 

quercetin efflux [39]. To overcome the resistance caused by ABCG2, some inhibitors 

were developed. The first reported inhibitor of ABCG2 was fumitremorgin C (FTC), 5 

µM of which reversed cellular resistance to mitoxantrone, DOX, and topotecan in drug-

selected colon carcinoma cells [40]. However, FTC can cause severe side effects, such as 

neurotoxicity, which precluded its clinical application. Ko143, an analogue of FTC, 

caused an increase in intracellular drug accumulation and reversed mouse BCRP1- and 

human BCRP-mediated MDR without neurotoxic effects [41]. In recent years, more and 

more inhibitors have been discovered to reverse the effects of BCRP and these will be 

discussed below. 

Hedgehog-receptor patched functions in multidrug resistance 

The Hedgehog (Hh) gene was discovered in 1980 in fruit flies [42]. Three Hh genes were 

identified in mammals, including Desert hedgehog (Dhh), Indian hedgehog (Ihh) and 
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Sonic hedgehog (Shh) [43]. The Hh/Patched pathway plays a crucial role in early 

embryonic development and tumor development, progression and metastasis. In 

particular, dysregulation of the hedgehog pathway has been observed in a number of 

cancers, especially in cells showing drug resistance [44]. Hedgehog activated signal 

transduction via its receptor, Patched (Ptch). Path was a 12-cross transporter-like 

membrane protein [45]. It was a multidrug transporter expressed in some cancer cells [46]. 

From sequence analysis, Ptch showed similarity and same topology with the resistance-

nodulation-division (RND) family of prokaryotic permeases. The GXXXD motif was 

highly conserved from RND bacterial drug efflux pumps to the fourth putative 

transmembrane segment of human and drosophila Ptch. The RND family transports a 

broad range of agents and therefore, Ptch has been proposed as an efflux transporter. It 

has been implicated that Ptch expressed in yeast showed resistance to certain 

chemotherapeutics such as DOX, methotrexate, temozolomide and 5-FU [47]. 

Developing new agents to target Ptch has been another effective strategy for the treatment 

of cancer (Fig. 1.1).  

1.2.1.2 Deficiency of the drug uptake system and other contributors to drug 

resistance 

To kill cancer cells, most chemotherapeutics must enter the cells first via membrane 

transporters or by means of endocytosis. Organic anion transporting polypeptides 

(Oatps/OATPs) are a class of membrane transporters with a wide range of amphiphilic 

transported substrates. They were regarded as the influx transporters and so far 11 

members in total have been discovered, sharing more than 40% amino acid sequence 

identity [48] and were classified into six subfamilies [48]. The expression of the members 

of Oatps/OATPs is slightly varied. Some of them were selectively expressed in specific 

tissues, for example, OATP1B1 and OATP1B3 are only found in human liver, while some 

of them have broader expression, such as OATP1A2 which can be expressed in the blood-

brain barrier, kidneys, cholangiocytes and enterocytes [48]. It was reported that the OATP 

protein family consisted of 12 TM with intracellular amino and carboxy termini. OATPs 

can transport numerous endo- and xenobiotics, such as hormones and their conjugates, 

bile acids, peptides, toxins as well as the anticancer drugs [48]. The better characterized 

OATPs in cancer were OATP1A2, OATP1BA and OATP1B3. OATP1A2 can transport 

a wide range of compounds, such as the conjugated steroid hormones estrone-3-sulfate 

and estradiol-17β-glucuronide, as well as imatinib, one of the drugs used for the treatment 

of certain kinds of leukemias [49]. OATP1B1 has been reported in the delivery of the 
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cyclin-dependent kinase inhibitor flavopiridol [50], the HER2 tryrosine kinase inhibitor 

CP-724,714 [51], methotrexate [52], and the bile-acid CDDP derivative cis-diammine-

chloro-cholylglysinate-platinum II (Bamet-R2), which was used in the chemotherapy of 

liver tumors [53]. OATP1B3, a member of the liver-specific subfamily of OATPs was 

expressed in solid digestive organ neoplasms, such as gastric, pancreatic, and colon 

cancers and can deliver methotrexate [54] and paclitaxel [52]. Therefore, these OATP 

members can transport the agents that influenced the survival of cancer cells. Moreover, 

the OATPs, P-pg and MRP2 can be simultaneously expressed in some organs that are 

important to the drug disposition of some organs that play an important role within 

barriers, such as the blood-brain barrier [55]. The expression level of OATPs affects 

tumor sensitivity to chemotherapeutics, resulting in the drug resistance. For example, it 

has been reported that OATP was likely to make a contribution to the resistance to CDDP 

[56]. Identifying new cell mediators involved in drug resistance induced by OATPs will 

potentially provide better pharmacological management of the cancers. 

1.3 Cellular origins of the cancer stem cells 

Conventionally, researchers held that most of the cells within a cancer made an equal 

contribution to cancer development. In this model, the cancer cells had the same 

proliferative potential, driving tumour growth. More recent models suggested that cancer 

cells are heterogeneous in their morphological and genetic characteristics, and only a 

small fraction of cells are able to contribute to tumour progression while most of the 

cancer cells had limited proliferative potential. Growing evidence indicates that the latter 

model is more accurate. 

In 1937, a single leukemic cell was inoculated into each of 97 mice and subsequently only 

5 mice developed leukemia [57] suggesting that not all cells have cancer initiation 

capacity. The research by Bergsagel and Valeriote in 1968 suggested that injection of 

around 3×104 cells formed a mean of one colony per spleen while most of the tumor cells 

had a limited capacity of proliferation, with the presumption that each colony origins from 

one tumor cell [58]. Later on, the tumor-infliltrated spleen cells (TISC) were injected into 

mice and the spleen colonies were detected after 18-21 days. Only 0.85% of tumor cells 

formed colonies from the cultures containing irradiated cells and 0.07% of that for the 

cultures without irradiated cells [59]. In 1994, a human acute myeloid leukaemia (AML)-

initiating cell was identified by transplantation into a severe combined immune-deficient 

(SCID) mice, in which the frequency was only one engraftment unit in 250,000 cells. In 
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addition, these initiating cells were found to be characterised by the molecular markers, 

CD34+/CD38-. In contrast, cells with CD34+/CD38+ or CD34- could not be engrafted [60]. 

In early studies, it was shown that prostate cancers originated from differentiated luminal 

cells [61-63] and later a study proposed that cancer can be initiated by intermediate 

progenitors with the capacity of self-renewal [64]. All the studies above indicate that only 

a small subset of tumor cells within a population were heterogeneous in proliferation rates 

and clonogenic potency. This definable subset of tumor cells was termed as cancer stem 

cells (CSCs) and represents a subset of cells within the cancer cell population with the 

capacity of self-renewal, differentiation, cancer relapse and tumor metastasis [65]. 

Subsequently, more and more CSCs were identified in various tumors, including 

colorectal cancer [66], breast cancer [67], prostate cancer [68], colon cancer [69] and 

brain cancer [70]. It was proposed that the CSCs originated from any type of cells, 

including tumor progenitor cells, normal stem cells and dedifferentiated cells that 

acquired CSC properties. For example, a study on mouse revealed that any type of cells 

in the hepatic lineage can be transformed into CSCs by the activation of different 

pathways [71].  

1.3.1 Niches of stem cells 

Niches are characterized as the microenvironment of the cells and are important in the 

etiology of stem cells. Stem cell niches consist of a small population of cells located in a 

specialized environment which is essential for the maintenance of stem cells, with the 

involvement of some adhesion molecules, such the adherent complex composed of 

cadherin and β-catenin. Niches generate the factors that help to determine the fate of stem 

cells, such as Wnt, bone morphogenetic proteins (BMPs) and Notch, all of which play 

important roles in regulating CSC functions [65, 72]. Thus, the niches regulate the stem 

cells, acting as an inhibitor of proliferation, as well as a promoter of proliferation by 

regulating different signaling pathways [72]. 

Wnt proteins are composed of 19 glycoproteins, serving as the ligands of the Frizzled 

transmembrane receptor [73]. The Wnt/β-catenin signaling cascade plays a critical role 

in the dynamic equilibrium of normal tissues and organs via somatic stem cells as well as 

in the CSC populations. It acts as the driver of stem cell self-renewal. Aberrant Wnt/β-

catenin signaling may lead to various diseases [74]. For example, the downregulation of 

positive Wnt regulators, such as TCF4, and the upregulation of negative regulators were 

found to be involved in the pathogenesis of different cancers. In fact, the majority of cell 
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surface markers used to identify somatic stem cells and CSCs were Wnt target genes, 

such as CD24 [75], CD44 [76] and CD133 [77]. Thus, developing drugs targeting the 

Wnt/β-catenin signaling pathway was considered an efficient way to eradicate the CSCs. 

In 2009, an antibiotic potassium ionophore, salinomycin, was identified to eliminate the 

CSCs with selective activity and more than 100-fold efficiency than paclitaxel, a well-

known chemotherapeutic for breast cancer treatment. However, the mechanism of 

salinomycin still remained illusive [78]. A later study indicated that this compound was 

a potent inhibitor of the Wnt/β-catenin signaling cascade by blocking the phosphorylation 

of the Wnt co-receptor lipoprotein receptor related protein 6 (LRP6) in Wnt-transfected 

HEK293 cells and lymphocytic leukemia cells [79]. 

Notch signaling is critical for human health and pathology. It works in cell to cell 

communication in which one cell expresses a membrane-associated ligand and other cell 

expresses a transmembrane receptor to regulate the fate of the cell. The ligands of 

mammalian membrane-bound Notch consist of two families: Delta-like ligands (DLLs) 

1, 3 and 4, and Jagged ligands 1 and 2 [80]. Notch receptors in mammals contain an 

extracellular subunit (NEC) and a transmembrane subunit (NTM) [81]. These receptors 

directly impacted on nervous and cardiovascular systems, as well as normal 

hematopoiesis, breast development, colorectal epithelial maturation and immune 

regulation [82, 83]. The Notch signaling pathway also plays a core role in the 

development of somatic stem cells and CSCs by regulating cell proliferation, 

differentiation and apoptosis (Wang, 2011a). Abnormal activation of Notch stimulates 

cell proliferation, failure of differentiation, and inhibition of apoptosis. In contrast, 

inhibition of Notch works in the opposite way. For example, GSIs, a Notch-4 monoclonal 

antibody, or gefitinib significantly reduce the capacity to form mammospheres that are an 

indicator of stem cells in breast ductal carcinoma in situ[84]. Therefore, Notch inhibitors 

may be used as chemotherapeutics to target CSCs. Retinoic acid is a differentiation factor 

that can be used to induce cell growth arrest and differentiation of glioblastoma 

neurosphere cells, as well as the depletion of the stem cell pool in the neurospheres by 

downregulating the Notch signaling pathway [85]. 

On the other hand, a large body of evidence suggests that the regulation of BMPs can 

inhibit the initiation and proliferation of stem cells. BMPs were a subfamily of the 

transforming growth factor-β (TGF-β) superfamily. This was demonstrated by the 

capacity of TGF-β, BMPs (BMP-2 and BMP-7) to inhibit the proliferation of 

CD34+CD38- populations from hematopoietic tissue [86]. BMP7 also played a critical 
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role in tumor dormancy and recurrence. It induced senescence by the stimulation of p38 

mitogen-activated protein kinase (p38 MAPK), the overexpression of cell cycle inhibitor 

p21 and the metastasis suppressor gene NDRG1 in prostate CSCs [87]. Another member, 

BMP4, when combined with oxaliplatin and fluorouracil (5-FU), enhanced cell 

differentiation and apoptosis in chemoresistant colorectal CSCs (CRC-SCs) [88]. The 

application of the inhibitor of BMP signaling cascade, Dorsomorphin, resulted in the 

conversion of mesenchymal CSCs to epithelial-like cells, with the expression of 

Citokeratin-18 and E-cadherin [89]. Targeting BMP signaling, therefore, represents an 

approach to eradicate the CSCs. 

1.3.2 Progenitor cells and CSCs 

It is easy to understand that the CSCs arised from normal stem cells because they can 

express similar phenotypes to normal stem cells or pluripotent cells. The phenotype of 

leukemic stem cells (LSCs) isolated from acute myeloid leukemia (AML) cells was 

CD34+CD38-, which was also found in the hematopoietic stem cells (HSCs) [60, 90]. 

Molecular markers, such as Oct3/4, Sox2, Klf4 and/or c-Myc, expressed in embryonic 

stem (ES) cells, regulate signaling pathways that are essential for ES cell pluripotency, 

and are also expressed in the CSCs [91]. However, CSCs could be initiated from the 

progenitor cells as they also retain the identity of progenitors. In an early study, 

committed murine hematopoietic progenitors were transduced with the oncogenes MOZ-

TIF2 and BCR-ABL, and the MOZ-TIF2-transduced progenitors initiated AML. This 

study indicated that some of the leukemia oncogenes conferred LSC properties to the 

hematopoietic progenitors [92]. LSCs were isolated from leukaemias that were initiated 

in committed granulocyte macrophage progenitors [93]. Another study proved that the 

disruption of self-renewing hepatic stem/progenitor cells made a contribution to the 

hepatocarcinogenesis and the occurrence of CSCs [94]. Breast cancers with BRCA1 

mutations imparted a notable basal-like phenotype, which was understandable because 

many breast cancers arose from the basal breast epithelial stem cells. However, the 

deficiency of BRCA1 gene in epithelial luminal progenitors provided evidence that 

BRCA1 basal-like breast cancers were generated from epithelial progenitors, instead of 

basal stem cells [95]. In a study involving mouse models of mammary tumorigenesis, the 

luminal progenitor marker CD61/β3 integrin can be used to identify CSCs in the tumors 

with tumor-forming capacity [96]. In the luminal epithelial cell layer, an expression 

profile study identified a small population of Clu+Tacstd2+Sca-1+ progenitor cells, which 

were shown to be the potential tumor initiating cells in Pten knockout mice [97]. Other 
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mutations in progenitor cells also gave rise to cancer initiating cells. For example, the 

JAK2V617F mutation in progenitor cells together with the coexistence of a mutation that 

imparted the capacity for self-renewal led to myeloproliferative neoplasm (MPN)-

initiating cells [98]. 

1.3.3 Dedifferentiation and CSCs 

Dedifferentiation is another contributing factor causing the development of CSCs. This 

process causes the loss of differentiated characteristics in terminally differentiated cells 

causing them to become multipotential stem cells. A considerable body of evidence 

demonstrated that somatic and cancer cells undergoing dedifferentiation or the 

acquirement of CSC properties probably became CSCs. In a study in nude mice, a sphere-

formation assay demonstrated the CSCs were found in two cell lines (DRenG2 and 

DDRenG2) cultured in the presence of hexavalent chromium (Cr (VI)) and were driven 

by cellular dedifferentiation [99]. Overexpression of the Oct4 gene or the delivery of Oct4 

protein induced differentiated melanoma cells into CSCs with a lower gene expression of 

melanocytic markers. Despite the low expression, these CSCs acquired the capacity to 

form tumor spheroids with multipotent differentiation potential [100]. A recent study on 

human osteosarcoma cells exhibited that the transforming growth factor β1 (TGF-β1) 

signaling pathway and a hypoxic environment were crucial for the non-CSCs in 

osteosarcoma cells to obtain the self-renewal capacity, causing the dedifferentiation into 

CSCs [101]. The TP53 tumor suppressor gene, is also crucial for cancer development. 

The expression of Nanog forces p53-deficient mouse astrocytes to transform into CSCs 

by accelerating the rate of cellular proliferation and transforming cell phenotypes [102]. 

Additionally, the roles of TP53 were investigated in 3AB-OS cells, CSCs isolated from 

the human osteosarcoma MG63 cells. The findings suggested that the aberrant expression 

of p53-R248W/P72R, a mutant p53 protein, enhanced growth rate, the capacity of sphere 

formation, clonogenic growth, migration and invasion and the expression of stemness 

proteins [103]. SOX2 (Sex-determining region Y (SRY)-Box2), one of the SOX 

transcription factors, was involved in the maintenance of stem cells. This was 

demonstrated in a knockdown of SOX2 which increased embryonic stem cell 

differentiation towards multiple cell types. In cancer, SOX2 promoted pancreatic cancer 

proliferation and dedifferentiation by regulating the genes controlling cell cycle transition 

and an epithelial-to-mesenchymal transition (EMT) phenotype [104] . CDK8 (cyclin-

dependent kinase 8) is another regulator which plays an important role in tumor 

proliferation and the maintenance of tumor dedifferentiation [105]. 
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As stated above, these signaling pathways exert their function in the maintenance of 

homeostatic balance of somatic and cancer stem cell self-renewal and differentiation and 

in some cases, the metastasis of stem cells. With the loss of equilibrium of these signaling 

pathways, stem cells become a population of cells with uncontrolled proliferative 

potential. For example, the downregulation of either the BMP signaling cascade or the 

upregulation of the Wnt signaling cascade makes a contribution to tumorigenesis. On the 

other hand, gene mutations in progenitor cells and dedifferentiation in mature cells also 

makes a contribution to the origin of CSCs. In addition, Bjerkvig et al. discovered that 

horizontal gene-transfer and cell fusion were also involved in the initiation of CSCs [106]. 

1.4 CSCs and chemoresistance 

The presence of CSCs is another prominent challenge for cancer therapy. How do CSCs 

guide the failure of cancer therapy? CSCs share the capacity of self-renewal and 

differentiation with normal stem cells and can be characterized by expressing specific 

stem cell markers. Some cell surface markers, used to identify and enrich CSCs, are also 

markers for the normal stem cells. For example, CD133 was applied for the identification 

of brain CSCs [107] and colorectal carcinoma [108], and is also a marker of normal neural 

stem cells [109] and probably pancreatic stem cells [110]. Therefore, CSCs might share 

these properties with normal stem cells, naturally expressing some specific ABC drug 

transporters, prosurvival and antiapoptotic molecules, and other factors. The following 

sections discussed how CSC and chemoresistance may be correlated. 

1.4.1 ABC family in CSCs 

Current research trends suggest that several characteristics of CSCs are shared with 

common features identified in normal stem cells, including the overexpression of ABC 

transporter family members, protecting the cells from drugs and the toxins. Glioblastoma 

CSCs were characterised by the expression level of the MDR gene BCRP1[111]. Normal 

stem cells were believed to possess drug resistance by the expression of ATP-binding 

cassette transporters, DNA-repair systems and anti-apoptosis systems to provide 

protection to these cells. For example, a high level of ABCG2 expression was detected in 

Hematopoietic Stem Cells (HSC) as compared to most committed progenitor cells and 

mature blood cells [112]. RBM3 is a proto-oncogene that encodes for an RNA binding 

protein that promoted a stem-like phenotype and spheroid formation in the colorectal 

cancer cell line HCT116. Overexpression of RBM3 also enhanced drug resistance to 

DOX and paclitaxel by upregulating the gene expression of MRP2 and P-gp [113]. 
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Another ABC transporter member ABCB5, identified in oral squamous carcinoma cells 

(OSCC), was associated with tumor formation, metastasis and a putative CSC 

compartment through gene expression studies [114]. In a study of leukemia, leukemia 

stem cells exhibited MDR by the expression of ABC transporters, such as P-gp, BCRP 

and MRP8. This resistance was reversed by the agent salinomycin [115]. The occurrence 

of ABC expression in CSC and the evidence that suggests that they can be blocked with 

drugs makes this family of genes an interesting target for future lead therapeutics. 

1.4.2 Anti-apoptotic pathways in CSCs 

Apoptosis can be triggered by the extrinsic and intrinsic pathways. The extrinsic pathway 

requires extracellular ligands, such as TNF-α, FasL, and TNF-related apoptosis-inducing 

ligand (TRAIL) binding to the cell surface receptor, which is termed the death receptor. 

The intrinsic pathway is activated by the stimuli, such as cytotoxic signals, resulting in 

cell death. Bcl2 family members function as important regulators of programmed cell 

death pathways by blocking the extrinsic and intrinsic pathways and inhibiting 

downstream caspase activity. Bcl2 was a predicted target of miR-1915 in human 

colorectal carcinoma cells. In accordance with this it was observed that increased 

expression of miR-1915 reduced Bcl2 protein levels and increased cell sensitivity to some 

anticancer drugs [116]. The cellular FLICE-like inhibitory protein (cFLIP) is another 

regulator of apoptosis and works by blocking the activated death receptor signals, 

consequently inhibiting the activation of caspase 8. Importantly, cFLIP is not only 

expressed in many cancer cells but also in CSCs [117] such as Glioblastoma stem cells 

which overexpress cFLIP. A study on glioblastoma CSCs demonstrated that the CD133+ 

cells not only overexpress BCRP1, but also the anti-apoptosis genes Bcl2, Bcl-XL, XIAP 

and FLIP, which have been correlated to their chemoresistance [118]. The transcription 

factor NF-κB controls the expression of more than 500 different products that are relevant 

to inflammation, cellular transformation, tumor cell survival, proliferation, apoptosis 

suppression, invasion and metastasis [119]. NF-κB signaling is multifunctional in many 

cells depending on its signaling context. In the immune system, NF-κB-mediated 

activation has been shown to be a potent inhibitor of tumor growth, in part through the 

production of growth inhibitory cytokines [120]. NF-κB is constitutively active in a wide 

range of cancers, including acute lymphocyte leukemia [121], chronic myelogenous 

leukemia [122], prostate [123] and breast cancers [124]. Previous study suggested that 

the activation of NF-κB could potentiate the expression levels of anti-apoptosis genes, 
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including Bcl2, Bcl-XL, XIAP, cFLIP, suvivin, cIAP-1 and cIAP-2[125]. A study on breast 

CSCs indicated that blocking NF-κB signaling by parthenolide (PTL), 

pyrrolidinedithiocarbamate (PDTC), and its analog diethyldithiocarbamate (DETC) 

resulted in the inhibition of the proliferation of sphere cells [126]. The examples described 

above are only a snapshot of the roles that anti-apoptotic systems play in cancer CSC 

survival but provide us with some of the scope of survival mechanisms available to CSC.  

1.4.3 Prosurvival signaling in CSCs 

In addition to the expression of efflux pumps and anti-apoptotic genes, drug resistance in 

cancer is also mediated by signaling cascades that control self-renewal, differentiation 

and survival, such as the Notch, Wnt, and Hedgehog pathways (Fig. 1.1). Notch induces 

the high expression of the anti-apoptotic gene BIRC5 (survivin) as well as the 

upregulation of the cyclin D1 protein [127]. It has been shown that Notch might be 

involved in the resistance to antitumor agents, such as trastuzumab, a HER2 inhibitor that 

was used for the treatment of ErbB-2-positivebreast cancer. The resistance to trastuzumab 

could be prevented and reversed by the inhibition of the Notch pathway [128]. The 

blockage of Notch by γ-secretase inhibitors (GSIs) in glioblastoma-derived neurospheres 

reduced tumor growth and expression of CSC markers, including CD133, NESTIN, 

BMI1, and OLIG2. Therefore, a high level of Notch expression maintained the CSC-

properties in CSCs and promoted proliferation, decreased apoptosis, and caused 

chemoresistance.  

Wnt/β-catenin proteins play an important role in embryonic development and the 

maintenance of stem cell properties. Not surprisingly, the β-catenin signaling cascade was 

also described as an essential pathway for sustaining the CSC phenotype in cutaneous 

cancer. In contrast, the depletion of the β-catenin gene led to the loss of CSCs and tumor 

regression [129]. Furthermore, it was reported that Wnt signaling played an important 

role in spheroidal CSC cultures that contained heterogeneity [130]. In haematopoietic 

stem cells, proliferation and self-renewal can be promoted by overexpression of the β-

catenin or stimulation with Wnt protein in vitro[131]. In addition, the expression of Wnt 

in CSCs derived from the intestine and mammary gland were also essential for their 

maintenance, which subsequently gave rise to the drug resistance [132]. Thus, the Wnt 

signaling pathway could be an important target to overcoming drug resistance.  

The Hedgehog (Hh) signaling pathway is also critical for embryonic development, 

regulating cell proliferation, metastasis and differentiation in a tightly controlled 
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mechanism. Emerging evidence based on the study of human cancers, such as 

glioblastoma, breast cancer, pancreatic adenocarcinoma, multiple myeloma and chronic 

myeloid leukemia indicated that Hh signaling pathway was involved in the regulation of 

CSCs undergoing self-renewal and differentiation. Hh-Gli signaling affected stem-like 

gene expression and self-renewal in glioma CSCs, sustaining glioma proliferation and 

survival [133]. The inhibition of the Hh signaling pathway by cyclopamine resulted in the 

ablation of stem-like cancer cells in glioblastoma [134]. A recent study demonstrated that 

Hh-Gli1 drove the UDP glucuronosyltransferase (GUT1A)-dependent glucuronidation of 

ribavirin and Ara-C, leading to the drug resistance [135]. On the other hand, stimulation 

of the Hh pathway produced chemoresistance partly due to the upregulation of drug efflux 

by ABC transporters, including P-gp and BCRP [136]. Additionally, the expression of 

the transcription factor Oct4 in CSCs played an important role in the maintenance of the 

survival of CSCs, and in drug resistance in prostate and liver cancer through the Oct4-

AKT-ABCG2 signaling pathway [137, 138]. 

1.4.4 Aldehyde dehydrogenases and surface markers in CSCs 

Aldehyde dehydrogenases (ALDHs), are a family of intracellular enzymes, which can be 

used as molecular markers to identify normal stem cells and CSCs, such as the ovarian 

CSCs [139]. This superfamily consists of 19 genes in humans, including 11 families and 

four subfamilies. The most common studied members in normal stem cells and CSCs 

include ALDH1, ALDH2 and ALDH3A1. ALDH1 is commonly used to identify and 

enrich CSCs from many cancers, including liver cancer [140], head and neck cancer [141], 

breast cancer [142], colon cancer [143] and bladder cancer [144].  

In CSCs, ALDHs are crucial for maintenance of stemness. Treating lung adenoma stem 

cells with ALDH1A1 siRNA resulted in a lower capacity of clonogenicity, which 

suggested that ALDH1A1 was involved in the maintenance of stem-like properties by 

inhibiting the Notch/CDK2/CCNE pathway [145]. Blockage of ALDH in breast CSCs 

inhibited cell growth. Furthermore, the ALDH inhibitor, diethylaminobenzaldehyde 

(DEAB) obstructs tumor metastasis to the lung. In conclusion, a high level of ALDH 

expression promotes stemness features in breast cancer [146].  In addition, ALDHs play 

a detoxifying role, functioned in self-protection and conferred drug resistance to 

alkylating agents by metabolic inactivation [147]. Malignant pleural mesothelioma 

(MPM) cells with resistance to cisplatin and DEAB exhibited overexpression of 

ALDH1A2, ALDH1A3 isozymes and CD44, which suggests that ALDHhighCD44+ cells 
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were implicated in conferring drug resistance [148]. ALDH inhibition and CD44 

knockdown resulted in decreased stem-like gene expression and the enhancement of 

sensitivity to chemotherapeutics in lung cancer [149]. In accordance, stem-like 

ALDHhighCD44+ human breast cancer cells exhibited chemotherapy and radiation 

resistance, which was reversed by the inhibition of ALDH [150]. In these cases, ALDHs 

can be used as therapeutic targets and subsequently, some ALDH inhibitors were 

developed to kill CSCs. For example, one of the inhibitors, copper (Cu)-dependent 

disulfiram (DS) was toxic to glioblastoma multiforme (GBM) stem-like cells by 

inhibiting the ALDH and NF-κB pathways, and enhanced the antitumor activity of 

gemcitabine (dFdC) in a synergistic manner [151]. Another CSC killer, salinomycin, also 

used for the reversal of MDR in cancer, was identified and found to be specifically toxic 

on the ALDHhigh population of stem-like cells in gastric cancer [152]. 

Apart from ALDH, some surface Cluster of Differentiation (CD) genes have been 

identified as CSC markers and extensive studies have demonstrated that overexpression 

of some surface CD markers has correlation with cancer recurrence and metastasis [153]. 

CD133 and CD44 are among the most prevalent markers for identification of CSCs. For 

example, in colorectal cancer cells, the CD133+ values were 38.7% and 59.23% in non-

recurrent and recurrent cases, respectively, and the CD44+ values were 35.5% and 44.4%, 

respectively [154]. CD133 is a surface marker widely used for identification of CSCs in 

brain, colon and prostate cancers [107, 108, 155]. A study demonstrated that brain CSCs 

overexpressing CD133 were resistant to the chemotherapeutic agents such as paclitaxel, 

carboplatin, etoposide and temozolommide due to higher expression of ABCG2, 

increased activity of DNA mismatch repair genes and an altered balance of intracellular 

pro-/antiapoptotic factors [118]. Additionally, CD133 regulates MDR1 expression level 

through the PI3K/AKT/NF-κB signaling pathway in glioblastoma cells [156]. Combined 

expression of CD133 and ALDH has been used for identification of ovarian CSCs [157]. 

CD44 is a glycoprotein, possessing higher tumorigenicity and recognized as a CSC 

marker in breast, pancreas, head and neck cancers [158-160]. CD44, supplemented with 

other surface markers, such as CD24 has been used for identification of gastric CSCs 

[161]. These surface markers have increasingly become attractive as therapeutic targets. 

For example, anti-CD133 antibody-conjugated SN-38-loaded nanoparticles efficiently 

targeted CD133+ CSCs in HCT116 cells [162]. Knocking down CD44 remarkably 

prevented clonal formation in colorectal cancers and inhibited tumorigenicity in xenograft 
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model [163]. Therefore, in future research these markers can be combined with the use 

of ALDH to improve confidence in the identification of CSCs. 

1.4.5 DNA repair and quiescence in CSCs 

Genotoxic damage in mammalian cells, caused by endogenous and exogenous chemical, 

physical and biological mutagens, results in DNA degradation and cell apoptosis. Under 

normal conditions the cellular integrity of genomic material is repaired to maintain the 

normal functions of the cells. This is especially true in the stem cells, as they have the 

capacity of self-renewal and give rise to a daughter cell that must retain an identical 

genome, and the potential to differentiate into a tissue-specific cells. Thus, to ensure the 

original stemness properties, stem cells are endowed with multiple DNA repair 

mechanisms, such as nucleotide excision repair, base excision repair, mismatch repair, 

direct repair and the double-strand break recombinational repair [164]. 

The malignant counterpart of stem cells, CSCs, exhibit similar protective mechanisms. 

Accumulating evidence has demonstrated that CSCs show radioresistance and 

chemoresistance which were mediated by the DNA repair mechanisms. Chronic 

myelogenous leukemia is mainly caused by the acquisition of BCR/ABL in HSCs. 

BCR/ABL expression increased reactive oxygen species (ROS) expression, which 

subsequently promoted oxidative stress and DNA damage. When DNA damage occurs, 

the inhibition of apoptosis can also be mediated by BCR/ABL, which subsequently 

induces the acquisition of radioresistance and chemoresistance [165]. In breast CSCs, 

high levels of gene expression are observed for genes involved in DNA damage response 

and repair, such as Nek1, Brac1, Chek1, Hus1, Ung, Xrcc5, Sfpq and Uhrf1, consistent 

with the finding that breast CSCs are also resistant to chemotherapy and radiotherapy 

[166]. Compared with normal glioblastoma multiform cells, glioblastoma multiform 

CSCs were more radioresistant to cell death by downregulation of DNA damage 

checkpoint proteins, including ATM, Chk1 and Chk2 [167]. In recent research, prostate 

CSCs (PCSCs) exhibited chemoresistance in response to etoposide and docetaxel, the 

most commonly used chemotherapeutic drugs. This was achieved through elevated 

expression of γH2AX (a marker for DNA double strand breaks and genomic instability) 

and G2/M arrest. This study demonstrated that upregulation of DNA damage responses 

made a contribution to chemoresistance in PCSCs [168].  

Another mechanism to prevent apoptosis is for a cell to remain quiescent. Leukemia CSCs, 

transplanted into immunodeficient mice, conferred chemoresistance by quiescence as a 
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defensive mechanism [169]. Esophageal CSCs (ECSCs) also remain in quiescence and 

as a result are more resistant to DNA damage agents. ECSCs demonstrated a low 

expression level of EGFR, phosphorylated signal transducer and activator of transcription 

3 (STAT3), and c-Myc, but elevated expression of p27. These factors appear to maintain 

quiescence and attenuate DNA damage responses and contributed to cell survival [170].  

The studies described above highlighted a few of the mechanisms, such as the expression 

of DNA damage response and repair genes, as well as quiescence, that are utilized by 

cells to achieve chemoresistance which helped cells avoid apoptosis. 

In conclusion, CSCs acts as one of the major obstacles to chemotherapy mainly due to 

their highly tumorigenic and chemoresistance properties. Understanding the mechanisms 

to achieve chemoresistance in CSCs has been exploited for the development of novel 

anticancer drugs. Therefore, development of the new ABC inhibitors, antiapoptotic 

antagonists, prosurvival pathway inhibitors, ALDH inhibitors and the agents that target 

DNA repair pathways holds promise for effective treatment of CSCs.  

 

Figure 1. 1. Depicts the major pathways that are targeted by natural products in multidrug-resistant cancer 

cells and cancer stem cells. The figure depicts natural products (green circles) interacting with their target 

cell-surface receptor (labelled rectangles) or protein (labelled circles) within signalling pathways [1]. 

1.5 Natural products and cancer chemotherapy 

Typical management of cancer includes localised treatment, for example, surgery and 

radiotherapy. In addition, systemic forms of treatment, such as immunotherapy, hormone 

therapy and chemotherapy are often used in combination with localised treatment. 

Chemotherapy has been the focus of significant research due to its effectiveness in the 
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treatment of cancer. Anti-cancer agents have been applied alone or in combination for 

prolonging life or alleviating the symptoms of cancer for decades. 

Natural products have played an important role in drug discovery, including cancer 

prevention and therapy since the National Cancer Institute launched a wide-scale 

screening project for anti-cancer compounds from nature in the 1960s [171]. Natural 

products have been frequently isolated as effective agents against cancer cells. They 

normally were less toxic to normal cells, compared to synthetic agents. In addition, 

natural products possessed complex structures and biological potency because of their 

biodiversity, this made nature products an important source for drug discovery. 

Pharmaceutically active natural products mainly originated from microbes, terrestrial 

plants and marine organisms [172]. An increasing number of derivatives of the natural 

compounds have been synthesised, which brought a stunning variety of products with 

more specific antitumor activity. A list of 183 anti-cancer agents were identified between 

1981 to 2012 (Fig. 1.2) [173] and around 50% were natural products or directly derived 

from natural products. 

There was a growing body of literature on the use of natural products for cancer therapy. 

Mechanism of action studies revealed that natural products interacted with a wide range 

of biological functions, such as DNA cleavage caused by the inhibition of topoisomerase 

I and II, and inhibition of key enzymes in signalling pathways which eventually resulted 

in cell death [172]. The diversity in the intervention of natural products in cancer is 

significant and undoubtedly still relatively unexplored. Discovery of novel compounds as 

well as mode of action will have a substantial impact on drug discovery in the future. 

 

Figure 1. 2. The constitution of 183 anti-cancer agents from 1981 to 2012. “N” natural product, “NB” 

natural product “Botanical”, “ND” semi-synthetic modification from a natural product, “S” synthetic drug, 

“S/NM” synthetic but a competitive inhibitor of an enzyme or receptor, “S*” made by total synthesis, but 
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the pharmacophore is from a natural product, “S*/NM” natural product pharmacophore that is a competitive 

inhibitor [173]. 

1.5.1 Anti-cancer natural products from microorganisms, plants and marine 

organisms 

Metabolites from microorganisms, plants and marine organisms have been used in cancer 

chemotherapy [174]. Microorganisms, including bacteria, virus and fungi have been the 

principle sources [175]. Marine natural products also attracted great interest due to their 

biological diversity. In 1960 the National Cancer Institute initiated an extensive screening 

project to discover new biologically active agents from plants, especially those distributed 

in temperate regions. In recent years, a global trend toward the use of natural products 

from terrestrial plants has steadily increased as a validated source of new antitumor agents.  

Daunorubicin (DaunoXome, or DNX) was first reported to have antitumor activity 

against murine leukemias in 1963 by slowing or stopping cancer cell growth. In 1987 

FDA approved the drug in the treatment of cancer. Mode of action study suggested that 

DNX functioned though the apoptotic pathway by stimulating the elevation of the second 

messenger, ceramide, in response to tumor necrosis factor α (TNFα), Fas and ionizing 

radiation in P388 murine leukemia cells and U937 human monoblastic leukemia cells 

[176]. The extensive application of DNX was, however, hindered by potential tissue 

toxicities, most importantly cardiotoxicity, and overexpression of MDR proteins which 

reduced the efficacy of the drugs [177]. In an attempt to attenuate the tissue specific 

toxicity and enhance the drug therapeutic index, liposomal formulations of anthracyclines 

were comprehensively carried out in clinical research [178]. The liposomal encapsulated 

DNX showed effective treatment of cutaneous T-cell lymphoma [179, 180] and Kaposi’s 

sarcoma [178, 181]. Furthermore, liposomal formulations of DNX were well tolerated 

and had anti-tumour activity in metastatic breast cancer [182, 183]. A novel anthracycline, 

N-benzyladriamycin-14-valerate (AD 198), exhibits antitumor activity by a different 

mechanism; it acts as the ligand for the C1-domain of protein kinase C (PKC) [184]. 

Actinomycin D (AMD), a chromopeptide antineoplastic antibiotic, isolated by Waksman 

and his colleagues in 1954, was a highly effective agent responsible for gestational 

choriocarcinoma, nephroblastoma and other childhood tumours [185]. Actinomycin D 

inhibited the DNA transcription process and prevented elongation of RNA. However, its 

clinical application was hampered by its extreme cytotoxicity in normal cells. Therefore, 

some analogs of Actinomycin D have been developed to reduce the toxic side effects on 

normal cells which included bone marrow suppression, fatigue and hair loss. Another 
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AMD analog, methylated Actinomycin D, induced apoptosis of hepatic carcinoma cells 

through Fas- and mitochondria-independent pathways [186]. In addition, some peptides 

were also used for the treatment of cancer. For example, bleomycin, a glycopeptide 

antibiotic was commonly used in the treatment of germ cell cancer, bladder cancer and 

pediatric craniopharyngioma by producing free radicals that caused DNA breakage and 

possibly RNA breakage [187]. The most severe side effect of bleomycin administration 

was pulmonary fibrosis and impaired lung disease [188]. Neocarzinostatin (NCS), was 

developed by Japanese researchers and originally identified as a macromolecular 

antitumor antibiotic in 1965 [189]. It consisted of a bioactive small molecular 

chromophore and a carrier apoprotein, and presented potent antitumor activities by 

inhibiting DNA synthesis and DNA degradation in cells [190]. Neocarziostatin exhibited 

notable antibiotic activity and significantly inhibited several tumors, such as bladder 

cancer [191] and gastric cancer [2]. Vinblastine and vincristine were commonly used in 

the treatment of advanced breast cancer [192], colon cancer [193], bladder cancer [194] 

and gastric cancer [195]. However, the clinical application of these drugs was limited by 

the side effects, such as neurotoxicity in cancer patients [196]. Other anti-tumor 

compounds derived from plant, such as etoposide, teniposide, paclitaxel, vinorelbine, 

docetaxel, camptothecin, topotecan and irinotecan were also approved in cancer treatment 

[172]. Cytarabine isolated from a sponge was a compound used in the treatment of acute 

myeloid leukemia [197] and metastasis breast cancer [198]. 

1.5.2 Natural products as MDR reversing agents 

MDR in cancer is a major obstacle for cancer therapy. To reverse MDR in cancer cells, 

researchers have developed antisense therapies such as MDR1-antisense RNA [199], 

TAT-conjugated mesoporous silica nanoparticle drug delivery systems [200], and 

adjuvant therapy (i.e. fluoxetine synergies). Chemotherapeutics have also been developed 

to directly inhibit the activity of P-gp, MRPs and BCRPs. For example, vinblastine and 

azidopine bound to the transport sites of P-gp, leading to the intracellular accumulation 

of the substrates [201-203], while amoxapene and Ioxapine non-competitively bound at 

the allosteric modulatory sites of P-gp, resulting in a 3.5-fold reduction of the doxorubicin 

GI50 in K562Dox cells [204]. To date, a number of natural products have been identified 

to reverse drug resistance by modulating ABC transporters, including P-gp, MRP1 and 

BCRP.   

P-gp inhibitors 
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A number of flavonoids have shown to be MDR reversal agents by inhibiting P-gp.  

Baicalein (Table 1.1, 1), a flavonoid from Scutellariae radix, was shown to exert strong 

anticancer activity [186, 205] against ovarian cancer with LD50 values ranging from 25 

to 40 µM. It induced G0/G1 phase arrest in hepatocellular carcinoma cells and obstructed 

H22 xenograft tumor growth. It has been shown that baicalein can inhibit tumor growth 

and apoptosis by affecting the phosphatidylinositol 3-kinase-AKT, Bcl-2, Bax, NF-κB 

and p53 pathways [206]. Baicalein can also enhance the cytotoxicity of other anticancer 

chemotherapeutics, such as cisplatin, by increasing gap junction intercellular 

communication [207]. Hypoxia-induced 5- Fluorouracil resistance in gastric cancer AGS 

cells can be reversed by baicalein via suppression of glycolysis through the regulation of 

the PTEN/Akt/HIF-1α signaling pathway [208]. Baicalein increased nimodipine 

bioavailability by inhibiting cytochrome P450 3 A4 (CYP3A4)-mediated metabolism of 

nimodipine in the small intestine and/or in the liver. Baicalein also elevated intracellular 

rhodamine-123 (the substrate of P-gp, RH123) concentration in P-gp overexpressed 

MCF7/ADR cells in a dose-dependent manner [209]. Icaritin (Table 1.1, 2), a flavonoid 

isolated from Herba epimedii, exhibited a broad range of pharmacological and biological 

activities including anticancer activity in hepatoma cells SMMC-7721 with an IC50 of 9.6 

µM [210]. Icaritin can reduce renal cell carcinoma (RCC) by reducing the activation of 

the protein, signal transducer and transcription-3 (STAT3), which is critical for tumor 

survival, proliferation and angiogenesis [211]. Further studies indicated that icaritin can 

also reverse MDR in HepG2/adriamycin (HepG2/ADR) human hepatoma cells by 

downregulating the expression of MDR1. Icaritin reversed the resistance to ADR by more 

than 7 folds at the concentration of 30 µM [212]. Icariin (Table 1.1, 3), a flavonoid 

glycoside isolated from the same plant, is commonly prescribed for the treatment of 

cardiovascular diseases, osteoporosis and cancer in China [213, 214]. The MDR reversal 

activity study revealed that icariin enhanced the sensitivity of MCF7/ADR cells to ADR 

by about two-fold at the concentration of 25 µM [215]. Recent study suggested that icariin 

inhibited P-gp mediated efflux pump by competitively binding at the P-gp drug-binding 

site [216]. Other flavonoids, including quercetin (Table 1.1, 4), biochanin A (Table 1.1, 

5), phloretin (Table 1.1, 6), silymarin (Table 1.1, 7) and morin (Table 1.1, 8) also showed 

activity in reversing the drug resistance by inhibiting P-gp-mediated drug efflux[217, 

218].  

Sesquiterpenes from the plant family Celastraceae have also been used for the treatment 

of MDR cells in cancers. Sesquiterpene ester 1 (Table 1.1, 9), celafolin A-1 (Table 1.1, 
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10) and celorbicol ester (Table 1.1, 11) all showed drug resistance reversal activities with 

an IC50 value of 61.91, 14.00 and 14.36 µM against MCF7/ADR, respectively [219]. 

Francisco et al. investigated the MDR reversal potency of 28 dihydro-β-agarofuran 

sesquiterpenes in human MDR1-transfected NIH-3T3 cells in vitro. The results suggested 

that the agarofuran sesquiterpenes reversed the MDR phenotype by interacting with the 

TM domain of P-gp and modulating P-gp ATPase activity [220].  

Curcumin (diferuloylmethane, Table 1.1, 12) is a polyphenol natural product isolated 

from the rhizomes of Curcuma longa.  The compound is known to regulate signaling 

pathways related to cell growth, differentiation and apoptosis [221, 222], and has been 

widely used as antioxidant, anti-inflammatory, anti-cancer and antimetastatic agent. It 

was reported that curcumin inhibited NF-κB signaling pathway activated by TNF, TPA 

and hydrogen peroxide in human myelomonoblastic leukemia cell line ML-1a [223]. In 

a different study, treatment of human cervical carcinoma cells, KB-V1, with low 

concentrations (1, 5 and 10 µM) of curcumin reduced the expression of MDR1 gene. 

Curcumin also increased the accumulation of RH123 by inhibiting P-gp [224]. 

Demethoxycurcumin (Table 1.1, 13) and bisdemethoxycurcumin (Table 1.1, 14) from C. 

longa also modulated the MDR1 gene expression in human cervical carcinoma cells. 

Bisdemethoxycurcumin reduced P-gp expression by 88% at 5 µM for three days [225].  

Ecteinascidin 743 (Et-743, Table 1.1, 15), a marine natural product from Caribbean sea 

squirt Ecteinascidia turbinate, was used for the treatment of several cancers, including 

ovarian, breast, non-small lung and renal cancers [226-228]. It has been shown that Et-

734 can down-regulate P-gp expression at a concentration of 0.1 nM. Additionally, Et-

743 increased the cellular accumulation of DOX/VCR in P-gp-overexpressed cervix cells 

[229]. 

Polyphenolic catechins, such as (-)-epigallo catechin-3-gallate (EGCG, Table 1.1, 16), 

(-)-epigallocatechin (EGC, Table 1.1, 17), (-)-epicatechin-3-gallate (ECG, Table 1.1, 18) 

and (-)-epicatechin (EC, Table 1.1, 19) from tea, can be used for the treatment of cancers, 

including skin, lung, oral cavity, esophagus, breast, stomach, small intestine, colon, liver, 

pancreas and mammary glands [230, 231]. EGCG, one of the major water-soluble 

compounds in green tea (Camellia sinensis), have been shown to have the 

chemopreventive, anticarcinogenic, antiatherogenic and antioxidant effects [232]. EGCG 

was used as the chemopreventive agent by inducing apoptosis and increasing cell growth 

arrest via regulating the expression of cell cycle regulation proteins. Previous studies have 
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shown that EGCG inhibited carcinogenesis by regulating a wide range of signaling 

pathways. It can activate NF-κB, then induce the expression of more than 200 genes that 

inhibited apoptosis, and promoted cell proliferation, invasion, metastasis and 

chemoresistance [233]. It was also reported that EGCG inhibited NF-κB signaling 

pathway by blocking TPA- and UV-induced phosphorylation of IκB [234, 235]. In a study, 

catechins, including EGC, ECG and EGCG, enhanced the cellular accumulation of P-gp 

substrates, RH123 and daunorubicin, in P-gp overexpressed KB-C2 cells. Therefore, the 

catechins played an important role in reversing drug resistance by inhibiting the activity 

of P-gp.  

Three macrocyclic jatrophane diterpenes and one tetracyclic triterpene were isolated from 

Euphorbia mellifera. Their ability to reverse drug resistance was evaluated through 

RH123 accumulation test on human MDR1gene-transfected mouse lymphoma cells 

(L5178Y MDR) and multidrug-resistant human colon adenocarcinoma cells (COLO 320). 

Macrocyclic jatrophane diterpenes, euphomelliferine (Table 1.1, 20) and 

euphomelliferine A (Table 1.1, 21), exhibited high MDR reversal activity with the 

fluorescence activity ratio (FAR) values of 72.9 and 82.2 at 60 µM, respectively [236]. 

Two other compounds, euphodendroidin D (Table 1.1, 22) and pepluanin A (Table 1.1, 

23) isolated from genus Euphorbia were also studies. At the concentration of 5 µM, 

euphodendroidin D inhibited daunomycin-efflux activity two-fold (183±17%) more than 

cyclosporine A, a conventional modulator, by specifically modulating P-gp activity. 

Pepluanin A also showed higher inhibition (207±17%) [237].  

Sipholenol A (Table 1.1, 24), one of the sipholane triterpenes isolated from the Red Sea 

sponge Callyspongia siphonella, reversed MDR in P-gp overexpressed cervix carcinoma 

cells. At the concentration of 2.5 µM, 5 µM and 10 µM, sipolenol A potentiated the 

toxicity of P-gp substrates, colchicine, vinblastine and paclitaxel in a dose-dependent 

manner [238]. Three other triterpenoids isolated from the same sponge, sipholenone E 

(Table 1.1, 25), sipholenol L (Table 1.1, 26) and siphonellinol D (Table 1.1, 27) also 

enhanced the inhibitory effect of colchicine, vinblastine and paclitaxel and reversed the 

MDR in P-gp-overexpressing MDR cancer cell line KB-C2 at 1 µM, 3 µM and 10 µM 

[239].   

A tricyclic coumarin, GUT-70 (Table 1.1, 28), derived from the stem bark of Brazilian 

plant Calophyllum brasiliense, exhibited inhibitory effect on six human leukemic cell 

lines, including P-gp overexpressed cells in a concentration- and time-dependent manner. 
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GUT-70 induced caspase-mediated and p53-independent apoptosis to overcome MDR 

[240]. Anticancer effects of several lamellarins isolated from genus Didemnum were also 

studied on P-gp-mediated MDR cancer cell lines. Lamellarin I (Table 1.1, 29) reversed 

MDR by inhibiting P-gp efflux. This compound completely reversed resistance of DOX, 

vinblastine and daunorubicin at 2 µM in multidrug-resistant P388/Shabel cells [241]. 

P-gp and MRP1 inhibitors 

Wogonin (Table 1.1, 30), a flavonoid isolated from Scutellaria baicalensis, reversed 

DOX resistance in MCF7/DOX cells by inhibiting nuclear factor erythroid 2-related 

factor 2 (Nrf2), which played a vital role in cell survival and MDR. Wogonin increased 

the sensitivity of MCF7/DOX cells to DOX by 1.24-, 1.93- and 3.24-fold at 20, 40 and 

60 µM, respectively [242]. A recent study implicated that wogonin can reverse MDR in 

human myelogenous leukemia K562/A02 cells. Wogonin promoted the sensitivity of 

K562/A02 cells to ADR by 1.22-, 2.31- and 3.85-fold at the concentrations of 10, 20 and 

40 µM, respectively. It also repressed the Nrf2 signalling pathway, resulting in the down 

regulation of MRP1 expression [243]. Additionally, wogonin showed P-gp inhibitory 

activity and suppressed excretion of calcein-AM, a substrate of P-gp, in Jurkat cells and 

A549 cells at a concentration of 10 µM [244]. Aposterol A (Table 1.1, 31), a 

polyhydroxylated sterol acetate, was isolated from a marine sponge Spongia sp. [245]. 

Aposterol A increased the vincristine accumulation in both P-gp-mediated MDR cells 

(KB-C2) and MRP1-mediated MDR cells (KB-CV60) at 3 µM and showed reversal effect 

on P-gp and MRP1 [245].  

BCRP inhibitors 

Fumitremorgin C (FTC, Table 1.1, 32), a prenylated indole alkaloid isolated from 

Aspergillus fumigatus was the first reported BCRP inhibitor. FTC significantly 

potentiated the sensitivity of S1-M1-3.2, a BCRP overexpressed colon carcinoma cell line, 

to mitoxantrone (93-fold), DOX (26-fold) and topotecan (24-fold) at the concentration of 

5 µM [40]. At the same concentration, FTC sensitized BCRP-overexpressed MCF7 cells 

to DOX (6.6-fold), mitoxantrone (29.4-fold) and topotecan (6.5-fold) [246]. However, 

FTC can cause severe side effects, such as neurotoxicity, which limited its clinical 

application. In recent years, FTC analogues have been developed and showed inhibitory 

activity against BCRP. One of the natural analogues, tryprostatin A (Table 1.1, 33), 

reversed mitoxantrone-resistant gastric carcinoma cell line EPG85-257RNOV, breast 

cancer cell line MCF7/AdrVp and BCRP cDNA-transfected breast cancer cell line 
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MCF7/BCRP at the concentrations of 10-50 µM [247]. An isoflavone, genistein (Table 

1.1, 34) isolated from Hydrocotyle sibthorpioides [248], competitively inhibited BCRP-

mediated drug efflux. Genistein potentiated cytotoxicity of SN-38 (7.23-fold) and 

mitoxantrone (6.28-fold) at the concentration of 3 µM [249]. The marine sponge-derived 

fungal metabolite, terrain (Table 1.1, 35), was isolated from Aspergillus terreus [250]. 

Terrein significantly decreased ABCG2-expressed MCF7 cells at the concentrations of 1 

or 10 nM. It induced apoptosis by potentiating the caspase-7 signaling pathway and 

repressing the Akt signaling pathway. Terrein showed 100-fold more toxicity against 

MCF7 cells than paclitaxel. The IC50 values of terrain against breast cancer MCF7 cells, 

pancreatic cancer PANC-1 cells and liver cancer HepG2 cells were 1.1 nM, 9.8 µM and 

66.8 nM, respectively [251]. A later study suggested that terrein can also be used in the 

treatment of ovarian cancer since the compound induced G2/M phase cell cycle arrest in 

the ovarian CSCs [252]. The β-carboline alkaloid, harmine (Table 1.1, 36), was isolated 

from Peganum harmala [253] and was identified as a BCRP inhibitor in a BCRP-

overexpressed breast cancer cell line MDA-MB-231. The anticancer activity of harmine 

was evaluated in gastric cancer and it induced apoptosis and inhibited cell proliferation, 

migration, invasion [254]. Harmine showed some side effects, such as neurotoxicity and 

cytotoxicity, however it could be used as a lead compound for the development of BCRP 

inhibitors [255].  

P-gp and BCRP inhibitors 

Lamellarin O (Table 1.1, 37), isolated from an Australian marine sponge Ianthella sp., 

showed growth inhibition against P-gp over-expressed colon cancer cell line SW620 

Ad300 with an IC50 of 22.3 µM. Treatment with lamellarin O increased sensitivity 

towards DOX, a P-gp substrate by 4.8 fold. Calcein-AM accumulation- and cell flow 

cytometry-based assays indicated that lamellarin O acted as a potent and selective BCRP 

inhibitor in non-small lung cancer with an IC50 of 4.7 µM [256]. Tangeretin (Table 1.1, 

38) is a natural Citrus flavonoid known with antiproliferative activity [257]. Tangeretin 

was previously identified as MDR reversal agent by inhibiting P-gp in K562/ADM human 

myelogenous leukemia with an EC25 of 12.84 µM [258]. Tangeretin induced apoptosis 

by caspase-3 activation, and reversed multi-drug resistance in colon cancer by inhibiting 

P-gp [259]. A recent study suggested that tangeretin showed potent inhibitory effect on 

BCRP with an EC50 of 1.19 µM against human BCRP transfected MDCK-II cells. 

Tangeretin also significantly enhanced dasatinib intrcellular accumulation (341% in mean 

value) by inhibiting P-gp at 50 µM [260].  



44 

 

P-gp, MRP1 and BCRP inhibitors 

Secalonic acid D (SAD, Table 1.1, 39) was isolated from Penicillium oxalicum [261]. It 

showed potent inhibitory effect against P-gp-, MRP1- and BCRP-overexpressed MDR 

cells and their parental cells, with an IC50 value of 0.27 µM, 1.20 µM, 0.13 µM and 1.04 

µM against ABCB1-overexpressed oral epidermoid carcinoma cell line KBv200, 

ABCB1-overexpressed breast cancer cell line MCF7/Adr, ABCC1-overexpressed 

epidermoid carcinoma cell line CA120 and ABCG2-overexpressed colon carcinoma cell 

line S1-M1-80, respectively. Particularly, SAD suppressed the expression of ABCG2 and 

shortened the half-life of ABCG2 protein via the activation of calpain 1. Therefore, SAD 

was implicated in the treatment of cancer as a MDR inhibitor [262]. 

Ptch inhibitor 

Four natural products, panicein A hydroquinone (Table 1.1, 40), panicein B2, panicein 

B3, and panicein C, were isolated from Haliclona (Soestella) mucosa. These four 

compounds inhibited the growth of yeast expressing Ptch in the presence of DOX with 

IC50 values of 1 µM, 2 µM, 0.8 µM and 4.9 µM, respectively. Panicein A hydroquinone 

significantly promoted 5 to 8 times of cell death induced by DOX on melanoma MEWO 

cells, 2 to 3 times on A375 cells. Further studies indicated that Panicein A hydroquinone 

inhibited 40% of the DOX efflux activity of Ptch [46]. 

Table 1. 1 Natural products that have been implicated in the reversal of multidrug resistance in cancers 

No Compound Structure Source 
Biological 

mechanisms 
Cancer type 

1 Baicalein 

 

S. radix 

phosphatidylinositol 

3-kinase-Akt 

Bcl-2 

Bax 

NF-κB 

p53 

PTEN/Akt/HIF-1α 

P-gp 

Ovarian cancer [263] 

Hepatocellular 

carcinoma [206] 

Gastric cancer [208] 

Breast cancer [209] 

 

2 Icaritin 

 

H. epimedii 
STAT3 

P-gp 

Hepatocellular 

carcinoma [210] 

Renal cell carcinoma 

[211] 

 

3 Icariin 

 

H. epimedii 
P-gp 

 
Breast cancer [216] 
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4 Quercetin 

 
 

 

A. aequalis P-gp 

Leukemic cells [264] 

Prostate cancer [265] 

Gastric carcinoma 

cells [266] 

Breast cancer [267] 

Pancreatic tumor [268] 

5 Biochanin A 

 

C. fistula P-gp 

Breast cancer [218] 

6 Phloretin 

 

P. mandshurica P-gp 

7 Silymarin 

 

S. marianum P-gp 

8 Morin 

 

M. alba P-gp 

9 Sesquiterpene ester 1 

 

C. orbiculatus 

 

 

 

 

P-gp 

Cervical carcinoma 

and breast cancer 

[219] 

 10 Celafolin A-1 

 

C. orbiculatus P-gp 

11 Celorbicol ester 

 

C. orbiculatus P-gp 

12 Curcumin 

 

C. longa 
NF-κB 

P-gp 

Cervical carcinoma 

[224] 

13 Demethoxycurcumin 

 

C. longa P-gp 
Cervical carcinoma 

[225] 

14 
Bisdemethoxycurcumin 

 
 

C. longa P-gp 

15 Ecteinascidin 743 

 

E. turbinata P-gp 

Cervix carcinoma 

[229] 

Colon cancer, ovarian 

cancer, breast cancer, 

renal cancer and lung 

cancer [226] 
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16 
(-)-Epigallocatechin-3-

gallate 

 

C. sinensis 
NF-κB 

P-gp 

 

Cervix carcinoma 

[124, 125] 

17 (-)-epigallocatechin 

 

C. sinensis P-gp 

18 (-)-epicatechin-3-gallate 

 

C. sinensis P-gp 

19 (-)-epicatechin 

 

C. sinensis P-gp 

20 Euphomelliferine 

 

E. mellifera P-gp 

Mouse lymphoma and 

colon adenocarcinoma 

[236] 

21 Euphomelliferine A 

 

E. mellifera P-gp 

22 Euphodendroidin D 

 

E. dendroides P-gp 

Leukemic cells [237] 

23 Pepluanin A 

 

E. peplus P-gp 

24 Sipholenol A 

 

C. siphonella P-gp 

Cervix carcinoma 

[238] 

 

25 Sipholenone E 

 

C. siphonella P-gp 

Cervix carcinoma 

[239] 
26 Sipholenol L 

 

C. siphonella P-gp 

27 Siphonellinol D 

 

C. siphonella P-gp 
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28 GUT-70 

 

C. brasiliense 
P-gp 

Apoptosis 
Leukemic cells [240] 

29 Lamellarin I 

 

D. cactos P-gp 

Colon adenocarcinoma 

and murine leukaemia 

[241] 

30 Wogonin 

 

S. baicalensis 

Cycle-cycle 

associated proteins 

Wnt/β-catenin 

Nrf2 

P-gp 

MRP1 

Breast cancer [242] 

Myelogenous 

leukemia [243] 

31 Aposterol A 

 

Spongia sp. 
P-gp 

MRP1 

Cervix carcinoma 

[245] 

32 Fumitremorgin C 

 

A. fumigatus BCRP 
Colon cancer [40] 

Breast cancer [246] 

33 Tryprostatin A 

 

A. fumigatus BCPR 
Gastric carcinoma and 

breast cancer [247] 

34 Genistein 

 

H. sibthorpioides 

BCRP 

NF-κB 

Akt 

Breast cancer [249] 

35 Terrein 

 

A. terreus 

G2/M phase arrest 

ABCG2 

Caspase-7 pathway 

Akt pathway 

Breast cancer [251] 

Ovarian cancer [252] 

36 Harmine 

 

P. harmala 
BCRP 

Cyclooxygenase-2 

Breast cancer and 

gastric cancer [254] 

37 Lamellarin O 

 

Ianthella sp. 
BCRP 

P-gp 

Colon cancer and non-

small lung cancer 

[256] 

38 Tangeretin 

 

Citrus 
P-gp 

BCRP 

Myelogenous 

leukemia [258] 

Colon cancer [259] 

39 Secalonic acid D 

 

P. oxalicum 

ABCG2 

P-gp 

MRP1 

Oral epidermoid 

carcinoma, breast 

cancer [262] 

40 
Panicein A 

hydroquinone 

 

H. mucosa Ptch Melanoma [46] 
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1.5.3 Natural products targeting CSCs 

The past few decades have seen many achievements in cancer prevention and therapy. 

Our better understanding of the CSCs and the mechanisms of chemoresistance have 

helped researchers to explore new strategies for cancer treatment. Many natural products 

have shown biological activities against CSCs by interacting with apoptotic genes, 

survival genes and cell cycles.   

Berberine from Berberis aristata or Coptis chinensis 

Berberine (Table 1.2, 1) from the roots and bark of Berberis aristata or Coptis chinensis 

[269] has been shown to have antitumor activity. In an early study, berberine was shown 

to inhibit cell proliferation of human tumor U937 and murine melanoma B16 cell lines, 

inducing apoptosis in the U937 cells with an IC100 of 100 µg/mL and causing cytoplasmic 

membrane damage on the B16 cells with an IC100 of 1 µg/mL [270]. Recent studies on 

CSCs suggested that berberine was an effective inhibitor of CSCs; it suppressed cancer 

invasion and metastasis in A549 lung cancer with an IC50 of 56.15 µM, up-regulated 

epithelial phenotype marker E-cadherin, down-regulated the expression of mesenchymal 

phenotype marker Vimentin, and suppressed TGF-1-induced epithelial-to-mesenchymal 

(EMT) cell transition [271]. Berberine decreased the proportion of pancreatic CSCs from 

9.7% to 5.7% at a concentration of 15 µM. Stem cell-associated genes (SOX2, POU5F1 

and NANOG) were down-regulated by the treatment of berberine [272]. In contrast, 

berberine increased the side-population fraction, referred to as CSCs, by 7.6% in H460 

lung cancer cells [273].  

Curcumin from Curcuma longa 

Data also suggests that curcumin (Table 1.2, 2) can target CSCs by regulating self-

renewal pathways, such as Wnt/-catenin, Notch and sonic hedgehog, and specific 

microRNAs [274]. Curcumin inhibited mammosphere formation in breast cancer cells by 

50% at the concentration of 5 µM and reduced the proportion of ALDH1A1 expressing 

cells by 5.8% at a concentration of 10 µM [275]. Another study suggested that curcumin 

dramatically decreased the percentage of CD44+/CD24- expressing cells after 6-hour 

treatment at a concentration of 50 µM [276]. Studies of curcumin on breast CSCs 

suggested that curcumin caused apoptotic effects on mammospheres of MCF7 and T47D 

cells at a concentration of 15 µM. Curcumin suppressed -catenin nuclear translocation, 

subsequently increased E-cadherin/-catenin complex formation, down-regulated EMT-
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promoting target gene expression and thus, inhibited the migration of breast CSCs [277]. 

The combinational application of curcumin and EGCG reduced the CSC population in 

breast cancer by targeting STAT3 and NF-κB signaling pathways [278]. To improve the 

bioavailability of curcumin, analogs and combinational therapy were developed. For 

example, difluoro-curcumin (CDF), in combination with 5-FU and oxaliplatin (Ox), 

inhibited cell growth, yet promoted apoptosis and disintegration of colon CSCs by 

downregulating ABsCG2 and attenuating EGFR, IGF-IR and NF-κB signaling pathways 

[279]. 

Quercetin from Quercetum (oak forest) 

Quercetin (Table 1.2, 3) is a ubiquitous flavonoid that was originally identified from 

Quercetum (forest oak).  It was also isolated from a wide range of fruits and vegetables. 

It showed inhibitory effects on various cancers. For example, quercetin down regulated 

the expression of survivin and antiapoptotic proteins in human glioma cells, resulting in 

caspase-dependent apoptosis [280]. The mechanism of action study suggested that 

quercetin inhibited cell proliferation by regulating Bcl2 and Bax expression [281]. 

Quercetin also affected CSC properties. By using an in vitro and in vivo pancreatic CSC 

model, quercetin reduced the capacity of self-renewal, ALDH1 activity and apoptosis 

resistance. Quercetin, together with sulforaphane, had synergistic effects on the 

prevention of EMT [282]. Quercetin was an effective inhibitor of CSCs in head and neck 

cancers with the concentrations ranging from 25 to 100 µM.  Further studies suggested 

that quercetin suppressed ALDH1 activity, reduced self-renewal and migration ability of 

CSCs [283]. Other studies on tongue cancer derived stem cells showed that quercetin 

promoted cell apoptosis by inhibiting p-Hsp27 expression, which led to the reversal of 

drug resistance triggered by the activation of p38 MAPK signaling pathway [284]. Recent 

study on CD133+ cancer stem cells derived from human colorectal HT29 cancer cells 

suggested that quercetin increased cytotoxicity and apoptosis induction of DOX with an 

IC50 concentration of 75 µM. Quercetin, in combination with DOX, induced G2/M cell 

cycle arrest in HT29 cells [285].  

Resveratrol from Polygonum cuspidatum 

Resveratrol (Table 1.2, 4) is a polyphenol molecule present in various fruits and food, 

such as grape skins. The compound can also be found in  Polygonum cuspidatum and is 

used in oriental folk medicine [286]. Grape seed extract, in combination with resveratrol, 

potentiated cell apoptosis and suppressed the proliferation of human colon CSCs via the 
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activation of p53 dependent pathway [287]. Resveratrol also suppressed the self-renewal 

ability of pancreatic CSCs which derived from human tumor and KrasG12D mice [288]. 

Additionally, resveratrol hampered stem cell properties, including drug resistance, self-

renewal ability, tumor initiation ability and metastasis potency, and EMT through 

activation of p53 in nasopharyngeal carcinoma CSCs [289]. A recent study suggested that 

resveratrol, at 60 µM, also inhibited EMT, induced by CDDP treatment in ovarian cancer 

cell lines. It caused cell death in an apoptotic-independent manner [290]. Resveratrol also 

dramatically inhibited the proliferation of breast CSCs and induced autophagy through 

the suppression of Wnt/-catenin signaling pathway [291].  

Salinomycin from Streptomyces albus 

Salinomycin (Table 1.2, 5) was recently isolated from Streptomyces albus [292]. It 

selectively inhibited the cell growth of CD44+/CD24- breast CSCs by 20-fold relative to 

vehicle control. In addition, salinomycin reduced the tumor-seeding, tumor formation and 

metastatic ability [78]. Salinomycin was found to suppress the autophagy-lysosomal 

pathway, which was crucial for the tumorigenicity of breast CSCs [293]. It was also 

proven that salinomycin was not only effective on breast CSCs, but also on gastric, 

pancreatic and glioma CSCs in different ways [294]. In the gastric and pancreatic CSCs, 

salinomycin inhibited the proliferation of the CSC population by suppressing the Wnt 

signalling pathway, which was essential for the self-renewal capacity of gastric and 

pancreatic CSCs [295, 296]. Salinomycin killed glioma CSCs with an IC50 value of 0.06 

µM [294]. In a recent study on osteosarcoma stem cells, salinomycin selectively killed 

tumor stem cells with an IC50 value of < 5 µM. This inhibition effects also involved 

Wnt/-catenin signaling pathway [297].  

Other CSC inhibitors 

Mithramycin (Table 1.2, 6), a major product from Streptocyces argillaceus, exhibited 

remarkable cytotoxicity against various cancers [298]. It inhibited stem cell signalling in 

lung and esophageal cancer cells and suppressed ABCG2 expression [299]. An ent-

daurene diterpenoid from Isodon eriocalyx var. Laxiflora, eriocalyxin B (EriB, Table 1.2, 

7), was shown to target p50 by inducing apoptosis via NF-κB signaling inhibition [300]. 

The compound was also an effective inhibitor of ovarian CSCs with a GI50 of 0.5-1 µM 

[301]. A secondary metabolite from fungus Galeilla rufa, galiellalactone (Table 1.2, 8), 

was considered a promising therapeutic agent for both prostate cancer cells and prostate 
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CSCs by targeting the STAT3 pathway [302, 303]. Guggulsterone (GS, Table 1.2, 9), 

isolated from the plant Commiphora mukkul, showed anti-proliferation activity against 

various cancers. In a study on pancreatic cancer cells, GS inhibited cell growth and 

metastasis by downregulating MUC4 expression involved in cancer cell fate, invasion 

and drug resistance [304]. Meanwhile, GS, in the cooperation with SANT-1, a novel 

inhibitor on glioma cells, can target stem and non-stem glioma cells [305]. Telomestatin 

(Table 1.2, 10), a macrocyclic compound from Streptomyces anulatus 3533-SV4, 

exhibited strong inhibition against glioma CSCs via telomere disruption and c-Myb 

inhibition.  

Table 1. 2. Natural products that have shown inhibition of cancer stem cells 

No Compound Structure Source Biological mechanisms CSC type 

1 Berberine 

 

B. aristata or  

C. chinensis 

ROS 

G2/M arrest 

Apoptosis 

NF-κB 

STAT3 

E-cadherin 

Vimentin 

ABC transporters 

EMT 

SOX2, POU5F1 and 

NANOG 

Lymphoma and murine 

melanoma cancer [270] 

Lung cancer [271, 273] 

Pancreatic cancer [272] 

2 Curcumin 
 

C. longa 

Wnt/-catenin 

Notch 

Sonic hedgehog 

E-cadherin/-catenin 

EMT 

STAT3 

NF-κB 

micro-RNAs 

Breast cancer [275] 

Colon cancer [279] 

 

3 Quercetin 

 

Quercetum 

Apoptosis 

ALDH1 

EMT 

p-Hsp27 

Cell proliferation 

Bcl2 

Bax 

Self-renewal 

Migration 

Glioma cells [280] 

Pancreatic cancer [282] 

Head and neck cancers 

[283] 

Colorectal cancer [285] 

4 Resveratrol 

 

P. cuspidatum 

Apoptosis 

Notch1 

Wnt/-catenin MDR1 

ABCG2 

EMT 

Self-renewal 

Metastasis 

Colon cancer [287] 

Pancreatic cancer [176] 

Nasopharyngal 

carcinoma [289] 

Ovarian cancer [290] 

Breast cancer [291] 

 

5 Salinomycin 

 

S. albus 

Autophagy-lysosomal 

pathway 

Wnt 

Apoptosis 

ALDH 

Breast cancer [78] 

Gastric, glioma and 

pancreatic cancer [294] 

Osteosarcoma [297] 
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6 Mithramycin 

 

S. argillaceus 
ABCG2 

 

Lung cancer and 

esophageal cancer [299] 

7 Eriocalyxin B 

 

I. eriocalyx 
NF-κB signaling 

Apoptosis 
Ovarian cancer [301] 

8 
Galiellalacton

e 

 

G. rufa STAT3 pathway 
Prostate cancer [302, 

303] 

9 
Guggulsteron

e 
 

C. mukkul 

MUC4 

JAK/STAT  

Src/FAK 

Pancreatic cancer [304] 

Glioma [305] 

10 Telomestatin 

 

S. anulatus 
Telomere 

c-Myb 
Glioma [306] 

Prospects 

Natural products derived from microbes, plants and marine organisms, have played a 

dominate role in cancer drug discovery. The membrane transporters, a major contributor 

to MDR in cancer, have been demonstrated as one of the most important targets in cancer 

therapy. A growing number of natural products have been discovered to reverse MDR in 

cancers, however, problems with these compounds still remain. In the reversal of MDR 

in cancer, the effects on the normal cells, especially the cells expressing ABC transporter 

family should be considered. High cytotoxicity from these compounds also limits their 

potential application in clinical practice. For example, cyclosporine A (CsA), a well-

known P-gp inhibitor, reduced the efflux of doxorubicin in tumor cells. However, it 

cannot be administrated for long period because of the side effects it caused, including 

immunosuppression and severe nephrotoxicity. Therefore, discovery of drugs with 

specific activity against MDR is still a major barrier to the success of chemotherapy. 

Hunting for new therapeutics from nature, which hosts a vast resource of natural products 

that target MDR cells, is a potential strategy for cancer treatments. In the future, to 

overcome MDR in cancer, the targets may concentrate on ABC transporters as they are 

widely expressed in cancers but this does not exclude other targets that may be expressed 

in specific cancer cell types. 
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The existence of CSCs is another prominent challenge for cancer therapy. More and more 

evidence suggests that CSCs play a critical role in the aetiology of metastasis, the main 

cause of the mortality of cancer patients. A better understanding of the origins of CSCs 

and their molecular mechanisms will make an important contribution to the treatment of 

CSCs. Though many products from nature were discovered to eliminate CSCs, they still 

displayed high toxicity against normal cells. For example, salinomycin was effective on 

many cancers but it displayed neurotoxic effects [307]. On the other hand, some of the 

drugs have physical and chemical property limitations, resulting in the failure of 

bioavailability. Curcumin had prominent anticancer properties but was limited in clinical 

applications due to its insolubility in water and instability.  

The cellular mechanisms of MDR and CSCs and the developed natural products against 

MDR cancer cells and CSCs were discussed with a view that we can obtain a better 

understanding of the mechanisms which will ultimately help in the development of new 

targets in the battle against cancer. To overcome these hurdles, significant effort has to 

be devoted to the discovery of new agents that eliminate MDR cancer cells and CSCs. 

One of the current challenges in integrating chemotherapy and surgery is the appropriate 

timing between the initial systemic therapy and surgery.  Recent trends suggest that where 

a patient quality of life is not threatened the surgery should be delayed until the efficacy 

of the systemic therapy can be evaluated.  In the event that the chemotherapy or adjuvant 

therapies are not yielding a response the treatment regime should be changed until a 

response can be detected and then surgery should be performed (reviewed in [308]).  On 

outcome from these studies is the requirement for the development of a battery of drugs 

to be used for adjuvant therapy and the discovery of lead molecules for this strategy is the 

focus of this research. 

Objectives of present project and summary of subsequent chapters 

The objective of present study is to identify natural products and synthetic compounds 

with activity against cancer cells, cancer MDR cells and CSCs. The aims of the projects 

are as follows: 

Aim 1: Establishment of MDR cells and culture of CSCs. MDR cells were established by 

the continuous treatment with 5-FU and CDDP at IC50 concentrations. CSCs were 

cultured in serum-free medium supplemented with eight factors. The methods used to 
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establish MDR cells and the culture of CSCs were described in Chapter 2. Chapter 3 

details the identification of MDR cells and CSCs. 

Aim 2: Extraction, fractionation, isolation, purification and structure elucidation. 

Twenty-five fractions from Nature Bank, 305 methanol extracts from Traditional Chinese 

Medicine and 400 synthetic compounds from Compounds Australia were screened 

against tongue cancer and breast cancer cell lines, and their respective MDR cells and 

CSCs. Pure compounds were isolated and purified from active extracts and fractions. 

Chemical structures of pure compounds were elucidated based on NMR and LC-MS data. 

Chapter 3 and 4explores the screening of natural product extracts to identify novel 

compounds with anticancer activity on breast cancer cells as well as tongue cancer cells. 

Chapter 5 screens synthetic compounds to identify new agents targeting cancer cells and 

their respective MDR cells and CSCs. 

Aim 3: Investigation of molecular mechanisms of active hits against cancer cells. The 

molecular mechanisms underlying active compounds from the screening were described 

in Chapter 5. To identify the potential targets of active hits, chapter 5 details the results 

from live-cell microscopy and immunofluorescence microscopy. This chapter also details 

the regulation of different signaling pathways, including p53, p38 and MAPK/ERK1/2, 

after treatment with the compounds identified in Chapter 5. 
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Chapter 2 Materials and methods 

2.1.1 General experimental procedure 

NMR spectra were recorded at 30 °C on a 600 MHz Varian Unity INOVA spectrometer. 

The spectrometers were equipped with a cryoprobe. Some NMR spectra were recorded 

in DMSO-d6 (δH 2.50 and δC 39.5) at 30 °C on a Bruker Avance HDX 800 MHz 

spectrometer equipped with a TCI cryoprobe. The 1H and 13C chemical shifts were 

referenced to the solvent peaks for DMSO-d6 at δH 2.50 and δC 39.5, respectively. The 

low-resolution electrospray ionization mass spectrum (LRESIMS) data were recorded on 

a Mariner time-of-flight (TOF) mass spectrometer equipped with a Waters LC-MS 

system equipped with a Luna C18 column (3µm, 100 Å HPLC column, 50 × 4.6 mm), a 

PDA detector, and a ZQ ESI mass spectrometer. All solvents used for chromatography 

and MS were Lab-Scan HPLC grade, and the H2O was Millipore Milli-Q PF filtered. A 

Waters 600 pump equipped with a Waters 966 PDA detector and Gilson 715 liquid 

handler were used for all HPLC work. Semipreparative HPLC was carried out with a 

Betasil C18 HPLC column (5 µm, 21.2 mm×150 mm). The C18-bonded silica was used 

for flash chromatography work. Phenomenex polypropylene was used for the SPE work. 

2.1.2 Medicinal botanicals and pure compounds 

The plant biota Cryptocarya (Lauraceae, leaves, QID025519; twigs, QID025255; and 

barks, QID025522), Symplocos (Lauraceae, twigs, QID016829), Neuburgia 

(Loganiaceae, barks, QID104126) were purchased from Nature Bank (Griffith Institute 

for Drug Discovery, Griffith University, Brisbane, Australia). Choosing these biota 

wasbased on the previous study by Pei Yu who screened >20,000 samples from Nature 

Bank (unpublished data).  

All the pure compounds (SN00802961, SN00771077, SN00771083, SN00771088, 

SN00771093, SN00771097 and SN00771106) were initially purchased from Compounds 

Australia (Griffith Institute for Drug Discovery, Griffith University, Brisbane, Australia) 

however, when more quantity of samples was required they were purchased directly from 

the company that originally deposited the compounds to Compounds Australia, in all 

instances within this thesis the manufacturer was Enamine (Enamine LLC, Princeton 

Corporate Plaza, 7 Deer Park Drive, Ste. M-3, Monmouth Jct., NJ 08852). 



56 

 

The leaves of Bruguiera gymnorrhiza were collected in July, 2016, and the stem was 

collected in February, 2017, in Hepu County, Beihai City, Guangxi Province, China. 

Taxonomic identification of B. gymnorrhiza was performed by Professor Songji Wei 

(Guangxi University of Chinese Medicine). Plant materials were dried at 55 ℃, ground 

and stored at room temperature in airtight containers under dark condition prior to 

extraction. A voucher specimen, E160717 has been deposited at the Guangxi Key 

Laboratory of Efficacy Study on Chinese Materia Medica, Guangxi University of Chinese 

Medicine, Nanning, China. 

Baizuan, leaves of Schisandra viridis A. C. Smith, were collected in June 2014 from 

Jinxiu, Guangxi province, China. The plant was identified by Prof. Songji Wei and a 

voucher sample (P140601) was deposited at the Guangxi Key Laboratory of Efficacy 

Study on Chinese Materia Medica, Guangxi University of Chinese Medicine, Nanning, 

China. The leaves were dried at 50 ℃, ground and stored at room temperature in airtight 

containers under dark condition until extraction. 

Hypericum sampsonii Hance, was collected in August 2013 from Caihua Town, Wufeng 

County, Hubei Province. The plant was identified by Prof. Dingrong Wan (South-central 

University for Nationalities) and a voucher sample (SC0356) was deposited at Specimen 

Museum, Pharmaceutical School, South-central University for Nationalities. The plant 

was dried, ground and stored at room temperature before extraction. 

2.1.3 Cell lines and cell culture 

The Tongue Squamous Cell Carcinoma (TSCC) CAL27 cell line (ATCC® CRL-2095™) 

and 0828 cell line, as well as Human Foreskin fibroblast cells were kindly donated by 

Prof. Yan Zhang from the Life and Science School, Sun Yat-sen University (Guangzhou, 

China). The primary cells of 0828 and fibroblast cell lines were derived Prof Zhang’s 

laboratory and were derived from patients attending university hospitals in Guangzhou. 

The Human breast cancer cell line MCF7 (ATCC® HTB-22TM) and Human Embryonic 

Kidney (HEK293, ATCC® CRL-1573™) cell line were donated by QIMR Berghofer 

Medical Research Institute (Brisbane, QLD). Breast cancer cell line T47D cell lines 

(ATCC® HTB-133™) and MDA-MB-231 cell line (ATCC® CRM-HTB-26™) were from 

the host laboratory and the Translational Research Institute (TRI, University of 

Queensland, Brisbane), respectively. Multidrug resistant cells, including CAL27 MDR, 

0828 MDR and MCF7 MDR cell lines were established by author. All the adherent cell 

lines, except for MDA-MB-231 cells, were maintained in Dulbecco's Modified Eagle 
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Medium/Nutrient Mixture F-12 (DMEM/F12 medium, Life technologies) supplemented 

with 10% fetal bovine serum (FBS) at 37℃ in a humidified atmosphere with 5% CO2 in 

air. The MDA-MB-231 cell line was maintained in DMEM medium supplemented with 

10% FBS, 25mM HEPES solution (pH 7.0-7.6, H0887, Sigma), 1mM sodium pyruvate 

(P2256, Sigma) and 2mM L-glutamine. For splitting the cells, Dulbecco’s Phosphate-

buffered saline (DPBS, Life technologies) was used to rinse the cells before the cell 

digestion by trypsin-EDTA solution (0.25%/0.05% v/v, Life technologies). After 

centrifugation to pellet the cells, 7×105 cells were seeded in the T-25 flasks (Thermo 

Scientific).  

2.1.3.1 Cancer Cell Spheroids 

The tumor spheroids were cultured in the serum-free medium supplemented with eight 

factors, BSA-oleic acid, heparin, VC, insulin, transferrin, sodium selenite, 2-

aminoethanol, mercaptoethanol (kindly donated by Prof. Yan Zhang, Sun Yat-sen 

University, Guangzhou, China). Before the cells were plated, 0.7% solidified agar was 

pipetted onto the bottom of wells (96 well culture microplate, PerkinElmer) and was 

placed at room temperature for at least 30 minutes.  

2.1.4 Cell density determination 

Cells at 70-80% confluency were collected as follows. Spent culture medium was 

aspirated, the cells were washed by DPBS and suspended by trypsinisation. A single-cell 

suspension was prepared and 100 µL of cells were taken out for cell counting using cell 

counter (Z™ Series COULTER COUNTER® Cell and Particle Counter). The cells were 

diluted in different concentrations (50 to 4000 cells/well). 49.5 µL of single-cell 

suspension were plated into a 384-well microplate. 49.5 µL of medium without cells and 

drug treatment were set up as blank control. The plate was incubated at 37℃, 5% CO2 for 

60 hours. Cell viability was determined by alamarBlue (440 μM, Thermo Scientific) assay 

and the plate was read every 2/4 hours for 24 hours using microplate reader (Biotek 

Synergy 2 multi-mode microplate reader). The growth curves were obtained and analysed 

using Graphpad Prism 6.0 software (GraphPad Software, Inc., San Diego, CA). The 

optimal cell density was determined based on the linear relationship between incubation 

time and the fluorescence intensity. 
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2.1.5 IC50 calculation 

Cells with 70-80% confluency were collected as described above. 49.5 mL of single-cell 

suspension with the optimal cell density were plated into a black 384-well microplate in 

cell culture medium with 10% FBS. Wells containing 49.5 µL of medium without cells 

nor drug treatment were set up as blank controls. The plate was incubated at 37℃, 5% 

CO2 overnight. The cells were treated with different concentrations of the drugs (0.1 to 

100 µM). A medium with cells treated by DMSO was used for the vehicle control. The 

plate was incubated at 37℃, 5% CO2 for 48 hours. 5 µL of alamarBlue were added in the 

wells and plate was read using a microplate reader after 24 hours. The IC50 values were 

calculated by Graphpad Prism 6.0 software. 

2.1.6 Cell viability/inhibition assay (alamarBlue reagent) 

The cells in linear growth phase (at 70%-80% confluency) were harvested and plated with 

optimal cell density in the 384-well microplates. The plates were incubated at 37℃, 5% 

CO2 overnight. The extracts, fractions and compounds were added into the wells and the 

plates were incubated at 37 ℃ in 5% CO2 for 48 h. AlamarBlue (Thermo Scientific) was 

added into the wells and the plates were read using a microplate reader after 24 h 

incubation. A medium without cells was set up as the blank control while a medium with 

cells treated with DMSO served as the vehicle control. Fluorouracil (5-FU) and cisplatin 

(CDDP) were introduced as positive controls. The cell viability/inhibition was calculated 

based on the fluorescence intensity. Cell viability assays were performed in triplicate and 

the dose-response curves were processed by Graphpad Prism 6.0 software. 

Cell viability%=
experimental reading value−blank control

vehicle control−blank control
× 100 

Cell inhibition%=100−
experimental reading value−blank control

vehicle control−blank control
× 100 

2.1.7 Establishment of MDR cell lines 

Tongue cancer cells (0828 and CAL27) and breast cancer cells (MCF7) were initially 

cultured in DMEM/F12 medium with 10% of FBS, but without any chemotherapeutics 

before the establishment of MDR cells. The cells were cultured at 37℃ in a humidified 

atmosphere with 5% CO2. MDR cells were established by exposure, at the IC50 

concentration of anticancer drugs, 5-FU and CDDP when the cells were 70-80% confluent. 

The cells were subcultured in DMEM/F12 medium with IC50 concentration of 5-FU and 
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CDDP. After ten rounds of treatment with drugs, the cells were designated as MDR cell 

lines. To confirm the resistance of the cells, concentration-response curves were 

conducted and the new IC50 values for the MDR cells were calculated. Furthermore, the 

resistance index (RI) was determined as the ratio of the IC50 value of the MDR cell 

line/IC50 value of non-resistant parental cancer cell line. 

2.1.8 Preparation of tumorspheres for cryostat sectioning 

The tumorspheres were cultured in a flask which was coated by 0.7% solidified agar (see 

section 2.2.3.1). The medium with tumorspheres (sizing range of 50-250 µm) was 

transferred to a 50mL polypropylene conical tube and allowed to settle by gravity. Half 

an hour later, the supernatant was aspirated, and the cells were fixed with 2mL of 4% 

phosphate buffered paraformaldehyde (PFA). The fixative supernatant was removed after 

the cells settled and the cells were rinsed in 5mL of PBS. The PBS was aspirated once the 

cells were once again allowed to settle. The rinsing was repeated three times and 

subsequently 5mL of 30% sucrose (dissolved in 0.1M PBS) was added. The tube was 

kept at 4℃ overnight. The 30% sucrose was removed and the cells were embedded with 

O.C.T. (Sakura Tissue-Tek O.C.T. compound, category no. 4583). The tumorsphere 

pellet was transferred to the O.C.T. layer on the cryostat chuck. The sample was sectioned 

at 15 µm and collected using APTEX (Sigma, category no. A3648) coated glass 

microscope slides. The slides were kept in -20℃ for immunofluorescence assay. 

2.1.9 Immunofluorescence assay for cancer stem cells 

The anti-ALDH1A1 antibody was used for immunofluorescence (Sapphire Bioscience, 

category no. ab124236). Sections were encircled with glass silicone sealant (Selleys) and 

washed with PBS for 15 min, followed by 1% SDS in PBS for 4 min. The sections were 

further washed with PBS 3 times for 5 min. The cells were blocked with 2% bovine serum 

albumin (BSA) in PBS. Primary antibody (anti-ALDH1A1 antibody) diluted in blocking 

buffer (2% BSA in PBS) was applied. The slide was kept at 4℃ overnight before being 

washed by high salt PBS (0.5% Tween in PBS) twice, followed by PBS for 5 min. The 

secondary antibody (Alexa Fluor® 488 Goat Anti-Mouse IgG (H+L) Antibody) was 

applied for 90 min at room temperature. The slide was washed with high salt PBS twice 

for 5 min followed by PBS for 5 min. PBS was removed and the slide was covered with 

DAPI (Prolong® Gold anti-fade reagent with DAPI, Life Technologies). Vecta shield 

was applied to the stained sections and a cover slip applied in preparation of visualisation 

by microscopy. 
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2.1.10 Small-scale extract preparation 

300 mg of each biota material was dried, ground and packed onto a solid-phase extraction 

(SPE, 10×50 mm) adsorbent and eluted with 8 mL of n-hexane, followed by 8 mL 

dichloromethane (DCM) and methanol (MeOH), respectively. The DCM and MeOH 

filtrates were combined and evaporated. The residues were redissolved in 600 µL of 

DMSO for HPLC fractionation. 

2.1.11 Small-scale HPLC fractionation 

A Waters 600 HPLC system equipped with a 996 photodiode array detector, a 600 solvent 

pump, a 600 controller and a 717 autosampler was used for crude extract fractionation. 

C18 reverse-phase column (Onyx Monolithic, 4.6 mm × 100 mm) was used. 100 µL crude 

extracts were injected onto HPLC system eluting with a linear gradient solvent system 

from 90% H2O (0.1% TFA)/10% MeOH (0.1% TFA) to 50% H2O (0.1% TFA)/50% 

MeOH (0.1% TFA) in 3 minutes at a flow rate of 4 mL/min, followed by a gradient to 

MeOH (0.1%TFA) in 3.5 minutes at a flow rate of 3 mL/min. This was held at 100% 

MeOH (0.1% TFA) for 0.5 minutes at a flow rate of 3 mL/min and for further 1 minute 

at a flow rate of 4 mL/min, then a linear gradient back to 90% H2O (0.1% TFA)/10% 

MeOH (0.1% TFA) in 1 minute at a flow rate of 4 mL/min. In the end, the gradient was 

performed at 90% H2O (0.1% TFA)/10% MeOH (0.1% TFA) for 2 minutes at a flow rate 

of 4 mL/min. Totally, five fractions were collected between 2.0-7.0 min, i.e., one minute 

per fraction. The five fractions were then dried and suspended in 200 µL DMSO to give 

a concentration of 250 µge/mL for cell proliferation assays. 

2.1.12 Extraction, isolation and elucidation 

Ten grams of the freeze-dried and ground samples of Cryptocarya (QID025519) were 

exhaustively extracted with DCM and MeOH (250 mL). The extract was dried via rotary 

evaporation to yield a yellow-green residue. This residue was placed on a bed of pre-

equilibrated C18-bonded silica [MeOH/H2O (10:90)], and flushed with MeOH/H2O 

(10:90, 200 mL), which was discarded, followed by MeOH/H2O (50:50, 200 mL) and 

MeOH/H2O (90:10, 200 mL). The second eluent was dissolved in MeOH (3 mL), and 

further purified by C18- bonded silica semipreparative HPLC at a flow rate of 4 mL/min 

eluting with MeOH/H2O/TFA (20:80:0.1) for 10 min, followed by a linear gradient to 80% 

MeOH within 30 min. Sixty fractions were collected to yield quercitrin (fraction 37).  
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Fifty grams of dried and ground stems and leaves of B. gymnorrhiza were exhaustively 

extracted with 1270 mL MeOH at room temperature for 2 h and filtered. The filtrates 

were dried via rotary evaporation to afford MeOH extract (2.25 g). 92.1 mg of MeOH 

extract were subsequently fractionated by semi-preparative HPLC eluting with a gradient 

MeOH/H2O. Briefly, the extract was dissolved in MeOH and loaded onto cotton, which 

was then packed into a stainless steel cartridge (10 × 30 mm). The cartridge was 

subsequently attached to a Betasil C18 semi-preparative HPLC column (21.2 mm×150 

mm) eluting with a linear gradient from 80% H2O (0.1% TFA)/20% MeOH (0.1% TFA) 

to 20% H2O (0.1% TFA)/80% MeOH (0.1% TFA) at a flow rate of 9 mL/min. As a result, 

60 fractions (60 × 1 min) were collected and analysed by 1H NMR.  

Rutin (1) was obtained as a yellow-green powder. LRESIMS m/z: 610 Da.  

1H NMR (DMSO-d6, 800 MHz): δH12.60 (1H, s, C5-OH), 10.80 (1H, s, C7-OH), 9.63 

(1H, s, C4'-OH), 9.14 (1H, s, C3'-OH), 7.54 (2H, m, C2'-H, C6'-H), 6.84 (1H, d, J=8.26, 

C5'-H), 6.38 (1H, d, J=2.07, C8-H), 6.19 (1H, d, J=2.05, C6-H), 5.34 (1H, d, J=7.47, H1-

G), 4.38 (1H, d, J=1.47, H1-R), 3.70 (1H, m, H6-G), 3.39 (1H, m, H2-R), 3.29 (1H, m, 

H6-G), 3.28 (1H, m, H3-R), 3.27 (1H, m, H5-R), 3.24 (1H, m, H3-G), 3.22 (1H, m, H2-

G), 3.21 (1H, m, H5-G), 3.07 (1H, m, H4-R), 3.05 (1H, m, H4-G), and 0.99 (3H, d, J=6.22, 

CH3-R). G and R represented signals from rhamnose and glucose moieties, respectively.  

13C NMR (DMSO-d6, 200 MHz): δC178.0 (C4), 163.9 (C7), 161.2 (C5), 156.9 (C2), 

156.2 (C-8a), 148.2 (C4'), 144.7 (C3'), 133.9 (C3), 121.4 (C6'), 121.1 (C1'), 116.1 (C2'), 

115.0 (C5'), 104.7 (C4a), 101.0 (C1-G), 100.5 (C1-R), 98.4 (C6), 93.4 (C8), 76.4 (C5-G), 

75.7 (C3-G), 73.8 (C2-G), 71.6 (C4-R), 70.3 (C3-R), 70.1 (C2-R), 69.9 (C4-G), 68.0 (C5-

R), 66.7 (C6-G), 17.5 (C6-R).  

Compound 1 was previously isolated from the blackcurrant seed, and the NMR data were 

identical to those reported  in the literature [309].  

Myricetin 3-rutinoside (2): Compound 2 was obtained as a yellow powder. LRESIMS 

m/z: 626 Da.  

1H NMR (DMSO-d6, 800 MHz): δH12.60 (1H, s, C5-OH), 10.80 (1H, s, C7-OH) ,  9.63 

(H, s, C4'-OH) ,  9.14 (2H, s, C3'-OH, C5'-OH), 7.15 (2H, s, C2'-H, C6'-H), 6.35 (1H, d, 

J=1.65, C8-H), 6.18 (1H, d, J=2.05, C6-H), 5.38 (1H, d, J=8.07, H1-G), 4.39 (1H, m, H1-

R ), 3.72 (1H, m, H6-G), 3.36 (1H, m, H2-R), 3.30 (1H, m, H6-G), 3.29 (1H, m, H2-G), 
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3.27 (1H, m, H3-R), 3.26 (1H, m, H5-R), 3.23 (1H, m, H3-G), 3.13 (1H, m, H5-G), 3.06 

(1H, m, H4-G), 3.05 (1H, m, H4-R), and 0.99 (3H, d, J=6.28, CH3-R). 

13C NMR (DMSO-d6, 200 MHz): δC177.4 (C4), 164.1 (C7), 160.6 (C5), 156.5 (C2), 156.4 

(C8a), 145.3 (2C, C3', C5'), 136.7 (C4'), 133.6 (C3), 120.2 (C1'), 108.6 (2C, C2', C6'), 

104.0 (C4a), 100.8 (C1-G), 100.6 (C1-R), 98.5 (C6), 93.2 (C8), 76.7 (C5-G), 76.2 (C3-

G), 73.8 (C2-G), 71.8 (C4-R), 70.4 (C3-R), 70.2 (C2-R), 69.9 (C4-G), 68.0 (C5-R), 66.9 

(C6-G), 17.4 (C6-R).  

Compound 2 was previously isolated from blackcurrant seed, and the NMR data were 

identical to those reported  in the literature [309].  

7,3',4',5'-Tetrahydroxy-5-methoxyflavone (3): Compound 3 was obtained as a yellow 

powder. LRESIMS m/z: 316 Da.  

1H NMR (DMSO-d6, 800 MHz): δH10.68 (H, s, C7-OH), 9.28 (2H, s, C3'-OH, C5'-OH), 

8.50 (1H, s, C4'-OH), 6.87 (2H, s, C2'-OH, C6'-OH), 6.44 (1H, d, J=2.04, C8-H), 6.36 

(1H, d, J=2.05, C6-H), 6.25 (1H, s, C3-H), 3.78 (3H, s, C5-OCH3). 

13C NMR (DMSO-d6, 200 MHz): δC175.6 (C4), 162.3 (C7), 160.7 (C5), 160.2 (C2), 158.9 

(C8a), 146.2 (2, C3', C5'), 136.9 (C4'), 120.7 (C1'), 107.3 (C4a), 105.7 (C3), 104.6 (2C, 

C2', C6'), 96.1 (C6), 94.6 (C8), 55.5 (OCH3).  

Compound 3 was previously isolated from B. gymnorrhiza, and the NMR data were 

identical to those reported in the literature [310].  

5-O-Methoxyluteolin (4): Compound 4 was obtained as a yellow powder. LRESIMS m/z: 

300 Da.  

1H NMR (DMSO-d6, 800 MHz): δH10.68 (1H, s, C7-OH), 9.72 (1H, s, C3'-OH), 9.32 (1H, 

s, C4'-OH), 7.31 (2H, t, C2'-H, C6'-H), 6.85 (1H, d, J=8.83, C5'-H), 6.48 (1H, d, J=2.13, 

C8-H), 6.39 (1H, s, C6-H), 6.36 (1H, d, J=2.19, C3-H), 3.79 (3H, s, C5-OCH3). 

13C NMR (DMSO-d6, 200 MHz): δC175.6 (C4), 162.4 (C7), 160.7 (C5), 160.1 (C2), 159.1 

(C8a), 148.9 (C4'), 146.7 (C3'), 121.9 (C1'), 118.2 (C6'), 116.0 (C5'), 112.9 (C2'), 107.2 

(C4a), 106.0 (C3), 96.5 (C6), 95.1 (C8), 55.9 (OCH3).  

Compound 4 was previously isolated from Carthamus tinctorius, and the NMR data were 

identical to those reported in the literature [311].  
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Gramrione (5): Compound 5 was obtained as a yellow powder. LRESIMS m/z: 330 Da.  

1H NMR (DMSO-d6, 800 MHz): δH10.67 (1H, s, C7-OH), 9.30 (1H, s, C3'-OH), 9.04 (1H, 

s, C5'-OH), 7.06 (2H, dd, J=6.8, 2.05, C2'-H, C6'-H), 6.55 (1H, s, C3-H), 6.50 (1H, d, 

J=2.07, C8-H), 6.36 (1H, d, J=2.07, C6-H), 3.86 (3H, s, C5'-OCH3), 3.79 (3H, s, C5-

OCH3). 

13C NMR (DMSO-d6, 200 MHz): δC175.5 (C4), 162.2 (C7), 160.6 (C5), 160.1 (C2), 159.0 

(C8a), 148.5 (C5'), 146.0 (C3'), 137.8 (C4'), 120.9 (C1'), 107.2 (C4a), 106.4 (C2'), 105.9 

(C3), 101.4 (C6'), 96.2 (C6), 94.8 (C8), 56.8 (OCH3-C5'), 56.4 (OCH3-C5).  

Compound 5 was previously isolated from B. gymnorrhiza, and the NMR data were 

identical to those reported in the literature [312]. 

2.1.13 Intracellular ATP measurements 

A stock solution of 2.5 mM oligomycin was prepared in fresh molecular biology-grade 

DMSO, a 10 mM stock solution of ATP was prepared in water. A competitive inhibitor 

of glycolysis, 2-deoxy-D-glucose (2-DG) solution was prepared in culture medium prior 

to use. All compounds were purchased from Sigma-Aldrich. Cells at 70-80% confluency 

were seeded into a 96-well plate with a cell density of 2000 cells/well. The plate was 

incubated at 37℃, 5% CO2. Drugs at different concentrations (1.5, 5, 10 and 15 μM) were 

added into the wells on the following day. The plate was incubated at 37℃, 5% CO2 for 

72h. Cells were treated by 2-DG for 4 h, following the absence or the sequential addition 

of 1 µM of oligomycin for 1 h. ATP content from glycolysis and mitochondria was 

measured by ATPlite Luminescence ATP Detection Assay System (product number, 

6016943, PerkinElmer). 50 µL of mammalian cell lysis solution were added to 100 µL of 

cell suspension per well. The plate was shaken for 5 min in an orbital shaker at 700 rpm. 

Subsequently, 50 µL of substrate solution were added per well and the plate was shaken 

for 5 min at 700 rpm in an orbital shaker. The plate was dark adapted before the 

luminescence was measured. The standard curves were obtained by the diluted ATP 

solution. The calculations of the ATP content for total cellular ATP, glycolytic and 

mitochondrial ATP were as follows: 

Total cellular ATP = glycolytic ATP + mitochondrial ATP 

Glycolytic ATP = untreated value – 2-DG treated value 

Mitochondrial ATP = 2-DG-treated value – 2-DG and oligomycin treated value 
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2.1.14 Protein extraction and estimation 

Cells were seeded in 6-well plate and were treated by different concentrations of drugs 

for 72 h. Cells were washed with PBS and collected by trypsinization, followed by 

washing with PBS. Whole lysate proteins were obtained using RIPA buffer containing 

150 mM NaCl, 1% IGEPAL® CA-630 (a detergent), 0.5% sodium dexoycholate, 0.1% 

SDS, 50 mM Tris, pH 8.0, supplemented with 4% protease inhibitor cocktail. Cells were 

placed on the ice for 15 min and centrifuged at 13,500 × rcf for 20 min in the cold room. 

Concentrations of protein were measured by DCTM Protein Assay Kit (catalogue number, 

5000111, Bio-Rad). 

2.1.15 Western blot 

Protein lysates were separated on SDS-10% or 15% polyacrylamide gels and transferred 

on polyvinylidenedifluoride membrane (0.45 μm, Millipore). The membranes were 

blocked for one hour at room temperature in 5% of skim milk dissolved in Tri-buffered 

saline with Tween-20 (TBST), which consisted of 200 mM Tris, 500 mM NaCl (pH 7.5) 

and 0.05% v/v Tween-20. The membranes were then hybridized with primary antibodies 

overnight at 4℃ and were washed with TBST, followed by corresponding secondary 

antibodies for 1 h at room temperature. The membranes were detected using a 

chemiluminescence assay (Amersham ECL Advance Western Blotting Detection kit, 

Millipore, Billerica, MA) and were exposed to an autoradiography to visualize the bands. 

Primary antibody against C-Raf (catalogue No. 610152) were purchased from BD 

Transduction Labratories. Antibodies against phosphorylated MEK1/2 (catalogue No. 

#9154), ERK1/2 (catalogue No. 4695S, 1:1000), phosphorylatedERK1/2 (catalogue No. 

4370S, 1:1000), phosphorylated MSK1 (catalogue No. #9595), phosphorylated p90RSK 

(catalogue No. #11989), p38 (catalogue No. 9212S, 1:1000), phosphorylated p38 

(catalogue No. 4631S, 1:1000) were purchased from Cell Signaling Technologies. 

Antibody p53 (catalogue No. bs-0033R, 1:1000) was purchased from Bioss. All the 

western blot experiments were repeated at least three times. 

2.1.16 Time-lapse microscopy 

MCF7 and T47D cells were collected by trypsinization and were counted using a cell 

counter (Z™ Series COULTER COUNTER® Cell and Particle Counter). Cells were 

seeded into a 12-well flat-bottom tissue culture plate with a density of 10,000 cells/well 

and allowed to attach overnight. The cells were treated by DMSO or 1 µM of compound 
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SN00771077, followed by time-lapse microscopy using a Zeiss Axiovert 200M Cell 

Observer microscope equipped with an incubation chamber at 37 °C and 5% CO2. The 

video was started at 1 h and ran for 72 h. Images were captured at 30 minute intervals. 

2.1.17 Immunofluorescence microscopy for breast cancer cells 

Collected MCF7 and T47D cells were seeded on glass coverslips in a 24-well flat-bottom 

tissue culture plate and allowed to attach overnight. The cells were treated by 1 µM of 

compound SN00771077 or 1 µg/mL of cytochalasin D or 5 µM of latrunculin A for 4 h. 

Culture medium was discarded and cells were washed by PBS. Cells were fixed with 4% 

PFA and permeabilized with 0.2% Triton® X-100 for 20 min. Cells were washed by PBS 

and were blocked by 1.5% BSA for 1h. Actin filaments were stained with a solution of 

phalloidin (1:100). Microtubulin was stained with α-tubulin (1:500 dilution in 1.5% BSA) 

overnight at 4 °C. To visualize the nuclei, DAPI (blue stain) was applied with secondary 

antibody (1:1000, Goat anti-mouse, Alexa 488, Life Technologies) for 1 h at room 

temperature. The coverslips were placed on the mounting medium (catalogue No. 08381, 

Poysciences) and visualized with a fluorescence microscopy (Zeiss LSM710 microscope). 

2.1.18 Different methods for cell lysis for Electrospray ionization Fourier transform 

ion cyclotron resonance mass spectrometer (ESI-FTICR-MS) 

Cells were seeded into 175 cm2 tissue culture flasks and incubated in a humidified 

incubator at 37 °C, 5% CO2.Cells at 80-90% confluency were washed with 10 mL cold 

PBS. Three methods for cell lysis were applied and compared using RIPA buffer, M-PER 

buffer and cell disruptor treatment.  

Two mL of RIPA buffer containing 150 mM NaCl, 1% IGEPAL® CA-630 (a detergent), 

0.5% sodium dexoycholate, 0.1% SDS, 50 Mm Tris, pH 8.0, supplemented with 80 µL 

protease inhibitor cocktail was added into the flask. The flask was put on ice and cells 

were collected by using a cell scraper. Cell lysates were subsequently transferred to a 

centrifuge tube which was centrifuged at 13,500 × rcf for 20 min. The supernatant 

containing proteins was transferred into a new centrifuge tube. 

2 mL of M-PER buffer (Thermo Scientific) containing a proprietary detergent in 25 mM 

bicine buffer (pH 7.6), supplemented with 80 µL protease inhibitor cocktail was added 

into the flasks. The flask was put on the ice and cells were collected by using a cell scraper. 

Cell lysates were subsequently transferred to a centrifuge tube which was centrifuged at 
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13,500 × rcf for 20 min. The supernant containing proteins was transferred into a new 

centrifuge tube. 

Cell pellets were obtained by using 10 mL of cell lysis buffer containing 50 mM Tris-

HCl and 100 mM NaCl, pH 7.6, supplemented with 80 µL protease inhibitor (BioPioneer, 

Inc., USA). The flask was put on the ice and cells were collected by using a cell scraper. 

The cell pellets were subsequently subjected to cell disruptor (Constant Systems). Protein 

amounts were determined by DCTM Protein Assay Kit (As described above). 

2.1.19 Buffer exchange, protein concentration and sample preparation 

Buffer exchange for cell lysates was performed in an Amicon® Ultra-0.5 30K column. 

500 μL of cell lysates were added into the top filter receptacle which was inserted to a 

microcentrifuge tube. The cell lysates were centrifuged at 10,000 × rcf for 10 minutes. 

The filtrate was discarded and 500 μL of 10 mM ammonium acetate were added into the 

filter device that was subsequently centrifuged at 10,000 × rcf for 10 minutes. The filtrate 

was discarded and the filter was washed by 500 μL of ammonium acetate. The filter was 

centrifuged at 10,000 × rcf for 10 minutes and placed upside down in a new 

microcentrifuge tube to collect the concentrated cell lysates by centrifugation at 1,000 × 

rcf for 5 minutes. The concentrated cell lysates were subsequently diluted with 

ammonium acetate to make different concentrations. Compound SN00771077 was 

diluted in MeOH at different concentrations (5 mM and 2.5 mM) and incubated with cell 

lysates for subsequent FT-MS analysis. 

2.1.20 ESI-FTICR-MS analysis 

Complex sample analysis was accomplished using a Bruker SolariX ESI ETD 12 Tesla 

FT-ICR mass spectrometer equipped with an external Apollo ESI source. All samples 

were injected manually by a syringe pump with a flow rate of 120 μL/h. A nebulizing N2 

gas with a pressure of 2.0 bar and a counter-current drying N2 gas with a flow of 4.0 L 

per minute were employed. The drying gas temperature was maintained at 200°C for 

direct infusion ESI-FTICR-MS. The capillary exit voltage was 220 V. Ions were 

accumulated in an external ion reservoir comprised of an octopole. The accumulation 

time was set at 1.0 ms. The range of mass-to-charge ratio was scanned from 30 to 90.   

The data were acquired in Bruker ftmsControl 2.1.0 software. All spectra were recorded 

in positive ion mode, with a sum of 128 scans per acquisition and 4 M data points per 

transient. The spectra were analyzed in Bruker Compass DataAnalysis 4.4 software. 



67 

 

2.1.21 Statistical analysis 

All the experiments were performed in biological triplicates unless otherwise stated. The 

data represented the mean ± standard deviation. Statistical analysis was carried out using 

the Student’s t-test or ANOVA. Differences were considered significant when the p value 

was <0.05. Statistical analysis was performed using Graphpad Prism 6.0 software. 
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Chapter 3 Nature Bank: a comprehensive collection of lead- and drug-like drug 

candidates 

3.1 Introduction 

Natural products and their derivative products accounts for around 50% of all approved 

new drugs [173] which highlights the potential of natural resources to provide leads for 

additional drug discovery. To facilitate early phase drug discovery, the Eskitis Institute 

for Drug Discovery (now called the Griffith Institute for Drug Discovery, GRIDD) 

comprehensively collected terrestrial plants and marine invertebrates from Queensland, 

China, Papua New Guinea, the Great Barrier Reef and Tasmania [313]. Extracts and 

subsequent fractions were acquired with lead- and drug-like physicochemical properties 

(i.e. Log P ≤ 5) [314, 315]. Collectively, 200,000 fractions were stored in the fraction 

library for the high through-put screening (HTS) platform. 

An initial screen of 20,000 fractions was performed by the host laboratory (Yu Pei, data 

not shown) and from that campaign several fractions were identified as having potential 

anti-proliferative activity against cancer cells screened in vitro.  In this study, 25 fractions 

from three plants collected from Papua New Guinea were re-examined for anti-

proliferative activity in a tissue culture based assay using cancer cell lines.  Three 

fractions from the leaves of Cryptocarya showed anti-proliferative activity on tongue 

cancer and breast cancer cells in the primary screening. To validate the active components 

corresponding to the activity, large-scale HPLC was performed to acquire pure 

compounds. One flavonoid, quercitrin, was isolated and its structure was elucidated by 

the analysis of NMR spectrum, in conjunction with the data from LC-MS. Sequentially, 

dose-response curves with different concentrations ranging from 0.1-100 µM were 

conducted against cancer cell lines. As a consequence, quercitrin demonstrated some anti-

proliferative activity with moderate inhibitory effects against tongue cancer and breast 

cancer cells. 

3.2 Results 

3.2.1 Optimal cell density and incubation time were determined using cell viability 

assays 

Cell growth can be inhibited by high cell density and this is attributed to the cell to cell 

contact, therefore assays need to be optimised so that cells do not reach inhibitory levels 
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during the course of the screening assay. Furthermore, the inhibitory effects of drugs 

increases during the incubation time. Therefore, the cell density and the incubation time 

of the drug treatment are two important parameters for cell viability. Tongue cancer cells 

(0828 and CAL27), breast cancer cells (MCF7) and human embryonic kidney cells 

(HEK293) were cultured as described in 2.2 (Fig. 3.1). The cells in the vehicle control 

(0.5% DMSO) were kept in linear phase growth during the drug screening. In order to 

follow the linear growth, the cell vitality indicator alamarBlue was applied and growth 

was measured by fluorescent intensity which was proportionate to the number of living 

cells and incubation time. Measurements were made every 2 hours over a 24 h period. As 

shown below (Fig. 3.2), different cell lines had cell line-dependent proliferation rates. 

According to the growth curves, the cell density was 100 cells/well for CAL27, 400 

cells/well for MCF7 and 0828, and 200 cells/well for HEK293 cell line (Fig. 3.2). 

 

Figure 3. 1. Phase contrast microscopy showing cells of three cancer cell lines and HEK293 (100×).Panel 

A. CAL27, B. 0828 C. HEK293 and D. MCF7 

D C 

B A 
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Figure 3. 2. Determination of cell density and incubation times using alamarBlue. The graphs show cell 

proliferation on the Y axis represented by fluorescence from alamaBlue over a time course of 24 hrs. Panel 

A. CAL27, B. MCF7, C. 0828 and D. HEK293. 

3.2.2 5-FU and CDDP as positive controls 

5-FU and CDDP are two anticancer drugs that have been used widely for the treatment 

of various cancers, including breast cancer and tongue cancer. As a control and to evaluate 

the quality of the bioassay, 5-FU and CDDP were introduced as the positive controls. 

Different concentrations of 5-FU (0.5, to 100 µM) and CDDP (0.1 to 100 μM) were 

prepared and added into the wells of a 384-well microplate after cell plating. Both 5-FU 

and CDDP showed inhibitory effects against all the cells in a concentration-dependent 

manner. The dose-response curves of the different cell lines are shown below (Fig. 3.3, 

3.4). IC50 values (the concentration of a drug that caused 50% inhibition of cell 

proliferation) were determined from the dose-response curves. The IC50 values of 5-FU 

and CDDP for 0828 cells were 25.9 and 16.4 µM, respectively. The IC50 values of 5-FU 

and CDDP for CAL27 were 31.8 and 23.5 µM, respectively. Similarly, the IC50 values of 

5-FU and CDDP for MCF7 were 49.3 and 35.2 µM, respectively. For HEK293, the IC50 

values of 5-FU and CDDP were 44.3 and 14.9 µM, respectively (Table. 3.1).  
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Figure 3. 3. Dose-response curves of 5-FU for different cells.Panel A. 0828, B. CAL27, C. MCF7 and D. 

HEK293. 

 

Figure 3. 4. Dose-response curves of CDDP for different cells. Panel A. 0828, B. CAL27, C. MCF7 and 

D. HEK293. 

Table 3. 1. IC50 values of 5-FU and CDDP for different cell lines. IC50 values (µM) were determined using 

the alamarBlue assay. Cells were seeded with the optimal cell density and exposed to the drugs for 48 h. 

Values were calculated as the means of at least 3 independent experiments (biological repeats) performed 

in triplicate. 

Cell lines 
IC50±SD (µM) 

5-FU CDDP 

0828 25.9 ± 2.0 16.4 ± 4.6 

CAL27 31.8 ± 1.4 23.5 ± 2.5 

MCF7 49.3 ± 8.0 35.2 ± 3.0 

HEK293 44.3 ± 3.7 14.9 ± 2.3 
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3.2.3 Multi-drug resistance cells were well-establishment by culturing cells with 5-

FU and CDDP 

Multi-drug resistance cells, including 0828 MDR, CAL27 MDR and MCF7 MDR (Fig. 

3.5), were established after the treatment of 5-FU and CDDP for 10 months (see section 

2.2). To assess drug resistance in these cell lines, the dose-response curves of 5-FU and 

CDDP on the MDR cell lines were performed (Fig. 3.6, 3.7), and IC50 values were 

calculated (Tab. 3.1). As shown below, the IC50 of 5-FU and CDDP for 0828 MDR were 

151.0 and 21.7 µM, respectively. The IC50 of 5-FU and CDDP for CAL27 MDR were 

225.8 and 52.2µM, respectively. For the MCF7 MDR cell line, the IC50 of 5-FU and 

CDDP were 135.4 and 44.9 µM, respectively. In addition, the resistance index (RI) was 

determined as the ratio of the IC50 of the MDR cell line/IC50 of normal cancer cell line. 

The RI of 0828 MDR, CAL27 MDR and MCF7 MDR cells against 5-FU were 5.8, 7.1 

and 2.7, respectively, while that of 0828 MDR, CAL27 MDR and MCF7 MDR cells 

against CDDP were 1.3, 2.2 and 1.3, respectively. As shown below, all the MDR cells 

were more resistant to 5-FU and CDDP. These results demonstrated that these three MDR 

cells were resistant to 5-FU. However, three MDR cells showed only limited resistance 

to CDDP. To facilitate the screening, cell densities for the MDR cell lines to be used in 

future assays (Fig. 3.8) were determined by the method described above. In summary, 

400 cells/well was determined to be optimal for the three MDR cell lines. 

 

Figure 3. 5.Phase contrast images of the established MDR cell lines (100×). Panel A. CAL27 MDR B. 

MCF7 MDR and C. 0828 MDR. 

 

Figure 3. 6. Dose-response curves of 5-FU. Panel A. CAL27 MDR B. MCF7 MDR and C. 0828 MDR. 
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Figure 3. 7. Dose-response curves to CDDP. Panel A. CAL27 MDR B. MCF7 MDR and C. 0828 MDR. 

 

Figure 3. 8. Determining optimal Cell density of MDR cell lines. Panel A. CAL27 MDR B. MCF7 MDR 

and C. 0828 MDR. The Y axis shows cell viability as a function of alamarBlue fluorescence. 

3.2.4 CSC population with spheroid forming capacity obtained from differentiated 

cancer cells 

Differentiated cancer cells have the potential to form CSCs through dedifferentiation and 

CSCs have the capacity to form spheroids. Therefore, a spheroid-forming assay was 

introduced to enrich CSCs using three-dimensional cell culture. Single adherent cells 

were plated into a 384-well microplate that had been coated with 0.7% agar. The cultured 

cells were fed with fresh serum-free medium with eight factors every two days until the 

cell aggregates reached 50-100 µm (Fig. 3.9). Spheroids were grown over 12 days in a 

cell line-dependent manner. Aldehyde dehydrogenase (ALDH) has been demonstrated as 

a CSC molecular marker in several cancer cells. One of the family members, ALDH1A1 

has been used to identify normal stem cells as well as CSCs, including squamous cell 

carcinoma of the head and neck (SCCHN) and breast cancer CSCs [316, 317]. To identify 

whether the spheroids contained CSCs with high ALDH1A1 activity, 

immunofluorescence assay was performed to identify ALDH1A1+ cells. 

Immunofluorescence analysis demonstrated that the spheroid cells showed high 

fluorescence in CAL27 CSCs and MCF7 CSCs (Fig. 3.10). Therefore, the spheroids were 

interpreted to be enriched for CSCs which highly expressed ALDH1A1. 
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Figure 3. 9. Representative images of two CSCs under light microscope (100×). Panel A. CAL27 CSCs 

and B. MCF7 CSCs 

 

Figure 3. 10. Immunofluorescence analysis of ALDH1A1 expression on CAL27 CSCs and MCF7 CSCs 

with DAPI staining (Blue). Panel A. CAL27 CSCs B. CAL27 CSCs negative control C. MCF7 CSCs and 

D. MCF7 CSCs negative control 

3.2.5 Preparation of small-scale LLEFs 

Solid-phase extraction (SPE) adsorbents were used to achieve a Lead-like enhanced 

extract (LLE), by which, the components with log P>5 were retained and that compounds 

with log p <5 were eluted. The samples were subsequently loaded onto the cross-linked 

poly copolymer (Waters Oasis HLB) applied as the adsorbents. To fractionate the LLE 

extract, RP-HPLC was performed to isolate the compounds with expected log P value. 

An Onyx C18 Monolithic HPLC column(4.6 mm× 100 mm) was used with reverse-phase 

solvent conditions (MeOH/H2O/0.1% TFA). Finally, five fractions were collected for 

each extract between elution times of 2-7 minutes (an example of the preparative elution 

is shown in Fig. 3.11).  

 

Figure 3. 11. A LLE extract HPLC chromatogram from biota QID025519. 
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3.2.6 Active fractions against cancer cells from sample QID025519 

The LLE extracts from five biota (QID025519, QID025255; QID025522, QID016829 

and QID104126) were fractionated by HPLC, yielding 25 LLEFs in total. The 25 fractions 

were initially tested against the tongue cancer cell lines, including 0828 and CAL27. In 

addition to the cancer cell lines, HEK293 cells were used to represent the normal cells. 

DMSO was used to dissolve all the fractions and was used as the vehicle control (0.5% 

DMSO). Three of the fractions from biota QID025519 exhibited strong inhibitory effects 

against tongue cancers, especially 0828 cancer cells (Fig. 3.12). To clarify the activity of 

the fractions against cancer cells and normal cells, the percentage of inhibition of the three 

fractions was calculated as shown below (Fig. 3.13). Fraction 1 and 2 did not show any 

anti-cancer activity on either of the cell lines. Fractions 3, 4 and 5 exhibited strong 

inhibition on 0828 cell line (Fig. 3.13b), but moderate inhibition on CAL27 cell line (Fig. 

3.13c). For 0828 cells, fractions 3, 4 and 5 showed 64%, 71% and 47% inhibition, 

respectively, while they inhibited 34%, 55% and 48% cell growth for CAL27. Later, the 

three active fractions were tested against the breast cancer cell line MCF7, and they 

showed 43%, 60% and 83% inhibition (Fig. 3.13d). However, all these three fractions 

exhibited high inhibition on the normal cells. The inhibition on HEK293 cells were 70%, 

65% and 82%, respectively (Fig. 3.13a). Further fractionation and isolation were carried 

out to isolate pure natural products responsible for the activity. 
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Figure 3. 12. The activity of fractions from five biota against three cell lines. Panel A. 0828 B. CAL27 and 

C. HEK293. Data represents the Mean ± SEM from 3 biological repeats. 
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Figure 3. 13. The inhibitory effects of the three fractions from QID025519 on four cell lines. Panel A. 

HEK293 B. 0828 C. CAL27 and D. MCF7.  Data represents the Mean ± SD from 3 biological repeats. 

3.2.7 Isolation and structure elucidation of quercitrin 

Ten gr of Cryptocarya (QID025519) was extracted with MeOH and purified with semi-

preparative HPLC eluting with MeOH. As a result, 60 fractions were collected after the 

fractionation (Fig. 3.14). The 60 fractions were tested against cancer cells, and fraction 

37 showed inhibitory effects against CAL27 cells. Fraction 37 yielded a pure compound 

(0.00125% yield).  

 

Figure 3. 14. HPLC chromatogram from biota QID025519. 

3.2.8 Structure elucidation and cytotoxicity of the compound 

The pure compound extracted above was a yellow-green powder. LC-MS determined the 

molecular weight of 448. From 1H NMR spectroscopic data (Fig. 3.15), this compound 

contained five aromatic protons (H 7.3, 7.25, 6.86, 6.39 and 6.20), one methyl protons 

(H 0.81), and five methine groups and four exchangeable protons. The 13C NMR 

spectrum indicated the presence of 21 carbon atoms (Table. 3.2). The analysis of 1H and 

13C NMR data and MS suggested it was a known compound, quercitrin. Detailed analysis 
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of gCOSY, gHMBC and gHSQC NMR data (Table. 3.2) confirmed the structure (Fig. 

3.15).  

Dose-responses on cancer cells and normal cells were conducted. The compound did not 

exhibit prominent activity against breast cancer cells and MDR cell lines. In contrast, 

quercitrin improved the cell proliferation of MCF7 MDR cells by 8-53%. It showed 

moderate inhibitory effects against tongue cancer cell line, CAL27 in a concentration-

dependent manner. At lower concentrations (0.1-25µM), it did not show inhibitory effects 

or enhanced proliferation. From 25 µM to 100 µM, quercitrin suppressed cell growth in 

a concentration-dependent manner. It showed maximum inhibition (34% of inhibition) at 

100 µM. However, quercitrin exhibited higher cytotoxicity against HEK293 cells. It 

showed the highest cytotoxicity at 100 µM with 53% cell growth inhibition (Fig. 3.16). 

Therefore, quercitrin cannot be the candidate for the treatment of tongue cancer and breast 

cancer. 
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Figure 3. 15.1H NMR spectrum and the structure of quercitrin. 

Table 3. 2. NMR data for quercitrin 

No. 13C 1H mult. (J in Hz)a gHMBCAD 

2 156.4   

3 134.1   

4 177.5   

5 161.1   

6 98.4  8, 7, 4a, 5 

7 164.1   

8 93.6 6.39 d (2.4) 6, 2, 7, 4a 

1' 120.7   

2' 115.4 7.30 d (2.1) 6', 3', 4', 8a 

3' 145.2   

4' 148.4   

5' 115.1 6.86 d (6.1) 3', 4', 1' 

6' 120.9 7.25 dd (8.3, 2.2) 2', 4' 

1'' 101.6 5.25 d (1.6) 3'', 3 

2'' 69.8 3.97 m 3'' 

3'' 70.2 3.52 dd (9.2, 3.4) 4'' 

4'' 70.9 3.14 m  

5'' 70.3 3.22 m  

6'' 17.2 0.81 d (6.1)  

4a 103.9   

8a 157.2   

 

Figure 3. 16. Dose-response of quercitrin against five cell line. 

3.3 Discussion and conclusion 

Flavonoids have been of great interest in natural product discovery because of their vast 

spectrum of pharmacological activities, including anticancer activity[318]. It is a family 

of secondary metabolites found in various plants, such as fruits and vegetables. It has 

been reported that flavonoids showed inhibitory effects in the initiation, promotion and 

progression of cancer by interfering with different signalling pathways that contributed 

to the cell proliferation, differentiation, metastasis and apoptosis [319]. Flavonoids also 

possess therapeutic potential to modulate MDR cells by inhibiting the overexpression of 
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MDR1, binding to NBDs and inhibiting the activity of ATPase, nucleotide hydrolysis and 

drug interaction with transporter-enriched membranes [320].  

Quercitrin (Quercetin-3-O-rhamnoside) is a flavonoid glycoside which was extensively 

reported as an antibacterial and antioxidant agent. Recently, anticancer activity of 

quercitrin has been studied. The effects of quercitrin on tumor promotion in mouse JB6 

cells and the molecular mechanism were validated. Quercitrin inhibited neoplastic 

transformation by blocking activator protein-1 (AP-1), MAPK pathway and activation of 

the Nrf2/ARE pathway [321]. A study in the non-small lung cancer (NSLC) suggested 

that quercitrin also possessed anticancer activity. It showed antiproliferative and 

apoptotic effects in a time- and concentration-dependent manner by increasing caspase-3 

activity and resulting in cell apoptosis [322]. A later study revealed that quercitrin 

displayed antiproliferation and apoptotic effect on colon cancer cells by increasing 

caspase 3 activity and loss of mitochondrial membrane potential (MMP) [323]. Another 

study investigated four flavonoids, myricetin, myricitrin, quercetin and quercitrin, 

however, quercitrin showed the lowest inhibitory effect on prostate cancer cells [324]. As 

discovered in this study, quercitrin exhibited some antiproliferation activity on CAL27 

cells in a concentration-dependent manner, which validate the screening process used in 

this project. It did not show inhibitory effects against MCF7 cancer cells nor MDR cells. 

In addition, quercitrin was found to be more toxic on HEK293 cells. Previously a study 

investigated the antiproliferative activities of 27 Citrus flavonoids against human cancers 

and the structure-activity relationships were analysed. As a result, seven flavonoids 

showed antiproliferative activity against cancer cells. Interestingly, they found that ortho-

catechol moiety in ring B and a C2-C3 double bond in flavonoids were vital for 

antiproliferative activity while C3 hydroxyl and C8 methoxyl groups played essential 

roles in high anticancer activity [325]. Compared with these findings, quercitrin had an 

ortho-catechol moiety in ring B and C2-C3 double bond, which may be responsible for 

its antiproliferation activity against cancer cells. However, its low activity may be due to 

the fact that the compound had no C3 hydroxyl and C8 methoxyl groups. Interestingly, 

the evidence from the reported literature suggests some activity against cancer and it 

cannot be excluded that the initial anti-proliferative activity observed in the fractions was 

due to a combination for compounds which, when used separately, lack selectivity. If this 

is correct the use of quercitrin in combination with other compounds may be of use in 

future studies. Overall, due to lack of selectivity, quercitrin as a single compound or in 

combination with other drugs was not pursued further. 
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Chapter 4 Cytotoxic Natural Products from Traditional Chinese Medicine 

4.1 Introduction 

Traditional Chinese Medicine (TCM) has been practiced for thousands of years in China 

and it commands a critical role in health care for Chinese people. TCM prescriptions are 

formulated based on the long clinical practice and accumulated knowledge [326]. An 

increasing number of TCM have been used in preventing and treating diseases, including 

cardiovascular disease [327], Alzheimer’s disease [328], Parkinson disease [329], kidney 

disease [330], as well as cancers. They are usually applied alone or in combination with 

other drugs for cancer therapy.  

This review summarized a set of bioactive compounds (Fig. 4.1) from TCM with 

anticancer effects, and their molecular basis of antiproliferative activity. Oxymatrine 

(Table 4.1, 1), a quinolizidine alkaloid, was isolated from the root of Sophora flavescens. 

This compound suppressed gastric cancer cell proliferation by arresting cells at G1 phase 

and downregulating the expression of Cyclin D1 and CDK4/6. It also repressed cell 

migration and invasion by suppressing EGFR/Akt and MEK-1/ERK1/2/MMP2 pathway 

[331]. The study on pancreatic cancer cells suggested that this compound showed 

antiangiogenic activity by suppressing the expression of NF-κB and vascular endothelial 

growth factor (VEGF) [332]. Emodin (Table 4.1, 2), another natural product isolated 

from the root of Rheum palmatum[333], inhibited the proliferation of human breast cancer 

cells Bcap-37 and ZR-75-30.  Mechanisms of action study suggested that emodin 

decreased the production of Bcl-2 and increased the level of cleaved caspase-3, polyADP-

ribose polymerase (PARP), p53 and Bax [334]. Emodin also exerted antiproliferation 

activity against human pancreatic cancer cells and suppressed cell metastasis through 

down-regulation of NF-κB, survivin and MMP-9 proteins [333]. Capsaicin (Table 4.1, 3) 

is the pungent ingredient isolated from genus Capsicum. This compound significantly 

inhibited the pancreatic cancer cells with an IC50 value of around 150 µM. It induced 

apoptosis by increasing ROS generation, releasing cytochrome c and activating caspase-

3 cascade [335]. Additionally, capsaicin was a radio-sensitizer in the prostate cell through 

the inhibition of NF- κB signalling [336]. [6]-Gingerol (Table 4.1, 4) was isolated from 

Zingeiber officinale a traditional herbal medicine [337].  Early study on breast cancer 

indicated that [6]-gingerol inhibited cell adhesion, invasion, motility and suppressed the 

expression of MMP-2 and MMP-9 in MDA-MB-231 cells [338]. Gingerol showed a 
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dose-dependent cytotoxicity in colon cancer cells with an IC50 value of 205 µM and 283 

µM against SW-480 and HCT116, respectively. It induced caspase-dependent apoptosis 

and inhibited PMA-induced proliferation by suppressing MAPK/AP-1 signalling [339]. 

In addition, the anticancer activity of [6]-gingerol has been assessed against human oral 

squamous cell carcinoma cell lines KB, SCC4 and cervical cancer HeLa cells. It showed 

a dose-dependent cytotoxicity against all the three cancer cell lines by inducing the 

apoptosis and cell cycle arrest. The IC50 values were 480, 500 and 636 nM against KB, 

SCC4 and HeLa cells respectively [340]. Germacrone (Table 4.1, 5), an active constitute 

from Rhizoma Curcumae[341], inhibited MCF-7 and MDA-MB-231 cell proliferation 

and induced G2/M and G0/G1 cell cycle arrest [342]. In the meantime, this compound may 

have MDR reversal activity as it significantly reduced the expression of P-gp via the 

inhibition of the MDR1 gene promoter in MCF7/ADR cells [343]. Baicalin (Table 4.1, 

6), a flavonoid from the roots of Scutellaria baicalensis[344], was broadly used in cancer 

treatment. It induced cell inhibition in prostate cancer cell lines with ED50 values of 60.8 

µM and 46.8 µM against LNCaP and JCA-1 cells, respectively. Baicalin increased cell 

accumulation in G1 cell cycle and lowered the expression of androgen receptor (AR) [345]. 

Another study on human bladder cancer cell lines (KU-1 and EJ-1) and a murine bladder 

cancer cell line (MBT-2) suggested that baicalin exhibited high inhibitory effect with IC50 

values of 3.4, 4.4, and 0.93 µg/mL against KU-1, EJ-1, and MBT-2 cells [346]. The 

molecular mechanisms study suggested that baicalin induced autophagy through AKT 

signalling pathway [347]. Recent study on hepatic cancer cell lines, Hep G2 and SMMC-

7721 exhibited that baicalin triggered caspase-dependent cell apoptosis by upregulating 

Bax, cleaved caspase-9, caspase-3, cleaved-PARP1 and downregulating Bcl-2 [348]. This 

compound also inhibited cervical cancer cell (Hela) growth with an IC50 value of 94.44 

µg/mL. The underlying mechanisms involved the upregulation of Bax, Fas, FasL, 

caspase-8 and downregulation of Bcl-2 [349]. Baicalin also significantly inhibited the cell 

viability of ovarian cancer cells with LD50 values of 44.6 µM and 55.2 µM against 

OVCAR-3 and A2780/CP70, respectively. It suppressed the expression of VEGF, cMyc, 

NFκB [263]. Nobiletin (Table 4.1, 7)  was isolated from citrus fruits, such as Citrus 

depressa and Citrus reticulate[350]. This compound exhibited antiproliferation activity 

against a wide range of cancers. Flow cytometric analysis suggested that nobiletin 

induced the cell cycle arrest at G2 phase. It downregulated the expression of Bcl2 and 

COX-2 while upregulated the expression of Bax and caspase-3 in SMMC-7721 cells. 

Nobiletin also significantly reduced the growth of H22 transplantable tumor by 

downregulating COX-2 and upregulating Bax and caspase-3 in vivo[351]. Nobiletin 
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effectively induced cell death of p53-mutated SNU-16 human gastric cancer cells through 

apoptosis. It increased Bax/Bcl-2 ratio and caspase-9 and -3 activation, but suppressed 

the expression of PARP protein. Combination with 5-FU promoted the inhibitory effects 

of nobiletin against SNU-16 cells [352]. Nobiletin was also implicated in the treatment 

of colorectal and liver cancer at a concentration of 2.5 µM [353, 354].  

TCMs has long been used as an effective remedy for cancer. However, how TCMs work 

in clinic and what are the chemical basis for their action remain elusive. In this chapter, 

more than 300 TCM extracts were screened for anticancer activity. The extracts from 

three TCM materials, namely Bruguiera gymnorrhiza, Schisandra viridis andHypericum 

sampsonii exhibited significant antiproliferation activity against tongue cancer and breast 

cancer cells. Further chemical investigation were carried out to identify the active 

compounds from two of the TCMs. 

 

Oxymatrine                    Emodin                            Capsaicin 

 

              [6]-Gingerol        Germacrone              Baicalin                            Nobiletin 

Figure 4. 1. Chemical structures of active compounds from TCM. 
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Table 4. 1. Natural products from Traditional Chinese Medicine against cancers. 

No. Compound Source Biological mechanisms Cancer type 

1 Oxymatrine S. flavescens EGFR, NF- κB, VEGF Gastric cancer 

Pancreatic cancer 

2 Emodin R. palmatum NF- κB, Survivin, MMP-9, Bcl-2, cleaved 

caspase-3, PARP, p53 Bax 

Breast cancer  

Pancreatic cancer 

3 Capsaicin  Capsicum sp. ROS generation cytochrome c,caspase-3  Pancreatic cancer 

4 [6]-

Gingerol 

Z. officinale apoptosis cell cycle arrest, MAPK/AP-1, 

MMP-2 MMP-9 

Breast cancer 

Colon cancer 

5 Germacrone R. Curcumae G2/M and G0/G1 cell cycle arrest, Bcl-2, p53, 

Bax, P-gp 

Breast cancer 

Hepatoma cells 

Hepatic cancer 

6 Baicalin S. baicalensis AKT signalling pathway, Bax, cleaved 

caspase-9, caspase-3, cleaved-PARP1, Bcl-

2, Fas, FasL, caspase-8, VEGF cMyc, NFκB 

Prostate cancer 

Bladder cancer 

Cervical cancer 

Ovarian cancer 

7 Nobiletin C. depressaC. 

reticulate 

G2 arrest, Bcl2, COX-2, Bax, caspase-3, 

Erk2, Akt 

Hepatocellular 

carcinoma 

Gastric cancer 

Liver cancer 

4.2 Anticancer activity of TCM library 

A TCM library containing 293 methanol extracts were screen against CAL27, MCF7 and 

HEK293 cells (Fig. 4.2). Anticancer activity of these extracts varied from different 

resources. Some extracts were extremely cytotoxic against all the cell lines with no 

selectivity, for example, extract 58, 66, 68 showed around 100% of cell growth inhibition 

against CAL27, MCF7 and HEK293 cells. Some extracts exhibited cell line-specific 

antiproliferative activity, for instance, extract 269 significantly inhibited cell growth of 

CAL27 (86.4% inhibition) but showed moderate inhibitory effect on MCF7 cells with 

43.1% inhibition. Extract 260, 269, 275 and 278 were the best candidates for the further 

study as they showed selective antiproliferative activity against cancer cells, but not 

against HEK293 cells. Extract 260 from Hypericum sampsonii was the most active extract 

with 89.3% inhibition against MCF7 cells and 56.6% inhibition against CAL27 cells, but 

no inhibition against HEK293 cells. Extract 222 from Bruguiera gymnorrhiza showed 

high antiproliferative activity (>70% inhibition), it also had sufficient quantity which 

warranted further chemical and biological investigations. The antiproliferative activity of 

extract 293 from Schisandra viridis showed significant inhibitory effects against cancer 

cells.  

Therefore, in this chapter the anticancer activity of H. sampsonii, S. viridis and B. 

gymnorrhizawas studied. For extract 260, only crude extract was tested against more 
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cancer cell lines due to the lack of material. S. viridis and B. gymnorrhiza were extracted 

by different solvent and the extracts were subsequently fractionated by HPLC. Pure 

compounds contributing to the bioactivity were isolated. 

 

Figure 4. 2. Antiproliferative activity of 293 methanol extracts from TCM. 

4.3 Inhibitory effects of Hypericum sampsoniiagainst cancer cells and MDR cancer 

cells 

4.3.1 Introduction 

The plant Hypericum sampsonii Hance has been long used for the treatment of 

hematemesis, epistaxis, menstrual irregularity and external traumatic injury. The extracts 

of H. sampsonii can induce cell apoptosis in various cancers, including lung cancer, 

stomach cancer and liver cancer. The active components in the extracts functioned by the 

regulation of the RXR pathway that can be associated with cell apoptosis and 

differentiation [355]. A previous study reported two of the sulfonated xanthones, 5-O--

D-glucopyranosyl-1,3-dihydroxyxanthone-4-sulfonate and 1,3-dihydroxy-5-

methoxyxanthone-4-sulfonate from H. sampsonii exhibited significant antiproliferation 

activity against mouse lymphocytic leukemia cells P388 [356]. The first evidence for 

pharmacological efficacy of the extracts from H. sampsonii against tongue cancer and 

breast cancer were presented in the present study. The fractions and extracts from the 

leaves and twigs of the plants exhibited selective activity against normal cancer cells and 

MDR cancer cells. 
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4.3.2 Results, discussion and conclusion 

The MeOH extract (sample CHWA_43) from H. sampsonii has been tested against 

tongue cancer cells (0828, 0828MDR, CAL27 and CAL27 MDR cells), breast cancer 

cells (MCF7 cells) and HEK293 cells. The inhibition of cell growth data were 

summarized below (Fig. 4.3). The inhibitory effects on MCF7 (89.3%), 0828 (82.6%) 

and 0828 MDR (91.2%) were higher than that on CAL27 (56.6%). Interestingly, the 

extract did not show cytotoxicity on HEK293 cells at a concentration of 250 µge/mL. 
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Figure 4. 3. Inhibitory effects of H. sampsonii at a concentration of 250 µge/mL against different cell lines. 

Cell viability assay revealed that the MeOH extract from H. sampsonii showed selective 

cytotoxicity when incubated with tongue cancer and breast cancer cell lines. It exhibited 

high inhibition in vitro against cancer cells, causing over 55% cell death on tongue cancer 

CAL27 and 0828 cells, and breast cancer MCF7 cells. Additionally, it was shown that the 

extract had no cytotoxicity against the normal cells. However, further chemical 

investigation was not undertaken due to the difficulty in collecting large quantity of TCM 

material during the duration of the PhD. Thus, the extract isolated from H. sampsonii 

showed potential in the treatment of tongue cancer and breast cancer with selective 

anticancer activity. The active components in the extract needed to be fractionated and 

elucidated. The molecular mechanisms of these compounds require further validation. 
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4.4 In vitro evidence of cancer therapy of ethnic Chinese medicine Bruguiera 

gymnorrhiza 

4.4.1 Introduction 

Traditional Chinese Medicine (TCM) has been practiced for thousands of years in China 

and it commands a crucial role in health care for Chinese people. There is an increasing 

number of TCM being applied in academic research and clinical trials for its efficacy in 

preventing and treating diseases, including cardiovascular disease [327], Alzheimer’s 

disease [328], Parkinson disease [329] and kidney disease [330]. TCM is also one of the 

powerful weapons in the prevention and treatment of cancers. TCM has been applied 

alone or in combination for complementary and alternative medicine (CAM) modalities 

for cancer therapy. TCM, has held, and still holds an important position in primary health 

care in rural areas of China.  

Large-leafed mangrove, Bruguiera gymnorrhiza (family Rhizophoraceae), is one of the 

dominant species of Chinese mangrove. It is widely distributed on seashores and edges 

throughout tropical Asia, southern and eastern Africa and northern Australia [357]. This 

plant is also widespread in tropical regions of China, including Guangxi, Guangdong, 

Hainan, Zhejiang and Fujian provinces [358]. It has been traditionally used as a folk 

remedy for diverse diseases. The bark has been used to treat burns and used as an 

abortifacient in the Solomon Islands. It has also been utilised for the treatment of malaria 

and diarrhea with astringent properties noted in Cambodia, Indonesia and China, 

respectively. In the Marshall Islands, the bark has been used to cure fish poisoning and in 

Fiji, it has been used for the treatment of syphilis. The root has been used for treating 

diabetes [359-362]. This plant was also traditionally prescribed to treat febrile, infection 

and inflammation, including throat-swelling disease in the South of China [363-365]. 

Based on the traditional application for throat swelling, it was hypothesized that this plant 

is likely to inhibit head and neck cancer cells since inflammation is aetiological to various 

pathological conditions, including cancer. Additionally, patients with head and neck 

cancer may experience lumps or swelling in the neck, hence the interest regarding this 

TCM for the treatment of cancers.  

A wide range of compounds have been isolated from B. gymnorrhizain the past decades 

and the data from previous studies demonstrated that some natural products from this 

plant displayed anticancer activity [366-368]. Diterpenoids and aromatic compounds 

from the stems of B. gymnorrhiza showed cytotoxic activities against human cervix 
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carcinoma HeLa cell line and human chronic myeloid leukemia K562 cell line [369-371]. 

Bruguiesulfurol was isolated from flowers of the plant and showed antitumor activity 

against HepG2 hepatoma cells [372]. However, there is no report on antiproliferative 

activity against head and neck cancers despite suggestion in the literature suggesting that 

these tissues might be targeted by the TCM. 

The objective of this study was to evaluate the in vitro anticancer activity of extracts and 

compounds derived from B. gymnorrhiza. In order to thoroughly understand the chemical 

basis of the plant’s anticancer activity and to explore the connection with its traditional 

application in the treatment of throat-swell disease, dried stems and leaves of B. 

gymnorrhiza were ground and extracted by methanol. Crude extract was fractionated and 

purified by HPLC to afford 5 major compounds from the active fractions, namely rutin 

(1), myricetin 3-rutinoside (2), methoxyflavone (3), 5-Methoxyluteolin (4), and 7,3',4',5'-

Tetrahydroxy-5- gramrione (5). The chemical structures of compounds 1-5 were 

identified by 1D and 2D NMR and MS data. The potential antiproliferative effects of 

extracts, fractions and pure compounds were evaluated against the tongue cancer CAL27 

cell line, as well as its MDR cells. To investigate the general anticancer activity of this 

plant, antiproliferation activity against breast cancer cell line MCF7 and its MDR cells 

was also studied.  We here report the isolation and structure elucidation of compounds 1-

5, as well as the anticancer activity of the extracts, fractions and pure compounds against 

CAL27, MCF7 cells and their respective MDR cells. 

4.4.2 Results and discussion 

Extracts, fractions and major compositions in B. gymnorrhiza 

The dried plant material was extracted with DCM and MeOH. The two extracts were 

subsequently fractionated into 60 fractions by reverse phase HPLC (Fig. 4.4). The 

inhibitory effects of all the fractions were evaluated against CAL27 and MCF7 cells. Cell 

viability assay suggested that fractions 50-60 from the DCM extract and fractions 20-40 

from the MeOH showed high antiproliferative activity. 1H NMR analysis of the active 

fractions (Fig. 4.5) suggested that fractions 20-29 from the MeOH extract contained poly-

phenolic compounds, tannins. Further chemical investigation was not pursued for these 

fractions as tannins bind to protein non-specifically, and thus possess diverse biological 

activities [373]. Fractions 50-60 from the DCM extract (Fig. 4.6) contained some minor 

compounds which proved to be difficult to isolate due to the lack of plant materials. 

Further purification on active fractions 30-40 from the MeOH extract yielded 5 major 
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compounds, namely rutin (1), myricetin 3-rutinoside (2), methoxyflavone (3), 5-

Methoxyluteolin (4), and 7,3',4',5'-Tetrahydroxy-5- gramrione (5) (Fig. 4.7).  Compound 

1 was also identified in DCM extract. Four compounds (compound 1-3, and 5) were 

previously identified from the leaves of B. gymnorrhiza[312]. Compound 4 was isolated 

from B. gymnorrhiza for the first time. 

 

Figure 4. 4. HPLC chromatograms for DCM and MeOH extracts involving 60 fractions and five 

compounds. 

 

Figure 4. 5. NMR spectrums for fractions 20-29 from MeOH extract. 
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Figure 4. 6. NMR spectrums for fractions 50-60 from DCM extract. 

 

1, R=H                                                                3, R=OH 

                                        2, R=OH                                                             4, R=H 

                                                                                5, R=OCH3 

Figure 4. 7. Chemical structures of compound 1-5. 

Anticancer activity of the DCM and MeOH extracts against CAL27 and MCF7 cells  

The DCM and MeOH extracts were tested against MCF7 and CAL27  cells using 

concentrations ranging from 0.1-250 µg/mL for 72 h. Both DCM and MeOH extracts 

showed antiproliferation activity against CAL27 and MCF7 cells in a concentration-

dependent manner (Fig. 4.8A and B). The highest cytotoxicity of the MeOH and DCM 

extracts was observed at a concentration of 250 µg/mL. The MeOH extract showed 87.1% 

and 73.1% inhibition against CAL27 and  MCF7 cells at a concentration of 250 µg/mL 

was, respectively. The inhibition of DCM extract against CAL27 and  MCF7 cells at a 

concentration of 250 µg/mL was 106.5% and 110.9%, respectively. All the results 

highlighted that both MeOH and DCM extracts displayed antiproliferation activity 

against tongue cancer and breat cancer cell lines and both extracts excerted higher 
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cytotoxicity against tongue cancer cell line CAL27 than that of breast cancer cell line 

MCF7 cells at most concentrations. In low concentrations, DCM extract displayed 

significant inhibitory effects against CAL27 and MCF7 cells than MeOH extract. The 

results above confirmed the anticancer activity of B. gymnorrhiza against tongue cancer 

and breast cancer. 
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Figure 4. 8. Concentration-response effects of (A) MeOH extract and (B) DCM extract against CAL27 and 

MCF7 cells. Data were the average of n=3, error bars represented SEM. 

Effects of HPLC fractions of the DCM and MeOH extracts on the growth of CAL27 and 

MCF7 cells in vitro 

The DCM and MeOH extracts both showed antiproliferative activity against CAL27 and 

MCF7 cells and they were subsequentially fractionated by HPLC. 60 fractions were 

collected, dried and redissolved in DMSO. Antiproliferative activity of all the fractions 

were evaluated against CAL27 and MCF7 cells. Fractions 50-60 from DCM extract and 

fractions 20-40 from MeOH extract made predominant contribution to the preliminary 

antiproliferative effects of DCM and MeOH extract, respectively (Fig. 4.9). Fraction 48 

from DCM extract and fraction 13 from MeOH extract, showed cell line-specific activity, 

inhibiting 100% and 39.8% of cell growth against CAL27 cells, respectively, but there 

was no effect on MCF7 cells. On the contrary, fraction 59 and 60 from DCM extract 

selectively inhibited cell growth of MCF7 cells with 88.0% and 95.6% of cell growth 

inhibition, respectively, while these two fractions promoted 62.6% and 66.7% of cell 

growth of CAL27 cells. Some fractions, for instance, fraction 2 and 3 from MeOH extract 

had no effects on the cell viability of both of the cell lines. The results above suggested 

that both extracts were more likely to be used in the treatment of tongue cancer, likewise, 

most fractions here showed higher inhibitory effect against CAL27 cells. Only few 

fractions, such as fraction 56 to fraction 60 from DCM extract, demonstrated higher 

antiproliferative activity against MCF7 cells compared to CAL27 cells. To validate the 

bioactive constituents of the fractions, 1H- and 2D-NMR and LC-MS were applied to 

elucidate the chemical structures of pure compounds. To sum up, five pure compounds 

were identified with antiproliferative activity. 
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Figure 4. 9. Effects of fractions from MeOH extract on the growth of CAL27 and MCF7 cells. 

Evaluation of cytotoxicity of isolated compound 1-5 

The inhibitory effects of compounds (1-5) were evaluated at eleven different 

concentrations ranging from 0.1-300 µg/mL. As a result, all the five compounds showed 

anticancer activity against MCF7 and CAL27 cells in a concentration-dependent manner 

after 72 h of exposure (Fig. 4.10). Of the five compounds (1-5), compound 3 was the 

most active compound, displaying higher antiproliferative activity at low concentrations. 

It exhibited 71.8% and 55.1% of cell growth inhibition at a concentration of 100 µg/mL 

against CAL27 and MCF7 cells, respectively (Fig. 4.10). This compound showed the 

highest inhibitory effect at a concentration of 300 µg/mL with 86.0% and 76.0% of cell 

growth inhibition against CAL27 and MCF7 cells, respectively. Compound 2 inhibited 

55.5% and 40.0% of cell growth at a concentration of 100 µg/mL against CAL27 and 

MCF7 cells, respectively. It showed 81.0% and 63.4% of cell growth inhibition at a 

concentration of 300 µg/mL against CAL27 and MCF7 cells. Compound 4 and 5 

exhibited moderate antiproliferative activity in low concentrations, but high inhibitory 

effects at high concentrations. Compound 4 inhibited 91.0% and 84% of cell growth at a 

concentration of 300 µg/mL against CAL27 and MCF7 cells, respectively, whereas 

compound 5 inhibited 93.0% and 87.6% of cell growth at the same concentration against 

CAL27 and MCF7 cells, respectively (Fig. 4.10). Compound 1 presented the lowest 

antiproliferative potency (Fig. 4.10). It only inhibited 79.1% and 72.4% of cell growth at 

a concentration of 300 µg/mL against CAL27 and MCF7 cells, respectively. The results 
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demonstrated that the five compounds, except for compound 5 all showed higher 

antiproliferative activity against CAL27 than MCF7 cells.  

compound 3

100 200 300 400

-50

0

50

100

150
CAL27

MCF7

concentration (µg/mL)

in
h
ib

it
io

n
 (

%
)

compound 5

100 200 300 400

-50

0

50

100

150
CAL27

MCF7

concentration (µg/mL)

in
h
ib

it
io

n
 (

%
)

compound 1

100 200 300 400

-50

0

50

100

150
CAL27

MCF7

concentration (µg/mL)

in
h
ib

it
io

n
 (

%
)

compound 2

100 200 300 400

-50

0

50

100

150
CAL27

MCF7

concentration (µg/mL)

in
h
ib

it
io

n
 (

%
)

compound 4

100 200 300 400

-50

0

50

100

150
CAL27

MCF7

concentration (µg/mL)

in
h
ib

it
io

n
 (

%
)

 

Figure 4. 10. Compound 1-5 possessed concentration-dependent cytotoxic effects in human tongue cancer 

cell line CAL27 and breast cancer cell line MCF7. 

Cytotoxicity of compounds1-5 against MDR cells 

Multidrug resistance (MDR) is a phenomenon in which cancer cells become resistant to 

mechanistically and structurally unrelated anticancer drugs. It is one of the major 

obstacles for systemic chemotherapy, however, the exploration of natural products has 

greatly contributed to overcoming multidrug resistance for some diseases [1] and 

demonstrates that further exploration of natural products and TCM is warranted. In a 

preliminary assay, cytotoxicity of the MeOH extract, fractions, and five pure compounds 

was evaluated in tongue cancer CAL27 cells and breast cancer MCF7 cells. In order to 

study the cytotoxic effects of compound 1-5 on multi-drug resistant cells, eleven 

concentrations ranging from 0.1-300 µg/mL of compound 1-5 were prepared and were 

tested against CAL27 MDR cells and MCF7 MDR cells for 72 h. As shown in Figure 

4.11, all five compounds showed antiproliferative effects against CAL27 MDR cells and 
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MCF7 MDR cells in a concentration-dependent manner. Compound 3 displayed the 

highest antiproliferation potency against CAL27 MDR cells in low concentrations. It 

showed 37.9% of cell growth inhibition at a concentration of 100 µg/mL. Compound 5 

possessed the highest cytotoxicity effect on MCF7 MDR cells in low concentrations. This 

compound inhibited 60.7% of cell growth at a concentration of 100 µg/mL. At the highest 

concentration of 300 µg/mL, compound 4 exhibited high inhibitory effects on CAL27 

MDR cells and MCF7 MDR cells with 83.2% and 65.1% of cell growth inhibition, 

respectively. Compounds 1 and 2 demonstrated the lowest antiproliferation potency 

against both CAL27 MDR cells and MCF7 MDR cells. These two compounds inhibited 

13.5% to 45.9% of cell growth against MCF7 MDR cells while they inhibited 55.8% to 

64.6% of cell growth against CAL27 MDR cells at a concentration of 300 µg/mL. CAL27 

MDR cells and MCF7 MDR cells were all more resistant to compound 1-5 compared to 

parental cancer cells. All five compounds engaged higher inhibitory effects on tongue 

cancer CAL27 MDR cells than breast cancer MCF7 MDR cells at higher concentrations. 
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Figure 4. 11. Compound 1-5 possessed concentration-dependent cytotoxic effects in human tongue cancer 

CAL27 MDR cells and breast cancer MCF7 MDR cells. 

4.4.3 Discussion and conclusion 

In this study, cell-based assays led to the identification of five compounds. Compound 1 

(Rutin), a citrus flavonoid glycoside, is abundant in plants, such as passion flower, 

buckwheat, tea and apple. It has exhibited a variety of bioactivities, including antioxidant, 
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cytoprotective, vasoprotective, anticarcinogenic, neuroprotective and cardioprotective 

activities [374]. In a study on the WEHI-3 leukaemia murine model, rutin (dose 120 

mg/kg) inhibited spleen leukaemia tumour growth [375]. Rutin showed cytotoxicity 

effects against human intestinal tumour cell lines Caco-2 and HT-29 with EC50 values of 

136.7 µM and 136.2 µM, respectively [376]. Unfortunately, compound 1 in this study 

exhibited the lowest efficacy against tongue cancer and breast cancer cells. However, 

compound 1 demonstrated inhibitory effects against MDR cells at high concentrations 

(>200 mg/mL). Compound 2 (Myricetin 3-rutinoside) has also been widely isolated in 

other organisms, such as Ribes nigrum[377], Onobrychis viciifolia[378], Ginkgo 

biloba[379], Triclisia sacliuxii[380], and Clitoria ternatea[381] and was previously 

isolated from B. gymnorrhiza[312]. This compound was evaluated for antibacterial and 

antifungal activity but it showed no antifungal inhibitory effects [382]. There have been 

no anti-cancer bioactivity studies reported for this compound to date, and this study was 

the first to show its antiproliferative activity against tongue cancer and breast cancer cells. 

Compound 3 was identified for the first time in B. gymnorrhiza in 2008. This compound 

was shown to inhibit cervical cancer Hela cell growth with an IC50 value of 80.5 µg/mL 

[310]. In this study, out of five compounds 1-5, compound 3 showed highest 

antiproliferative potency against tongue cancer and breast cancer cells. However, it 

presented less inhibitory effects against breast cancer MDR cells than compound 5. 

Compound 4 is a flavone which was identified in Castilleja tenuiflora[383],  Carthamus 

tinctorius[384], and Plectranthus amboinicus[385]. In this study, compound 4 was 

isolated and identified from B. gymnorrhiza for the first time. This compound, along with 

compound 5, displayed moderate inhibitory effects against tongue cancer and breast 

cancer cells. Compound 5 has been previously isolated from B. gymnorrhiza[312, 386], 

as well as Hibiscus tiliaceus[387]. A study investigating the antiproliferative activities of 

27 Citrus flavonoids against human cancers was used to analyse structure-activity 

relationships. As a result, seven flavonoids showed antiproliferative activity against 

cancer cells. Interestingly, they found that an ortho-catechol moiety in ring B and a C2-

C3 double bond in flavonoids were vital for antiproliferative activity while C3 hydroxyl 

and C8 methoxyl groups played essential roles in high anticancer activity [325]. 

Compared with these findings, compounds 1-5 all had an ortho-catechol moiety in ring 

B and C2-C3 double bonds, which may contribute to their antiproliferation activity against 

cancer cells. However, none of them had C3 hydroxyl and C8 methoxyl groups. Hence, 

all the five compounds inhibited cancer cell growth, but without high potency compared 

with the 5-FU positive control. 



95 

 

In conclusion, this study confirmed the in vitro anticancer activity of B. gymnorrhiza. As 

predicted by the traditional application of this TCM in the treatment of throat-swelling, 

the MeOH extract from B. gymnorrhiza inhibited cancer cell growth. Five pure 

compounds which contributed to the antiproliferative activity were isolated and purified 

by utilising a cell-based assay. Out of these five compounds, compound 3 was the most 

potent constitute against cancer cells whereas compound 5 exhibited the highest 

inhibitory effect against breast cancer MDR cells. The results in this study suggested that 

all these five compounds showed higher inhibitory effects against cancer cells as opposed 

to their equivalent MDR cells. The research reported here explored the use of this TCM 

in the treatment of throat swelling which may represent the aetiology of head and neck 

cancers.  The results suggest that several compounds derived from B. gymnorrhiza could 

be implicated in the management and treatment of head and neck cancers.  Moreover, 

there may be a wider use for these compounds in the treatment of others cancers, 

including breast cancer.  A more exciting prospect is the exploration of these compounds, 

not only as isloated and purified compounds, but rather in mixtures and concoctions that 

are more closely related to their intended use in original traditional chinese medicine.  The 

next challenge is to determine the efficacy of these compounds in combinatorial mixtures 

and to determine the mechanisms of action for the individual compounds or mixtures of 

these compounds. 

4.5 Anti-cancer activities of ethnic Chinese Yao medicine Baizuan, leaves of 

Schisandra viridis A. C. Smith 

4.5.1 Introduction 

The Yao nationality, one of 55 ethnic minority groups, resides in the mountainous terrain 

of the southwest and south China. One hundred and four medicinal herbs are commonly 

used by the Yao people[388] to treat a variety of diseases. Based on their therapeutic 

effects, these herbs can be classified into four groups: Hu (tiger), Niu (ox), Feng (wind) 

and Zuan (diamond) groups [388, 389]. According to traditional knowledge, each group 

of herbs possesses unique properties and is used to treat certain conditions. For example, 

herbs belonging to the Hu group are fast acting and effective in reducing inflammation 

and pain, the Niu group are known to promote circulation, strengthen tendons and bones, 

while the Feng group are commonly used for detoxification, expelling wind and 

dampness, promoting blood circulation and regulating menstruation [388, 390, 391]. 
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The Zuan group, which includes 18 different herbs, is best known for their application in 

softening hard lumps and dispelling nodes [388, 392, 393]. Due to this effect, this group 

of herbs is commonly prescribed in ethnic Yao medicine for the treatment of cancer. 

Biological activity studies have shown that Uncatia rhynchophylla (Miq.) Miq. ex Havil, 

also known as Shuanggou Zuan, inhibited the proliferation of colon cancer HCT-15, lung 

cancer A549, bladder cancer HT-1197 and breast cancer MCF-7 cell lines in vitro[394], 

while Gnetum montanum Markgr., named as Magu Zuan, inhibited HL-60 and BEL-7402 

cancer cells [395]. There were also studies showing both aqueous and ethanol extracts of 

Hulu Zuan, Pothos chinensis (Raf.) Merr., can prolong life expectancy of S180- and H22-

bearing mice [396, 397]. 

Baizuan, leaves of S. viridis A. C. Smith, has been widely used in Yao medicine for the 

treatment of rheumatic, analgesia, urticaria, herpes zoster, infectious diseases [398], HIV 

[399, 400] and cancer [392]. Chemical investigation of the plant genus Schisandra 

suggested that lignans [398, 399, 401], triterpenoids and organic acids [398] were the 

major constituents. Biological studies of the lignans and triterpenoids have shown 

anticancer [399, 402], anti-HIV [399, 400], lowering blood serum GPT [403], anti-

hepatitis B [404], and anti-inflammatory [405, 406] activities. However, the anticancer 

activities of S. viridis A. C. Smith, Baizuan, and the specific compound(s) which are 

responsible for such activity have not been well investigated.  

The present study was to systematically investigate the anticancer activity of Baizuan. 

Bioassays against breast cancer cells MCF7 and tongue cancer cells CAL27 were 

established to evaluate the activity. In addition, the plant extracts were further fractionated 

and purified to identify compounds responsible for the activities of the extracts.  

4.5.2 Anticancer activity of the extracts and fractions of Schisandra viridis 

Anticancer activities of the extracts were evaluated against human breast cancer cells 

MCF7 and tongue squamous cell carcinoma cells CAL27 with the concentrations ranging 

from 1-150 µg/mL. Both extracts, LVWZ1 and LVWZ2, showed activity in a 

concentration-dependent manner (Fig.4.13). Ethanol extract LVWZ2 had 50% inhibition 

against MCF7 and CAL27 cell lines at the concentration of 46.8 and 104.1 g/mL, 

respectively, which were more potent than that of water extract LVWZ1, at 80.3, and 

173.8 g/mL, respectively. Both extracts exhibited higher inhibitory effect on MCF7 cells 

than CAL27.The anticancer activity of both aqueous and ethanol extracts against MCF7 

and CAL27 confirmed the traditional application of Baizuan in cancer treatment. 
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A                                                                            B 

 

Figure 4. 12. Concentration-response curves of (A) aqueous extract and (B) ethanol extract against MCF7 

and CAL27. Data were the average of triplicates, error bars represented SD. 

Subsequent fractionation of both aqueous and ethanol extracts yielded 60 fractions, which 

were combined into 6 fractions per each extract and tested against MCF7 and CAL27. 

The results suggested that the earlier fractions 1-4 from both extracts had minimal activity 

at the concentration of up to 150 g/mL.  However, fractions 5 and 6 from both the H2O 

and ethanol extracts, showed significant anticancer activities (Fig.4.14). Specifically, 

fraction 5 from the H2O extract (LVWZ1 F5) showed minimal inhibitory activity against 

MCF7 and CAL27 at the concentrations of < 100 µg/mL, whereas it inhibited both cell 

lines by 46% and 90%, respectively, at 150 g/mL. Fraction 5 from the ethanol extract 

(LVWZ2 F5) had much better activity, exhibiting 50% inhibition against MCF7 and 

CAL27 at the concentration of 65.0 and 46.7 g/mL, respectively. Fraction 6 from aqueous 

extract (LVWZ1 F6) increased the proliferation of cancer cell lines at low concentrations 

(< 50 µg/mL), but inhibited cell proliferation at higher concentrations (> 50 µg/mL) in a 

dose-dependent manner, while fraction 6 from ethanol extract (LVWZ2 F6) showed the 

best activity against MCF7 and CAL27 with 50% inhibition at 12.2 and 15.3 g/mL, 

respectively. 
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Figure 4. 13. Concentration-response curves of six fractions from the aqueous extract (LVWZ1 F1-F6) and 

six ethanol extracts (LVWZ2 F1-F6) against MCF7 and CAL27. Data are shown as an average of triplicates. 

Error bars represent SD. 

4.5.3 Anticancer activities of compounds 1-6 

Six compounds 1-6 (Fig. 4.14) were isolated from the ethanol extract of Baizuan, with 

only 1-3 present in aqueous extract (The isolation and structure determination were done 

by Xiaotao Hou). The inhibitory activities against MCF7 and CAL27 cell lines were 

evaluated at 8 different concentrations ranging from 1-150 µg/mL. The results (Fig. 4.15) 

suggested that compounds 1-6 all showed dose-dependent activity against MCF7 and 

CAL27.  

 

Figure 4. 14. Chemical structures of compounds 1-6. 
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Figure 4. 15. Concentration-response curves of six pure compounds against MCF7 and CAL27. Data were 

the average of triplicates. Error bars represented SD. 

Lignans 1-3 had moderate activities against both cancer cell lines (Fig.4.15A-C) with 

IC50 values ranging from 80-180 µg/mL (Table4.2).  Dioxane containing lignans 4-5, as 

well as the terpenoid 6, had significantly more activity (Fig.4.15D-F) with IC50 values of 

10-20g/mL (Table4.2), an order of magnitude more active than those of 1-3. The fact that 

compounds 4-6 can only be extracted by ethanol explained the relative low activity of 

aqueous extract and its fractions. However, the moderate activity of aqueous extract could 

be viewed as an advantage: it guarantees a lower toxicity and safe administration of the 

herbal medicine. 

Previous structure activity relationship studies on dibenzocyclooctadiene lignans 

suggested that a biphenyl ring with methoxy substitutions were important for their 

cytotoxicity [407]. Our study also suggested that a dioxane functionality at C-2 and C-3 

positions and removal of hydroxyl at C-7 greatly enhanced the activity. This could be due 

to the increased lipophilicity of compounds 4-5, and hence better permeability through 

the cell membrane. Of the six active compounds, triterpenoid schisanol (6) exhibited the 

highest antiproliferation potency with an IC50 value of 10.6 and 11.7 g/mL against MCF7 
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and CAL27, respectively. Compound 6 was previously isolated from the fruit of S. 

sphenanthera [408], however no biological activity was reported to date.  

Table 4. 2. IC50 values of compounds 1-6 against MCF7, CAL27 and HEK293. 

Compounds 

IC50 (µg/mL) 

MCF7 CAL27 HEK293 

1  137.9±6.9 136.9±5.1 153.7±0.7 

 2 104.7±3.7 104.2±1.8 89.1±8.5 

3 127.4±2.6 169.1±3.8 147.0±5.2 

4  14.5±0.0 21.2±1.1 16.9±0.1 

5  13.4±1.2 17.9±0.4 19.4±0.2 

 6  10.6±0.5 11.7±0.2 11.0±0.2 

 

It was noteworthy that the anticancer activity of the ethnic Yao medicine, Baizuan, was 

contributed mainly by two different structural classes, lignan and terpenoid. Our results 

were in agreement with previous studies, where dibenzocyclooctadienelignans and 

triterpenoids were responsible for the cytotoxicity of the genus Schisandra [409-411]. 

Given compounds 2 and 3 were the major active principle present in both aqueous and 

ethanol extracts, they can be used as biomarker for the identification and quality control 

of the medicinal herb Baizuan, leaves of S. viridis A. C. Smith. 

4.5.4 Conclusion 

Our study, for the first time, confirmed the anticancer properties of the ethnic Yao 

medicine Baizuan, leaves of medicinal plant S. viridis A. C. Smith. The activity was 

mainly contributed by dibenzocyclooctadiene lignans and triterpenoids, specifically 

gomisin H (1), schisandrin (2), angeloylgomisin H (3), (+)-gomisin M2 (4), 

rubschisandrin (5), and schisanol (6). Activities demonstrated by the extracts and isolated 

compounds supported the ethnopharmacological use of this ethnic Yao medicine against 

cancer.  
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Chapter 5 Developing cancer therapeutics by targeting the MAPK signalling 

pathway 

5. 1 Introduction 

The human protein kinase family consists of 518 genes, corresponding to around 1.7% of 

the human genome, which makes it one of the largest gene families [412]. These protein 

kinases can be classified into three clusters: protein-serine/threonine kinases, protein-

tyrosine kinases and tyrosine-kinase like proteins. Additionally, 106 pseudogenes were 

identified in the human genome [412]. Protein kinases have been intensively studied as 

they play an important role in regulatory processes in cell biology. They mediate most of 

the signal transduction, including metabolism, transcription, cell cycle regulation, 

cytoskeletal rearrangement and cell movement, apoptosis, and cell differentiation by 

transferring phosphoryl groups (PO3
2-) to their protein substrates. Mutations and 

dysregulation of protein kinases can contribute to human diseases, including cancers, thus, 

protein kinases are important drug targets for disease therapy. It has been suggested that 

around one-quarter to one-third of drug discovery research focused on protein kinases, 

and significant effort has been carried out to understand the molecular biology and 

physiology of protein kinase signaling pathways [413]. 

5.1.1 The mitogen-activated protein kinases (MAPK) signalling pathway 

The Ras-mitogen activated protein kinase (MAPK) cascade has been intensely 

investigated due to its central role in regulating cell growth and survival in a wide range 

of cancers. The MAPK family transduces extracellular signals into cellular responses to 

regulate cell activity [414]. The MAPK signaling cascade consists of a MAPK kinase 

kinase (MAPKKK), a MAPK kinase (MAPKK) and a MAPK. A diverse array of 

extracellular stimuli such as growth factors, cytokines, mitogens hormones, and oxidative 

or heat stress can interact with receptors such as receptor tyrosine kinases (RTKs) and G 

protein-coupled receptors (GPCRs) or epidermal growth factor receptor (EGFR). The 

complex of ligands and receptors can transmit signals into cells and recruit a Ras-

activating guanine nucleotide exchange factor (SOS) through the adaptor protein growth-

factor-receptor-bound-2 (Grb 2), which subsequently activates Ras. Activated Ras 

interacts with isoforms of the serine/threonine kinase Raf, a MAPKKK [415]. The 

activation of MAPKKK gradually initiates the phosphorylation of MAPKK family and 

MAPK family members on threonine and tyrosine residues [416, 417] (Fig.5.1). The 

highly conserved MAPK family consists of the extracellular signal-regulated kinase 
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(ERK1/2) family, the p38 kinase (including p38α/β/γ/δ) family, the c-Jun N-terminal 

kinase (JNK, also known as stress-activated protein kinase or SAPK, including JNK1-

JNK3)family and the ERK5 family[417-421]. All these family members are activated by 

dual phosphorylation on adjacent threonine and tyrosine residues. The ERK1/2 cascade 

mainly transmits mitogenic signals while p38 and JNK cascades transmits mostly stress 

signals. ERK5 transmits both mitogenic signals and stress-response processes [422]. 

Activated MAPK regulates cellular activities, including cell death, movement, 

differentiation, metabolism and cell proliferation. Dysregulation of MAPK cascades have 

been proven to play a causal role in a wide range of human diseases, including obesity 

[423], diabetes [423], cardiovascular diseases [424] and various cancers [425]. 

 

 

Figure 5. 1. The MAPK family and its major cascades. Panel A. the ERK1/2, JNK, p38 and ERK5 pathways 

in mammalian cells. Only representative activators and effectors are shown. Panel B. Upstream activators 

and downstreamsubstratesof the MAPK/ERK1/2 cascades, data compiled from [404 to 412]. 
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5.1.2 The MAPK/ERK1/2 signaling cascade as cancer therapeutic targets 

The Ras-Raf-MEK-ERK signal pathwayregulates a wide range of cellular processes, such 

as cell adhesion, migration, proliferation, differentiation, survival, apoptosis and stress 

responses[426]. Dysregulation of the Ras-Raf-MEK-ERK pathway can be caused a wide 

variety of diseases, including brain injury, cardiac hypertrophy, diabetes and 

inflammation and cancers [424, 427-431].  

Four highly homologous Ras proteins, HRAS, KRAS4A, KRAS4B and NRAS, are 

encoded by three RAS genes. These Ras proteins transduce cell signals from cell surface 

receptors to intracellular effectors. Ras proteins are mutated in various human cancers 

and its activation promotes tumor initiation, progression and metastasis. Estimated 

frequency of KRAS mutations is 58% in pancreatic cancer, 33% in colorectal cancer, 31% 

in biliary cancer, 17% in lung cancer and 14% in endometrial and ovarian cancer. NRAS 

mutation occurs in 18% of melanomas, 11% of biliary cancers whereas HRAS mutations 

occurred in 11% of bladder cancers and 9% of cervical cancers[432]. Ras proteins 

subsequently activatethe downstream effector, Raf kinase family that consists of A-, B-, 

C-Raf by a multistage process. Mutations of Raf kinases were also found in cancers. 

BRAF mutation occurred in 43% of melanoma cancers, in 39% of thyroid cancer and 14% 

of biliary cancers[432]. Raf kinases lead to the phosphorylation and activation of MEK1 

and MEK2, which subsequently mediate the phosphorylation and activation of ERK1 and 

ERK2. ERK1 and ERK2 in humans share 84% sequence identity. For this reason, they 

are preferred to as ERK1/2 [433]. Generally, the expression level of ERK2 exceeds that 

of ERK1 in most cells [434]. Unlike Raf kinases and MEK1/2, ERK1/2 has a variety of 

nuclear and cytoplasmic substrates, including transcription factors, protein kinases and 

phosphatases, cytoskeletal elements, regulators of apoptosis and various signaling-related 

molecules [435]. Phosphorylated ERK1/2 catalyzes the phosphorylation and activation 

of transcription factors, such as Elk1 and c-Fos in nucleus [435]. Elk1, a member of the 

ternary complex factor subfamily of Ets (E26)-domain transcription factors, is one of the 

well-studied targets of the MAPK/ERK1/2 cascade [436]. Elk1 is phosphorylated by the 

direct interaction with ERK1/2 and is involved in a variety of cellular functions, including 

cell proliferation, cell cycle and apoptosis [437, 438]. c-Fos, together with c-Jun 

comprises one form of the AP1 (activating protein 1) transcription factors, the regulators 

of early transcriptional processes after extracellular stimulation. c-Fos can be stabilized 

by two phosphorylation events at Ser374 by ERK1/2 and Ser362 by MAPKAP kinase 

RSK [439, 440]. c-Jun is phosphorylated at Ser63 and at Ser73 by ERK1/2 and JNK1/2 
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in wild-type mouse fibroblasts [441]. Additionally, the ERK1/2 family of protein kinases 

are also involved in a wide range of cellular activities with more than 50 cytoplasmic 

substrates, including RSK family protein kinases, cAMP phosphodiesterase, cytosolic 

phospholipase A2, cytoskeletal proteins, apoptotic proteins and regulatory and signaling 

molecules [435]. 

Farnesyltransferase inhibitors for Ras function 

The Ras-Raf-MEK-ERK pathway is upregulated in a variety of cancers, therefore this 

signaling cascade has attracted significant attention as a therapeutic target for the 

treatment of cancers. Ras has a farnesyl isoprenoid group attached by prenylation to 

stabilize localization of Ras to the plasma membrane. As this process is essential for the 

biological function of Ras, some therapeutics were developed to inhibit the farnesylation 

of Ras and competed for binding to farnesyltransferase, which catalyzes the transfer of 

the 15-carbon isoprenoid chain from farnesyl pyrophosphate to a cysteine residue that is 

close to the carboxyl terminus (C186 in human HRAS). Several agents have been 

identified as farnesyltransferase inhibitors (FTIs) that blocked the farnesylation [442]. 

Two of the inhibitors, R115777 (Zarnestra) and SCH-66336 (Sarasar) (Table 5.1) have 

been used in clinical trials. R115777 showed anticancer activity against a broad spectrum 

of human tumor models invitro and invivo, including advanced colorectal cancer [443], 

pancreatic cancer [444], prostate cancer [445], lung cancer [446], acute myeloid leukemia 

[447] and breast cancer [448]. R115777 showed inhibitory effect against breast cancer 

MCF7 cells with an IC50 value of 0.31 µM in vitro after 96h drug exposure [449]. The 

study on human pancreatic cancer cells illustrated R115777 inhibited cell growth via 

suppression of STAT3(Tyr705) phosphorylation. Another study implied that a combination 

of R115777 and Zoledronic acid (ZOL) synergistically killed prostate cancer cells by 

downregulation of both mitochondrial Bcl-2 and Bad protein, and inactivation of 

ERK/Akt [445]. SCH-66336 has been applied in clinical trials against urothelial cancer 

[450], non-small cell lung cancer [451], chronic myeloid leukemia [452] and breast 

cancer [453]. SCH-66336 repressed activation of NF-κB and NF-κB-regulated gene 

products, including cyclin D1, COX-2, MMP-9, survivin, IAP1, IAP2, XIAP, Bcl-2, Bfl-

1/A1, TRAF1, and FLIP [454]. The study on prostate PC-3 and renal Caki-1 cancer cells 

highlighted that SCH-66336 reduced HRAS activation in both cell lines, resulting in 

reduced matrix remodeling and cell migration [455]. However, clinical results with these 

drugs were not a satisfactory. The outcome from a Phase III clinical trial of patients with 

advanced pancreatic cancer with a high level of KRAS mutationswere disappointing due 
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to the lack of objective responses [456]. This compound caused hematologic toxicity, for 

instance, myelosuppression and nonhematologic toxicities, including skin rash, motor and 

sensory neuropathy, nausea, vomiting, fatigue and dizziness. The investigation on FTIs 

is now concentrated on farnesylated proteins which are essential for disease pathogenesis, 

including centromere-associated protiens, the PRL family of phosphatases, the RAS-

related protein RHEB, and the Rho family member RND [457]. 

Therapeutic inhibitors for Raf, MEK1/2 and ERK1/2 

Certain inhibitors for the downstream proteins of Ras were also identified for cancer 

treatment, including ones that target Raf, MEK1/2, and ERK1/2. Raf is an important 

downstream effector of Ras [458]. Consequently, it was assumed that targeting Raf (A-, 

B-, C-Raf), rather than a single upstream growth factor receptor, was more efficient and 

may provide a more directed anticancer activity [459]. A-Raf and C-Raf can be activated 

by both phosphorylation and dephosphorylation of different residues, as well as binding 

to other proteins [460]. Unlike A-Raf and C-Raf, B-Raf is activated immediately once 

translocating to the plasma membrane, which makes it comparatively easier to activate 

B-Raf [461]. Additionally, B-Raf is the most efficient isoform in the Ras-Raf-MEK-ERK 

pathway and is the most common mutated Raf isoform. B-Raf mutations have been 

identified in 100% of hairy cell leukemia [462], 65% of melanomas, 40% of papillary 

thyroid cancer, 18% of colorectal cancer, 3% of lung cancer and 4% of ovarian cancer 

[459, 463, 464]. The substitute of valine (V) for glutamic acid (E) at codon 600 was the 

most frequent mutation [465]. Currently, B-RafV600 mutations have been observed in 15% 

tumors of a study including 19 glioma tumors [466]. Therefore, more drugs were 

developed to target B-Raf. As reviewed by Turajlic in 2013, sorafenib (Table 5.1) was 

the first Raf inhibitor applied in clinical trials. This agent also showed an inhibitory effects 

on other kinases. However, sorafenib failed in clinical trials against melanoma [467, 468]. 

Anticancer activity of sorafenib against renal cell carcinoma and hepatocellular 

carcinoma demonstrated that sorafenib inhibited vascular endothelial growth factor 

receptor (VEGFR) and platelet-derived growth factor receptor (PDGFR) [469, 470]. All 

this evidence suggested that sorafenib was a poor outcome as a B-Raf inhibitor, therefore, 

new agents should be developed to selectively target Raf. PLX4720 (Table 5.1) was the 

first identified inhibitor specifically targeting the V600E form of B-Raf protein and its 

design was based on the crystal structure of B-RafV600E5. This compound preferentially 

inhibited B-RafV600E with an IC50 value of 13 nM [471]. One of the analogues of PLX4720, 

PLX4032 (Table 5.1) was subsequently approved by FDA and European Commission 
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for the treatment of advanced melanoma [472]. Other Raf kinase inhibitors, including 

dabrafenib, XL281, RAF265 and LGX818 (Table 5.1) have been investigated in clinical 

trials. LGX818 exhibited highest inhibition with IC50 values of 0.4 and 0.5 µM for B-

RafV600E and B-Raf wild-type, respectively [473]. As one of the highly potent Raf 

inhibitors, LGX818 has been used for the treatment of colorectal cancer [474] and 

melanoma [475] in the clinical trials. 

As part of the Ras-Raf-MEK-ERK pathway, MEK1/2 plays crucial roles in tumorigenesis, 

cell proliferation and apoptosis inhibition, therefore, MEK1/2 has also attracted 

increasing attention as therapeutic targets. Inhibition of MEK1/2 directly suppresses cell 

proliferation and induced cell apoptosis. Certain highly selective MEK1/2 inhibitors have 

been identified and evaluated in clinical studies in the past decades. However, only one 

of them, trametinib has been approved for the treatment of melanoma by FDA in the USA 

to date. This compound can bind to unphosphorylated MEK1/2 with high affinity and 

keep MEK1/2 it in its unphosphorylated form, blocking downstream signaling pathways 

[476]. IC50 values of trametinib for ERK1 and ERK2 were 0.7 and 0.9 nM, respectively. 

Meanwhile, trametinib can also bind to activated ERK1 and ERK2 with IC50 values of 

14.9 and 10.9 nM, respectively [477]. However, side effects, including rash, acneiform 

dermatitis, diarrhea, fatigue and peripheral edema were commonly encountered during 

the clinical trials [478]. Some other agents were also assessed in the clinical studies. PD-

0325901 (Table 5.1) overcame resistance to PI3K/mTOR inhibitor PF-5212384 and CK2 

inhibitor CX-4945 in HNSCC, and exhibited antitumor activity against head and neck 

cancers [479, 480]. Tolerability, pharmacokinetics and pharmacodynamics of PD-

0325901 was assessed in advanced cancer patients with breast cancer, colorectal cancer, 

non-small cell lung cancer, and melanoma. Three of 48 patients with melanoma got partial 

responses. PD-0325901 treatment inhibited phosphorylated ERK in melanoma and 

decreased Ki-67 levels [481]. Patients with breast cancer and colon cancer achieved The 

adverse effects of this compound were diarrhea, acneiform rash, fatigue and nausea [482]. 

AZD6244 (Table 5.1) is an ATP-uncompetitive inhibitor of MEK with IC50 value of 12 

nM [425]. This compound induced cell apoptosis and G1-phase arrest through 

MEK/ERK/miR-203/CUL1 and MEK/ERK/2-AP1 pathways in the breast cancer cell line 

MDA-MB-231 and HCC1937, and lymphoma cell lines Raji and MOLT4, respectively 

[483, 484]. A phase II study to evaluate the efficacy and safety of AZD6244 has been 

carried out in patients with colorectal cancer. AZD6244 achieved similar efficacy to 
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another chemotherapeutic agent capecitabine [485]. Currently, phase II trials with 

AZD6244 in combination with other chemotherapeutics are underway. 

Unlike Raf and MEK1/2 with limited substrates, activated ERK1/2 has numerous 

cytoplasmic and nuclear substrates, regulating cell proliferation, migration, cell 

differentiation, metabolism, and angiogenesis [486-490]. Therefore, selective ERK 

inhibitors were potential for cancer therapy. Grifolin (Table 5.1), a natural product 

isolated from the mushroom Albatrellus confluens, inhibited cell growth of human 

nasopharyngeal carcinoma by inducing cell-cycle arrest in G1 phase via the ERK1/2 

pathway [491]. An analysis based on molecular modeling, affinity chromatography and 

fluorescence quenching suggested that grifolin directly interacted with ERK1/2. It 

reduced phosphorylation of Elk1 at Ser383, and it decreased the protein and the mRNA 

levels of DNMT1. Thus, grifolin exerted its antiproliferation activity through ERK1/2-

Elk1-DNMT1 signaling [492]. Another ERK1/2 inhibitor, ulixertinib (Table 5.1), 

significantly decreased 80% of phosphorylated ERK1/2 at a concentration of 1 nM in 

lymphoma cell lines, SUDHL-10 and Raji. It induced cell cycle arrest and cell apoptosis 

via the inhibition of ERK1/2 and subsequent activation of caspase-3 [493]. Ulixertinib 

was the only ERK1/2 inhibitor applied in clinical phase I/II for advanced malignancies 

[494, 495].  

The Ras-Raf-MEK-ERK pathway has attracted a lot of attention in regards to the 

discovery of new agents that target Ras, Raf, MEK, and ERK. Some of the agents are 

undergoing clinical assessment. The availability of these compounds demonstrated a 

promising strategy to treat cancers via inhibition of Ras-Raf-MEK-ERK pathway.  

In this chapter the initial characterization of two compounds are described.  Initial data 

suggests that they maybe inhibitors of the MAPK/ERK1/2 signaling pathway. This 

chapter presents the preliminary data based on cell biology of breast cancer cells. 

Table 5. 1. Ras-Raf-MEK-ERK pathway inhibitors. 

Compounds Molecular 

target 

Trial phase Cancer types Side effects 

R115777 Ras III colorectal cancer 

[443], pancreatic 

cancer [444], 

prostate cancer 

[445], lung cancer 

[446], acute 

myeloid leukemia 

[447] and breast 

cancer [448] 

Myelosuppression 
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SCH-66336 Ras II pancreatic cancer 

[456] 

myelosuppression, skin 

rash, motor and sensory 

neuropathy, nausea, 

vomiting, fatigue, and 

dizziness 

Sorafenib B-Raf 

VEGFR 

PDGFR 

FDA approved Renal cell 

carcinoma [469] 

Hepatocellular 

carcinoma [470] 

Lymphopenia, diarrhea, 

pruritus, fatigue, 

hypophosphataemia, 

erythema, pain, 

haemorrhage, nausea, 

vomiting 

PLX4720 B-Raf - Melanoma  [471] - 

PLX4032 B-Raf 

 

FDA approved Melanoma [472] Skin lesion and rash, 

arthralgia, and 

photosensitivity 

Dabrafenib  B-Raf III Melanoma [496] 

Thyroid cancer 

[497] 

Colorectal cancer 

[498] 

Skin rash, soreness, 

headaches, diarrhea, loss 

of appetite, a fever, a 

cough, hair loss or 

thinning, tiredness, back 

pain 

XL281 B-Raf 

C-Raf 

II Advanced solid 

tumor [499] 

Skin lesion 

RAF265 B-Raf II Colon cancer [500] 

Melanoma [501] 

Thyroid cancer 

[502] 

- 

LGX818 B-Raf II Colorectal cancer 

[474] 

Melanoma [475] 

- 

Trametinib  MEK Approved by 

FDA 

Melanoma [503] Rash, hypoxia, diarrhea 

PD-0325901 MEK II Non-small cell 

lung cancer, 

melanoma breast 

cancer and colon 

cancer [481, 482] 

Head and neck 

cancer [480] 

Diarrhea, acneiform 

rash, fatigue and nausea 

AZD6244 MEK II Breast cancer [483] 

Lymphoma [484] 

Colorectal cancer 

[485] 

Rash, diarrhea, nausea, 

fatigue, peripheral 

edema, vomiting, and 

blurred vision 

Grifolin ERK - Nasopharyngeal 

carcinoma [491] 

Breast cancer, 

gastric cancer, and 

cervical cancer 

[492] 

- 

Ulixertinib ERK II Lymphoma [493] Diarrhea, nausea, 

vomiting, rash, 

dermatitis, fatigue, 

decreased appetite, 

dyspnea, and anemia  
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5.2 Results 

5.2.1 The inhibitory effect of compound SN00862961 on cancer cells and MDR 

cancer cells 

As part of the screening campaign, 320 synthetic compounds from Compounds Australia 

were randomly selected and screened against cancer cells, MDR cancer cells and CSCs. 

One of the active hits, SN00862961 (Fig. 5.2), showed potent activity against cancers. 

The proliferation of cancer cells (CAL27 and MCF7), MDR cells (CAL27 MDR) and 

fibroblast cells was inhibited by SN00802961 in a dose-dependent manner. Dose-

response curves (Fig. 5.3) were subsequently performed with different concentrations of 

compound SN00802961, and the IC50 values of this compound against different cell lines 

were subsequently calculated. From the dose-response curves shown below (Fig. 5.3), 

compound SN00862961 demonstrated the highest inhibitory effects against MCF7 cells. 

The IC50 values of SN00862961 for fibroblast cells, CAL27, CAL27 MDR and MCF7 

cells were 72.9, 169.5, 136.4 and 14.8 µM, respectively (Table 5.2). Compared to 

fibroblast cells, MCF7 cells were selectively inhibited by compound SN00802961 with 

around 5-fold difference in IC50 values. At a concentration of 20 μM, SN00802961 

showed significant selectivity with 5.1% and 55.0% cell inhibitionagainst fibroblast cells 

and MCF7 cells, respectively. This compound showed lower antiproliferative activity 

against CAL27 and CAL27 MDR cells. It exhibited the highest inhibitory effects against 

CAL27 and CAL27 MDR cells at a concentration of 80 μM with 34.2% and 44.4% cell 

growth inhibition, respectively. Interestingly, the IC50 value of SN00802961 for CAL27 

MDR cells was lower than that for CAL27 cells. In conclusion, compound SN00802961 

exhibited significant inhibition on MCF7 cells, but low inhibitory effects on fibroblast 

cells. Meanwhile, it exhibited moderate inhibition on CAL27 MDR cells and CAL27 cells. 

Therefore, compound SN00802961 could be assessed further with a view to explore the 

possibility of using these compounds as leads in the treatment of tongue cancer and breast 

cancer.  

 

 

Figure 5. 2. The structure of compound SN00802961. 
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Figure 5. 3. Dose-response curves for compound SN00802961 identified as an inhibitor of tongue cancer 

and breast cancer cells. Cells were treated with compound SN00802961 as indicated doses for 72 h and 

subjected to the alamarBlue assay. Cell inhibition was compared to their respective vehicle control treated 

with DMSO only. The data represented the means ± SEM (n=3). 

Table 5. 2. The IC50 values of SN00802961 for different cell lines. Cells were exposed to increasing 

concentrations of SN00802961 for 72 h. IC50 values were calculated using GraphPad Prim 6.0 software and 

were derived from the concentration-response curves for three biological repeat experiments. Data is shown 

as the means ± SEM (n=3). 

Cell line 
IC50 ± SD (µM) 

SN00802961 

Fibroblast 72.9 ± 2.2 

CAL27 169.5 ± 49.1 

CAL27 MDR 136.4 ± 12.1 

MCF7 14.8 ± 2.0 

 

5.2.2 The antiproliferative activity of compound SN00802961 against CSCs 

SN00802961 showed cytotoxic activity with selectivity against MCF7 cells. To 

investigate whether this compound can specifically inhibit cell proliferation of CSCs, the 

antiproliferative activity of SN00802961 against CAL27 CSCs and MCF7 CSCs was 

subsequently assessed. Different concentrations ranging from 0.01 µM to 200 µM were 

prepared and dose-response curves were performed. SN00802961 inhibited the cell 

growth of both CAL27 CSCs and MCF7 CSCs in a concentration-dependent manner (Fig. 

5.4). It showed similar inhibitory effects against CAL27 CSCs and MCF7 CSCs. 

SN00802961 showed lower antiproliferative activity against CSCs than that against 

parental cancer cells. SN00802961 at a concentration of 200 µM inhibited 95.1% and 

81.4% of cell growth against CAL27 CSCs and MCF7 CSCs, respectively. Thus, 

compound SN00802961 did not show selective activity against CSCs. 
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Figure 5. 4. Dose-response curves for compound SN00802961 against CAL27 CSCs and MCF7 CSCs. 

Cells were treated with compound SN00802961 as indicated doses for 72 h and subjected to the alamarBlue 

assay. Cell inhibition was compared to their respective vehicle control treated with DMSO only. The data 

represented the means ± SEM (n=3). 

5.2.3 Cellular energy metabolism after SN00802961 treatment 

To investigate the potential binding protein targets of compound SN00802961, ligand 

compounds binding with proteins were computationally scanned in the protein data bank, 

based on the hypothesis that compounds with similar chemical properties will bind with 

the same target proteins [504]. As a result, the database predicted compound SN00802961 

was likely to be an inhibitor of pyruvate dehydrogenase kinase (PDK) isozyme 2.  

The energy driving cell division mainly provided glycolytic ATP and mitochondrial ATP. 

It has been proposed that targeting cancer energy metabolism could be an alternative or 

complementary strategy in the treatment of cancer [505]. Cancer cells display a 

remarkable modified energy metabolism in comparison to normal cells, mainly 

depending on glycolysis for ATP production due to mitochondrial injury. Mitochondria 

produces energy through the oxidation of both pyruvate that is produced from glycolysis, 

and lipids. PDK is an inhibitor of pyruvate dehydrogenase complex (PDH) which 

decarboxylates pyruvate to acetyl-CoA. Acetyl-CoA is the substrate for the Krebs’s cycle 

where the electron donors (NADH and FADH2) are produced. With electron donors, ATP 

is subsequently synthesized by the electron transport chain. Therefore PDK is an 

important regulator for ATP production from mitochondria. Inhibition of PDK can shift 

the energy metabolism from glycolysis to mitochondrial glucose oxidation and further 

reverse the deficiency of mitochondria-dependent apoptosis [506]. Developing new 

agents as PDK inhibitors is a novel approach for cancer treatment in metabolic oncology. 

To further characterize the bioenergetics properties of cancer cells after the treatment by 

compound SN00802961, ATP generated by glycolysis and mitochondria was measured. 

MCF7 cells were treated by different concentrations (1.5 µM to 15 µM) of compound 

SN00809261 for 72 h. Cells were treated by 2-Deoxy-Glucose (2-DG) for 4 h, following 

the absence or the sequential addition of 1 µM of oligomycin for 1 h. 2-DG acts to 
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competitively inhibit the production of glucose-6-PO4 to prevent the glycolytic ATP 

production. Oligomycin is an inhibitor of ATP synthase to prevent the mitochondrial ATP 

production. As shown in Fig. 5.5, in the vehicle control group (treated by DMSO only), 

the ATP supply was mainly provided by mitochondria (81.2%), which conflicts with the 

previous study, saying the ATP production mainly comes from glycolysis in cancer 

cells[505]. Treatment of compound SN00802961 dramatically increased glycolytic ATP 

level while it decreased mitochondrial ATP level over the concentrations in MCF7 cells. 

The results show that glycolysis was a major pathway for ATP synthesis in high doses of 

the drug, for instance, 93.1% of ATP was generated by glycolysis at a concentration of 

10 µM. This does not match the predicted results which should have shown a shift to 

mitochondrial synthesis.  The results suggested that compound SN00802961 was not an 

inhibitor of PDK as it caused a decrease in mitochondrial production of ATP.  
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Figure 5. 5. Bioenergetic profiles of MCF7 cell after the treatment of SN00802961. Panel A. shows 

generation of ATP by glycolysis, panel B. shows ATP production from mitochondria. Cells were exposed 

in compound SN00802961 (1.5, 5, 10, 15 μM) for 72 h and treated by 2-DG for 4 h, following the absence 

or the sequential addition of 1 µM of oligomycin for 1 h. ATP content from glycolysis and mitochondria 

was measured. Mitochondrial ATP levels were significantly repressed at concentrations of 10 μM and 15 

µM. The data represented the means ± SEM (n=3). All the data in this figure was analysed by One-Way 

ANOVA. ****p<0.0001. 

5.2.4 Inhibition of ERK1/2 phosphorylation by SN00802961 as a pathway for 

inducing cell death 

Compound SN00802961 was previously reported as one of the novel inhibitors of heat-

shock protein 90 (Hsp90) which is overexpressed in some cancers with poor prognosis 

[507, 508]. Hsp90 protein is essential for maintaining cellular homeostasis, responsible 

for ensuring the conformational stability and function of a broad-spectrum client proteins, 

including the p53, Raf-1, p38, Akt/PKB, ErbB2 and many other proteins [509-

514].Additionally, hsp90 protein can also regulate the activity of the ERK1/2 signalling 
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pathway. One of the inhibitors of hsp90, TAS-116, significantly triggered downregulation 

of phosphorylated C-Raf (p-C-Raf), p-MEK1/2, and p-ERK in a dose-dependent manner 

in Ras-mutated multiple myeloma cells [515].SN00802961 showed inhibitory effects on 

different cell lines. Therefore, to validate the underlying molecular mechanism of cell 

proliferation inhibition caused by compound SN00802961, p53, p38 and MAPK/ERK1/2 

pathways were subsequently investigated. 

The presence of the p53, p38, p-p38, total ERK1/2 and p-ERK1/2 were evaluated by 

western blot with respective antibodies in MCF7 cells exposed to compound 

SN00802961 at 15 µM for 72 h. As shown below (Fig. 5.6), there was no significant 

changes for the levels of p53, p38 and p-p38. A moderate reduction of ERK2 after the 

treatment with SN00802961 was observed while a significant reduction of 

phosphorylated ERK1/2 was induced in response to compound SN00802961 treatment 

(Fig. 5.7). Compound SN00802961, at a concentration of 15 Μm, in MCF7 cells 

significantly decreased 43.3% and 54.6% of phosphorylated ERK1 and 2, respectively. 

The inhibition of phosphorylated ERK1/2 indicated that this compound was likely to 

inhibit the upstream activators of ERK1/2. To determine whether the inhibition of 

ERK1/2 was associated with the reduction of the levels of downstream effectors, the 

phosphorylated 90 kDa ribosomal S6 kinase(p-p90RSK) and mitogen- and stress-

activated protein kinase 1 (p-MSK1) were also investigated. However, there was no 

regulation on neither p-p90RSK1 nor p-MSK1 (data not shown here). Therefore, these 

results strongly implied that compound SN00802961 potentially targeted p-ERK1/2 to 

induce cytotoxicity in MCF7 cells, but the upstream activators and more downstream 

effectors remains elusive. 
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Figure 5. 6. The expression levels of proteins in different signalling pathways after the treatment of 

compound SN00802961. MCF7 cells were pre-incubated with compound SN00802961 (15 µM) for 72 h. 

The cell lysates were subjected to western blot analysis with the respective antibodies, A. p53, B. p38, C. 

p-p38. The western blot results were quantified and statistic analysis was conducted using Graphpad Prism 

6.0 software. Results were representative of three independent experiments (biological repeats). The data 

represented the means ± SEM. 

 

Figure 5. 7. The expression levels of total ERK1/2 and p-ERK1/2 after treatment using compound 

SN00802961. MCF7 cells were pre-incubated with compound SN00802961 (15 µM) for 72 h. The cell 

lysates were subjected to western blot analysis with the respective antibodies, A. total ERK1/2 and B. 
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phospho-ERK1/2. The western blot results were quantified and statistic analysis was conducted. Results 

were representative of three independent experiments. All the data in this figure were analysed by student 

t test. The data represented the means ± SEM (n=3). **p<0.01. 

5.2.5 Cell inhibitory effects of compound SN00771077 and its analogues 

SN00771077 was another active hit screened from Compounds Australia with significant 

antiproliferative activity against CAL27 and MCF7 cells in a concentration-dependent 

manner. Furthermore, 29 analogues of the molecule were available through Compounds 

Australia and therefore it was possible to explore structure versus function activity for 

this series of compounds.  Normally, analogues with the same scaffold type exhibit 

similar activity which can be increased or decreased depending on modifications applied 

to the compound.  The basis of structure-function assays are to maintain the scaffold 

structure of the compound but change groups that are attached to it to determine which 

sights are most likely to contribute to the activity.  These studies can then be extended to 

continue modifications at the “active” site to determine if further enhancements or 

selectivity can be achieved. Anti-proliferative activity of compound SN00771077 and its 

analogues was evaluated at different concentrations (0.05, 0.5, 5 and 50 μM) in vitro 

against MCF7 and CAL27 cells. Cells were treated by the compounds for 72 h. As a result, 

compound SN00771077, SN00771083, SN00771084, SN00771088, SN00771093, 

SN00771097, SN00771099, SN0077101, SN0077105 and SN0077106 inhibited cell 

proliferation in a concentration-dependent manner (Fig. 5.8). CAL27 cells showed higher 

sensitivity to these compounds. However, compound SN00771077 was the most active 

compound against both CAL27 and MCF7 cells. It induced about 100% cell death in 

CAL27 cells at a concentration of 0.5 μM.  

To determine the compounds for further study, cell growth inhibition of compound 

SN00771077 and 29 analogues at a concentration of 5 μM were assessed (Fig. 5.9). As 

the histograms indicate, six compounds, SN00771077, SN00771083, SN00771088, 

SN00771093, SN00771097, and SN0077106 showed high potency to inhibit cell 

proliferation. CAL27 cells were more sensitive to all of these six compounds (Table 5.3). 

SN00771077 still demonstrated the highest potency to inhibited both CAL27 and MCF7 

cells with 100% of cell inhibition. Compound SN00771083 and SN00771088 displayed 

similar activity. SN00771083 inhibited 93.9% and 77.4% of cell growth in CAL27 cells 

and MCF7 cells, respectively. SN00771088 inhibited 96.1% and 75.0% of cell growth in 

CAL27 and MCF7 cells, respectively. Compound SN00771097 showed strong 

antiproliferative activity against CAL27 cells with 91.5% inhibition but low activity 

against MCF7 cells only with 19.7% cell inhibition. Compound SN00771093 and 
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SN00771106 selectively inhibited CAL27 cells with 69.7% and 70.9% of cell inhibition, 

respectively, however, there was not much inhibition on MCF7 cells. The remaining 

compounds failed to exhibit antiproliferative activity on CAL27 and MCF7 cells as there 

was no significant reduction in cell viability after the treatment. 
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Figure 5. 8. In vitro cell inhibition assays for compound SN00771077 and 29 analogues.CAL27 and MCF7 

cells were treated by different concentrations (0.05, 0.5, 5, 50 μM) of compound SN00771077 and 29 

analogues for 72 h. Cell inhibition was determined by alamarBlue assay. The data represented the means ± 

SEM. 
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Figure 5. 9. Cytotoxicity of compound SN00771077 and 29 analogues. Cells were treated by compound 

SN00771077 and 29 analogues at a concentration of 5 μM for 72 h. Cell inhibition was determined by 

alamarBlue assay. The data represented the means ± SEM. 

Table 5. 3. Cell inhibition of compound SN00771077 and five active analogues at a concentration of 5 μM. 

Cells were treated with compounds at a concentration of 5μM for 72 h and cell inhibition was calculated 

based on alamarBlue assay. The table shows the structure of the compound and the percentage inhibition 

in CAL27 and MCF7 cells. 

No. of compound Structure  

Cell inhibition (%) 

CAL27 MCF7 

SN00771077 

 

103.0 100.7 

SN00771083 

 

93.9 77.4 

SN00771088 

 

96.1 75.0 
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SN00771093 

 

69.7 2.6 

SN00771097 

 

91.5 19.7 

SN00771106 

 

70.9 13.6 

5.2.6 Antiproliferation activity of compound SN00771077 and its analogues against 

cancer cells, cancer MDR cells and CSCs 

Compound SN00771077 and its five active analogues (SN00771083, SN00771088, 

SN00771093, SN00771097 and SN00771106) showed high potency to inhibit the cell 

growth of CAL27 and MCF7 cells. Thus, these six compounds were purchased from 

Enamine Company (Ukraine) and IC50 values of these six compounds were subsequently 

determined using increasing concentrations. As indicated, all the compounds inhibited 

cell growth of CAL27 and MCF7 cells in a concentration-dependent manner (Fig. 5.10). 

Compound SN00771077 exhibited highest antiproliferation activity against both CAL27 

and MCF7 cells with IC50 values of 60 nM and 35 nM, respectively (Table 5.4). 

Consistent with the previous results above, compounds SN00771083 and SN00771088 

showed moderate inhibitory effects against both cancer cell lines with higher IC50 values. 

The IC50 values of compound SN00771088 against CAL27 and MCF7 cells were 0.44 

and 1.71 μM, respectively. SN00771083 was less active than SN00771088 with IC50 

values of 0.70 and 1.72 μM for CAL27 and MCF7 cells, respectively. SN00771097 and 

SN00771106 displayed lower anticancer activity against both cell lines. The IC50 values 

of compound SN00771097 against CAL27 and MCF7 cells were 1.23and 5.27 μM, 

respectively. The IC50 values of compound SN00771106 against CAL27 and MCF7 cells 

were 2.29and 9.57 μM, respectively. SN00771093 showed lowest antiproliferation 

activity against CAL27 and MCF7 cells with IC50 values of 4.73 and 22.16 μM, 

respectively. In summary, all six compounds showed high cell inhibition against CAL27 

and MCF7 cells, however, they were most active against CAL27 cells. 

In addition to the normal cancer cells, the six compounds were tested against MDR cells 

and CSCs. Both MDR cells and CSCs were more resistant to the compounds with lower 
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cell growth inhibition. In the MDR cells, none of the compounds showed 100% cell 

inhibition even at the highest concentration (100 μM). In MDR cells, compound 

SN00771077 was the most active compound against CAL27 MDR and MCF7 MDR cells. 

It inhibited 79.6% and 73.9% cell growth at a concentration of 1 μM against CAL27 MDR 

and MCF7 MDR cells, respectively (Fig. 5.11A). At the same concentration, 

SN00771088 inhibited 46.4% and 22.2% cell growth against CAL27 MDR and MCF7 

MDR cells, respectively (Fig. 5.11C). SN00771083 exhibited similar antiproliferation 

activity at 1 μM with 44.6% and 29.6% inhibition against CAL27 MDR and MCF7 MDR 

cells, respectively (Fig. 5.11B). The other three compounds (SN00771093, SN00771097 

and SN00771106, Fig. 5.11D, E and F) did not showed much cell growth inhibition (< 

25%) against both MDR cells. These results suggested that these compound cannot target 

MDR-specific targets in the cells. To investigate the antiproliferation activity of the six 

compounds against CSCs, compounds were used at increasing concentrations to assess 

cell viability in CAL27 CSCs and MCF7 CSCs. CSCs were more resistant than MDR 

cells with lower sensitivity to the six compounds. All compounds showed 

antiproliferation activity against CSCs. Compound SN00771077 exhibited the highest 

inhibitory effects against both CSCs with 97% cell growth inhibition at a concentration 

of 10 μM (Fig. 5.12A). At the same concentration, SN00771083, SN00771088, 

SN00771097 and SN00771106 showed high inhibitory effects against CAL27 CSCs with 

92.8%, 96.8%, 69.3 and 60.1% growth inhibition, respectively but there was not much 

inhibition against MCF7 CSCs (Fig. 5.12B, C, E and F). Compound SN00771093 

displayed the lowest potency to inhibit CAL27 CSCs and MCF7 CSCs. Likewise, all the 

compounds showed highest antiproliferative activity at the highest concentration (100 

μM) and the only prospects for the compounds would be to continue exploring their 

effects on tongue cancer derived cell lines. 
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Figure 5. 10. Dose-response curves for five analogues of compound SN00771077 in CAL27 and MCF7 

cells. Cells were treated with concentrations ranging from 0.02 μM to 100 μM of the compounds for 72 h. 

Cell inhibition was determined by alamarBlue assay. The error bar represented the means ± SEM. 

Table 5. 4. The IC50 values of SN00771077 and five analogues for different cell lines. Cells were exposed 

to increasing concentrations of compounds for 72 h. IC50 values were calculated using GraphPad Prim 6.0 

software and were derived from the concentration-response curves for three experiments. Data was given 

as the means ± SEM (n=3). 

Compound  
IC50 ± SD (μM) 

CAL27 MCF7 

SN00771077 0.06±0.02                0.35±0.01 

SN00771083 0.70±0.14 1.72±0.49 

SN00771088 0.44±0.03 1.71±0.05 

SN00771093 4.73±0.35 22.16±2.29 

SN00771097 1.23±0.09 5.27±1.10 

SN00771106 2.29±0.29 9.57±0.75 
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Figure 5. 11. Dose-response curves for five analogues of compound SN00771077 in CAL27 MDR and 

MCF7 MDR cells. Cells were treated by different concentrations of compounds for 72 h. Cell inhibition 

was determined by alamarBlue assay. The error bar represented the means ± SEM. 
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Figure 5. 12. Dose-response curves for five analogues of compound SN00771077 in CAL27 CSCs and 

MCF7 CSCs. Cells were treated by different concentrations of compounds for 72 h. Cell inhibition was 

determined by alamarBlue assay. The error bar represented the means ± SEM. 
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5.2.7 Disruption of cell membrane integrity induced by SN00771077 

The phenotypic effects of SN00771077 treatment were analysed by time-lapse 

microscopy. Breast cancer cells, MCF7 and T47D cells were seeded into a 12-well flat-

bottom tissue culture plate and treated with 1 µM of compound SN00771077 and 1% 

DMSO for 72 hr. Observations for changes in cell morphological started 1 hr after 

addition of the drug and were observed every 30 min thereafter by time-lapse microscope. 

MCF7 and T47D cells treated with 0.5% DMSO were well-attached to the bottom of 

plates and proliferated over the course of the observations (Fig. 5.13A-D, and Fig. 5.13I-

L). Inhibition of cell proliferation was clearly observed in both T47D and MCF7 cells 

after the treatment of SN00771077. There was a noticeable difference in both the size and 

shape of the cells. T47D cells were more sensitive to compound SN00771077 as they 

started to shrink and lose their cell attachment after 1hr of treatment (Fig.5.13M). MCF7 

cells were more resistant to compound SN00771077 since they only started to lose their 

fibroblast-like structure and appeared round-shaped and lost their cell adhesion after 24 

hr (Fig.5.13F). More cells were detached from the bottom of the plates after 48 hr (Fig. 

5.13G and 5.13O). After 72 hr treatment, most MCF7 and all the T47D cells lost cell 

adhesion and had burst (Fig.5.13H and 5.13P). Treatment with SN00771077 induced cell 

disruption (Fig. 5.14A and B), and cell membrane blebbing (Fig. 5.14C, D, E, F and G). 
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Figure 5. 13. Antiproliferative effect of compound SN00771077 against breast cancer cells. Time-lapse 

analysis of cell bursting in MCF7 and T47D cells was performed after treatment with 1 µM of compound 

SN00771077 for 1, 24, 48 and 72 h in MCF7 cells (E-H) and T47D cells (M-P).  Control Cell treated with 

0.5% DMSO are shown in panels A-D for MCF7 and panels I-L for T47D. Treated cells become roundish 

and swollen at 24 h (F and N) and most cells were shrunken and exploded at 72 h (H and P). 

Figure 5. 14. Cell bursting and membrane blebbing after the treatment with SN00771077 in T47D cells. 

Cells were treated by 1 μM of compound SN00771077 for 12 h and observed under microscope. Cells 

burst (A and B) and membrane blebbing was also observed (C, D, E, F and G). 

5.2.8 Immunofluorescence staining of actin cytoskeleton of MCF7 and T47D cells 

From the time-lapse microscopy studies, SN00771077 treatment in MCF7 and T47D cells 

induced cell membrane bleb which may have been related to alterations of the cytoskeletal 

network. To further study the mechanism of morphological changes caused by 

SN00771077, changes in the cytoskeletal network, including microtubules and actin 

microfilaments were observed in SN00771077-treated cells. Two actin inhibitors, 

cytochanasin D and latrunculin A were used to determine actin involvement in this 

process. MCF7 and T47D cells were treated with either compound SN00771077 (1 µM), 

cytochanasin D (1 µg/mL) and latrunculin A (5 µM). Actin filaments were stained and 

visualized by phalloidin. In control cells, a great number of thick straight bundles of actin 

filaments were present. As an inhibitor of actin polymerization, cytochalasin D prevents 

addition of monomers binding to the growing ends of the actin nuclei and filaments. As 

expeted, cytochalasin D disrupted actin filament polymerization with irregular spots of 

F-actin in MCF7 and T47D cells (Fig. 5.15H and 5.16H). Meanwhile, cytochalasin D 

slightly altered microtubule architecture (Figs. 5.15G and 5.16G), which conflicted with 

a previous study that suggested microtubule structure should have remained intact [516]. 

Unlike cytochalasin D, latrunculin A employs different mechanisms for regulating actin 
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dynamics by binding to monomer actin (G-actin). In this study, latrunculin A completely 

disrupted the polymerization of the actin cytoskeleton in MCF7 and T47D cells (Fig. 

5.15K and 5.16K). Meanwhile, latrunculin A also partially perturbed the network of 

microtubules (Fig. 5.15J and 5.15J), more notable in T47D cells (Fig. 5.16J). As shown 

in Fig. 5.15 and 5.16, compound SN00771077 inhibited actin polymerization and 

disrupted the function of the actin cytoskeleton after 4 hr treatment in MCF7 and T47D 

cells (Fig. 5.15E and Fig. 5.16E). T47D cells were more sensitive to compound 

SN00771077 as actin was completely depolymerized without the spotted distribution or 

the aggregates of actin (Fig. 5.16E). SN00771077 did not abolish the structure of 

microtubules in MCF7 cells which displayed an abundant filamentous network of 

microtubules (Fig. 5.15D). However, SN00771077 altered the architecture of 

microtubules in T47D cells (Fig. 5.16D). These results suggested that SN00771077-

induced plasma membrane blebs may be related the disruption of microtubules and actin 

in cells. T47D cells were more sensitive to SN00771077 and it is possible that this 

correlates to the observed destruction of microtubules, which did not happen in MCF7 

cells. Whether the mechanism underlying compound SN00771077 was the same as 

latrunculin A remains elusive. 
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Figure 5. 15. Effects of compound SN00771077, cytochalasin D and latrunculin A on the distribution of 

actin in MCF7 cells. Cells were treated with 1 μM of compound SN0071077, 1 μg/mL of cytochalasin D 

and 5 μM of latrunculin A for 4 h. Actin was stained with pholloidin (Red) and microtubules (Green) were 

stained with an anti-α-tubulin antibody. In control cells, MCF7 cells formed an intact actin ultrastructure 

(B). Compound SN00771077 disrupted actin polymerization after 4 h treatment (E). Inhibitors, 

cytochalasin D and latrunculin A were used as positive controls both drugs induced depolymerisation of 

actin (H and K). Nuclei were highlighted by DAPI staining (Blue).  White arrows indicate the cells shown 

in the insets. 

 

Figure 5. 16. Effects of compound SN00771077, cytochalasin D and latrunculin A on the distribution of 

actin in T47D cells. Cells were treated with 1 μM of compound SN0071077, 1 μg/mL of cytochalasin D 

and 5 μM of latrunculin A for 4 h.  Actin was stained with pholloidin (Red) and microtubules (Green) were 

stained with an anti-α-tubulin antibody. In control cells, T47D cells formed an intact actin ultrastructure 

(B). Compound SN00771077 disrupted actin polymerization after 4 h treatment (E). Inhibitors, 

cytochalasin D and latrunculin A were used as positive control and both of them induced depolymerisation 

of actin (H and K). Nuclei were highlighted by DAPI staining (Blue).  White arrows show cells that are 

highlighted in the inserts. 

5.2.9 Antiproliferation activity of compound SN00771077, cytochalasin D and 

latrunculin A against breast cancer cells 

To evaluate the inhibitory effect of compounds SN00771077, cytochalasin D and 

latrunculin A, cell viability assays were determined by alamarBlue assay. MCF7 (1000 

cells/well), T47D (1000 cells/well) and MDA-MB-231 (1500 cells/well) were seeded into 

384-well plates and were treated by a series of concentrations of compound SN00771077 

(41.2 nM to 30 µM), cytochalasin D (27.0 nM to 19.7 µM) and latrunculin A for 72h. 
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Unlike the dose-response curves above, the cells were allowed to attach overnight before 

the drug treatment. Due to the changed protocol, the antiproliferation activity of 

compound SN00771077 resulted in higher IC50 values in the respective cell lines as 

expected. In addition to MCF7 and T47D cells, MDA-MB-231 cells were involved in the 

antiproliferation assays. SN00771077 inhibited cell viability in a concentration-

dependent manner (Fig. 5.17A). It still demonstrated a higher antiproliferative activity 

against T47D cells than against MCF7 or MDA-MB-231 cells. Strikingly, both 

cytochalasin D and latrunculin A did not induce 100% cell death in any of the three cell 

lines even at the highest concentrations (Fig. 5.17B and C). The cell viability did not 

decrease even at high concentrations of cytochalasin D and latrunculin A. These results 

indicated that disruption of actin polymerization can only partly contribute to cell death. 

However, SN00771077 was more cytotoxic than either of the control drugs and displayed 

100% cell inhibition. It would appear that disruption of actin structure alone did could not 

attribute for the cytotoxicity observed for compound SN00771077.  Therefore, more 

molecular mechanisms causing cell death by SN00771077 were investigated. 
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Figure 5. 17. In vitro antiproliferation activity of compound SN00771077, cytochalasin D and latrunculin 

A against MCF7, T47D and MDA-MB-231 cells. Cells were treated by the indicated concentrations of 

compound SN00771077, cytochalasin D and latrunculin A for 72 h. Cell viability was determined by 

alamarBlue assay. The data represented the means±SEM of 3 biological replicates. 

5.2.10 The reduction of MAPK/ERK1/2 level induced by compound SN00771077 in 

T47D cells 

From the immunofluorescence results, SN00771077, cytochalasin D and latrunculin A 

all disrupted the polymerization of actin filaments. To investigate the molecular basis of 

SN00771077-induced actin depolymerisation, some signalling pathways related to actin 

polymerization and remodelling were subsequently examined in T47D cells. In 
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mammalian cells, actin disassembly by cytochalasin D supressed the insulin-mediated 

activation of ERK1/2 and p38 MAPK [517]. These previous studies showed that the 

structure of the actin cytoskeleton is altered by the induction of the ankyrin-1, which is 

the cytoskeleton adaptor protein upregulated by p53 [518]. Thus, the levels of A-Raf, B-

Raf, C-Raf, phosphorylated-MEK (p-MEK), total ERK1/2, p-ERK1/2, p-p38 and p53 

were determined by western blot to evaluate the effect of compound SN00771077 on 

these signal transduction proteins in T47D cells.  

Immunoblotting analysis below showed no alteration in the levels of p-p38 following 

treatment with compound SN00771077 (Fig. 5.18A). However, SN00771077 at a high 

concentration (3 μM) initiated a rise (36.0%) in p53 level (Fig. 5.18B). To further 

elucidate the underlying mechanism of cell inhibitory effects induced by SN00771077, 

Raf/MEK/ERK signalling pathway was analysed. As shown below (Fig. 5.19A), 1 μM 

and 3 μM SN00771077 induced a significant diminution of C-Raf in T47D cells. To 

ascertain whether cell inhibitory effects of SN00771077 was induced by inhibition of 

Raf/MEK/ERK pathway, the levels of downstream effectors of Raf, p-MEK1/2 and p-

ERK1/2 were subsequently investigated. There was no significant change in total 

ERK1/2(Fig. 5.19C). As indicated in Figure 5.19B and 5.19D, treatment by SN00771077 

significantly modulated the levels of p-MEK1/2 and p-ERK1/2. The level of p-MEK was 

downregulated in a concentration-dependent manner by administration of SN00771077 

in T47D cells. SN00771077 at 1 μM and 3 μM reduced MEK1/2 phosphorylation by 45.0% 

and 62.7% (compared to the controls), respectively (Fig. 5.19B). Further study on p-

ERK1/2 suggested that SN00771077 suppressed phosphorylation of ERK1/2 in a 

concentration-dependent manner. At a concentration of 3 μM SN00771077 reduced p-

ERK1 by 27.5% while it decreased 57.6% of p-ERK2. These results strongly indicated 

that SN00771077 may cause cell death by targeting the Raf/MEK/ERK signalling 

pathway. 
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Figure 5. 18. The expression levels of p-p38 and p53 in different signalling pathways after the treatment 

of compound SN00771077. T47D cells were pre-incubated with compound SN00771077 for 72 h. The cell 

lysates were subjected to western blot analysis with the respective antibodies, panel A. p-p38, B. p53. 

Results were representative of three independent repeats. *p < 0.05. 
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Figure 5. 19. The expression levels of proteins in different signalling pathways after treatment using 

compound SN00771077.T47D cells were pre-incubated with compound SN00771077 for 72 h. The cell 

lysates were subjected to western blot analysis with the respective antibodies, panel A. C-Raf, B. tERK1/2, 

C. p-MEK1/2, D. p-ERK1/2. Results were representative of three technical experiments. *p < 0.05. 

5.2.11 Cell disruptor treatment for protein extraction and FT-ICR-MS results 

To investigate whether SN00771077 has more cellular targets, cell lysates containing 

total proteins were obtained and incubated with SN00771077. The complex samples were 

subsequently subjected to electrospray ionization coupled with FT-ICR-MS which is one 

of the most powerful and sensitive techniques for the analysis of interactions between 

ligands and proteins. However, prior to the analysis by FT-ICR-MS, total proteinsin the 

native conformation should be obtained. Three different methods were applied and 

compared using RIPA buffer, M-PER buffer and cell disruptor treatment. The 

concentrated samples from three methods were subjected to FT-ICR-MS after buffer 

exchange using ammonium acetate solution. However, the detergent from RIPA and M-

PER buffer was not completely exchanged by ammonium acetate as strong signals were 

detected for the detergent (Fig. 5.20A and B). On the contrary, a large number of native 

proteins were obtained using a cell disruptor to prepare the total protein lysates.  The 

proteins were distributed in the range from m/z 1,000 to 4,000 (Fig. 5.20C). Proteins from 

the cell disrupter were concentrated to give a final concentration of 12 mg/mL and 

subsequently pre-incubated with 100 µM of SN00771077 and subjected to FT-ICR-MS.  

If protein-ligand interactions occurred they would have been detected by a shift in the 

protein peak being bound by SN00771077.  However, no peaks representing a complex 

consisting of a protein and ligand (SN00771077) were observed from the mass spectra 

(Fig. 5.21). The majority of protein peaks overlapped and it was difficult to find any 

complexes from the spectra as there were too many proteins extracted from the cells. Due 

to the limited time, there is not enough time to fractionate the proteins and optimize 

compound incubation times, nor optimisation of compound concentrations. 



130 

 

 

Figure 5. 20. FT-ICR-MS analysis of total protein lysates isolated using three methods for protein 

extraction A. RIPA buffer, B. M-PER buffer and C. Cell disruptor treatment.  * the bracketed area has been 

enlarged and shown on the right hand panel. 

 

Figure 5. 21. FT-ICR-MS spectra for proteins pre-incubated with 12 mg/mL of SN00771077. 

5.3 Discussion and conclusion 

Compound SN00802961 was previously reported as a novel inhibitor of Hsp90 with IC50 

values of 0.3 µM and 0.8 µM for Hsp90α/p23 and Hsp90β/p23, respectively. It inhibited 

50% cell growth at a concentration of 20 µM in 293T cells [508]. The inhibitors of Hsp90 

displayed antiproliferative activity against a wide range of cancer types as Hsp90 is 

responsible for the stability of a great number of oncogenic signalling proteins, including 

ErbB2, Src family kinases, Akt, Raf-1, mutated p53, HIF-1α and many other client 

proteins [519]. Inhibitors of Hsp90 cause cell death by destabilizing and degrading Hsp90 

client proteins from different signalling pathways. For example, celastrol, induced 

apoptosis in pancreatic cancer cells through the disruption of Hsp90 and Cdc37 [520]. In 
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this study, the anticancer activity of SN00802961 was confirmed against breast cancer 

cells and tongue cancer cells. SN00802961 exhibited the highest antiproliferative activity 

against MCF7 cells and it also showed inhibitory effect against CAL27 cells in a 

concentration-dependent manner. However, this compound did not exhibit selective 

activity against MDR cells and CSCs. In contrast, it exhibited lower cell growth inhibition 

against MDR cells and CSCs. Strikingly, this compound showed low inhibition against 

fibroblast cells with much lower IC50 value. Therefore it is worthwhile to find the 

molecular mechanisms underlying this compound. To identify molecular targets, Hsp90 

inhibitor-related pathways, including the p38, p53 and MAPK/ERK1/2 pathways were 

interrogated to explore the mechanism of compound SN00802961-induced cell death. As 

a result it was shown thatp-ERK1/2 was significantly downregulated, which indicated 

that the MAPK/ERK pathway was likely to be involved in the antiproliferative effects of 

compound SN00802961. To confirm whether SN00802961 induced cell death through 

the inhibition of the MAPK/ERK pathway, upstream activators, p-Raf and p-MEK, and 

downstream elements of ERK1/2should be examined in the future. It should be noted that 

p-p90RSK and p-MSK1 were tested during the course of this research but not conclusive 

results were drawn from the data. On the other hand, the results from cellular energy 

metabolism suggested that SN00802961 decreased ATP production from mitochondria, 

therefore, investigation on mitochondria dysfunction caused by this compound could be 

another strategy to identify the molecular targets of this compound. 

Compound SN00771077 was another active hit identified from the compound library. 

This compound showed extremely high cytotoxicity against breast cancer cells and 

tongue cancer cells in a concentration-dependent manner in vitro. The phenotypic assay 

suggested that treatment using SN00771077 induced cell disruption and cell membrane 

blebbing, which indicated that this compound may cause cell oncosis.  Oncosis (derived 

from the Greek word “swelling”) was previous described as cells that show membrane 

blebs, swelling in the mitochondria, nuclear chromatin clumping and alterations in 

cytoskeleton, including actin and microtubules [521]. Cell adhesion to the extracellular 

matrix (ECM) plays a crucial role in cell polarity, proliferation and survival, and cell 

attachment is an important cell function throughout the process of cancer progression and 

metastasis [522]. Actin is critical to cell morphology, motility, division, muscle 

contraction and cytokinesis [523]and it has been shown that remodelling of the actin 

network contributes to cancer progression. Depolymerization of actin filaments or 

microtubules contributes to the loss of cell adhesion. Disruption of actin filaments, 
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therefore, is an effective strategy to affect cell functions including cell proliferation, cell 

motility, signal transduction and cell death [524]. In this study, the cells treated by 

SN00771077 lost their cell adhesion within hours. Therefore, the alterations of the 

cytoskeletal network, including microtubules and actin microfilaments, were studied by 

using immunofluorescence staining. As expected, SN00771077 inhibited actin 

polymerization in both MCF7 cells and T47D cells while it appeared to only alter the 

architecture of microtubules in T47D cells. This may explain why T47D cells quickly lost 

cell adhesion as both actin and microtubules were disrupted by SN00771077 in T47D 

cells. For these studies, two actin inhibitors, cytochalasin D and lutrunculin A were 

applied as positive controls. However, the antiproliferative activity of cytochalasin D and 

latrunculin A suggested that actin could not be the primary target of SN00771077 since 

disruption of actin structure alone could not attribute for the cytotoxicity observed for 

SN00771077. Therefore, actin polymerization-related signalling pathways were 

subsequently investigated, including the p38, p53 and Raf-MEK-ERK pathways [525-

527]. The results showed that the level of p-p38 was not modulated by the treatment of 

SN00771077 whereas p53 was activated at a high concentrations of the drug. p53 is a 

tumor suppressor which functions through by regulating of cell cycle arrest and cell death 

via the expression of a wide range of target genes [528]. Mutations of p53 are observed 

in more than 50% of human cancers [529] and it plays an important role in actin 

cytoskeleton remodelling. It regulates the expression of integrin which is a connection 

between the ECM and actin cytoskeleton [530, 531]. Downstream effectors of integrins 

can promote actin polymerization. Three microtubule-active drugs, taxol, vinblastine, and 

nocodazole activate p53 and induced p21WAF1/CIP1 mRNA and transcription [532]. A 

previous study showed that the treatment with cytochalasin D led to the accumulation of 

p53 [527]. Accordingly, in the present study, SN00771077 was able to activated p53. 

However, the phosphorylation status of p53 and regulation of p53-dependent 

transcription genes induced by SN00771077 require further investigation. In addition to 

the observed increase in p53, the Raf-MEK-ERK pathway was also studied as there is 

increasing evidence for the association between actin filaments and the MAPK pathway 

[526, 533]. In previous studies, activated ERK was found in newly forming focal 

adhesions in fibroblasts and it promoted cell migration via phosphorylation of myosin 

light chain kinase (MLCK), which subsequently phosphorylates myosin light chains 

(MLC) [534, 535]. Phosphorylated MLC can regulate the function of myosins, which are 

actin-activated ATPase and they promote translational movement along actin filaments 

[536]. Therefore, it was pertinent to investigate the regulation of the MAPK/ERK 
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pathway by SN00771077. The results suggested that suppression of Raf-MEK-ERK 

pathway was observed after the treatment with SN00771077. The levels of C-Raf, p-MEK 

and p-ERK were all downregulated by SN00771077 in the present study. However, the 

downstream effectors of ERK which can lead to the depolymerization of actin filaments 

and microtubules have not been explored.  

FT-ICR-MS is one of the most powerful and efficient methods to find molecular targets 

from cell lysates. However, no protein-ligand peaks representing a protein complex with 

compound SN00771077 were observed from the spectra since there were too many 

proteins and the protein-ligand peaks representing a complex may overlap with those for 

other proteins. There was not enough time to finalise these experiments. In the future, the 

proteins from cell lysates should be fractionated by either ion exchange chromatography 

or gel permeation with a view that these techniques could reduce the total number of 

proteins that can be applied to the FT-ICR-MS. The incubation time for compound and 

cell lysates, and compound concentrations should be further optimized. 

In conclusion, this study confirmed the anticancer activity of compound SN00802961. 

SN00802961 selectively showed its highest antiproliferative activity in vitro against 

MCF7 cells and moderate inhibitory effects against CAL27, CAL27 MDR, CAL27 CSCs, 

and MCF7 CSCs. The results from the signalling pathway analysis revealed that 

compound SN00802961 was a potential inhibitor of the MAPK/ERK1/2 signalling 

pathway. The activity of this compound to regulate the MAPK/ERK1/2 signalling 

pathwaymakes it an interesting candidate lead compound for the intervention of cancer.  

Compound SN00771077 was screened against breast cancer and tongue cancer cell lines, 

and their respective MDR cells and CSCs and showed high antiproliferative activity 

potentially through the regulation of p53 and Raf-MEK-ERK pathways. Activation of 

p53 and inhibition of Raf-MEK-ERK pathway may contribute to the depolymerization of 

actin filaments. However, the downstream components of the p53-dependent pathway 

that are associated with cell death were not pursued due to time limitations. In the future, 

the downstream effectors of p53 and ERK will be further studied. The results achieved 

so far suggest that compound SN00771077 could be considered for further development 

for the treatment of breast cancer and tongue cancer by inhibition of Raf-MEK-ERK and 

p53 pathways.  
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