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ABSTRACT 

Current anticancer therapy is often ineffective resulting in tumor relapse due to 

factors including multiple drug resistance and minimal residual diseases. In this study, 

20(S)-protopanaxadiol (aPPD), one of the aglycone metabolic products of 

ginsenosides in human gastrointestinal tract, has been characterized and shows strong 

anticancer anticancer activities. It can induces apoptosis in glioma and other cancer 

cells through multiple apoptotic pathways, and synergistically enhances the efficacy 

of chemotherapeutic drugs in multi-drug resistant cancer cells. The ability of aPPD to 

reverse p-glycoprotein (p-gp) mediated multidrug resistance was determind, aPPD-

resistant glioma cell lines were established and the difference of the gene expression 

profiles of both aPPD resistant and sensitive cell lines was exhibited. The results 

showed that aPPD inhibits the activity of P-gp in multiple drug resistant cell lines 

MCF-7adr and P388adr through a mechanism that is different from that of verapamil, 

a typical P-gp blocker. The aPPD-resistant glioma SF188C2R2 cells displayed cross-

resistance to several chemotherapeutics and lost the ability of G2-arrest caused by 

aPPD in the parental cells. Gene expression profiles of resting SF188 and SF188C2R2 

are very different than in cells treated with aPPD. Fifty-eight percent of genes were 

differentially expressed in these two cell lines at resting status. In the presence of 

aPPD, SF188 had 10-fold more genes changed in their expression than in SF188C2R2. 

These results demonstrated that this compound has the potential to be developed as an 

anti-cancer drug for clinical application. Further analysis of validated gene expression 

profdes of the SF188 and its aPPD-resistant cell line SF188C2R2 may reveal the 

mechanisms of anticancer effects by aPPD. 
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C H A P T E R 1. INTRODUCTION AND B A C K G R O U N D 

1.1 Current cancer therapies 

Cancer is a fatal disease characterized by local abnormal proliferation and it spreads 

directly through invasion and metastasis to other sites of body. It is estimated that one 

in four people will develop cancer in their life time and one in five dies [1, 2]. Surgery, 

radiotherapy and chemotherapy remain the mainstay of treatment in clinical practice. 

Radical surgery and radiotherapy are potentially curative treatments for localized non-

metastatic tumors and the only chance to cure the majority of patients with cancer. On 

the other hand, chemotherapy can destroy cancer cells that have broken off from solid 

tumors and spread through the blood and lymph systems to various parts of the body 

[3]. Because each therapy has its own weakness, a combination of these treatment 

strategies is usually adopted and has shown substantial improvement of the prognosis 

in cancer patients [4]. Meanwhile, many new strategies are emerging, such as 

immunotherapy and gene therapy [5-9]. However, cancer therapies often fail in that 

tumors remain unresponsive to the treatment and resulting in relapse. Chemotherapy 

is the only major modality of cancer with the treatment potential to eradicate 

disseminated diseases; therefore, the hopes of eradicating cancer rests on explorations 

into chemotherapy. Efforts for overcoming the limitations of anticancer agents have 

been stimulated by understanding the mechanisms of anticancer activity and the 

deficiencies of chemotherapy. 

1 



1.2 Chemotherapy 

Chemotherapy, using chemicals to inhibit cancer, remains curative for a proportion of 

patients with cancers, such as Hodgkin's disease, High-grade non-Hodgkin's 

lymphoma and ovarian cancer [10-12]. As a common treatment modality used in 

oncology, chemotherapy is used alone or as an adjuvant to surgery or radiation. 

Adjuvant chemotherapy after surgery and radiotherapy has been shown to improve 

the survival rate in a number of carcinomas, such as, rectal, breast, head and neck 

[12, 13]. Animal and clinical studies have shown that adjuvant regimens produce the 

most dramatic responses in metastatic or recurrent disease and also have the greatest 

likelihood of being curative in adjuvant chemotherapy [4]. Accordingly, new drugs 

and combinations of drugs are constantly being explored as strategies to improve the 

effects of chemotherapy [12]. 

1.2.1 Mechanisms of anticancer drug inhibiting cancer 

There are approximately 60 different chemical compounds currently approved for 

clinical treatment of cancer (not including hormones or biological response modifiers). 

These compounds are of diverse structure and from a variety of sources. Anticancer 

drugs are designed to kill particular tumor cells developing upon the biological 

characteristics of the cancer cells; for instance, rapid rates of cell proliferation are a 

characteristic. The biological characteristics of tumor cells make them more 

susceptible to anticancer drugs than normal cells [12]. Many of the drugs in 

chemotherapy appear to exert their therapeutic effect by interfering with the processes 

involved in cell division. This interference results in the cells being physically 

disrupted or death [14]. Generally, anticancer drugs can be classified into seven 
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categries. Each class of drugs kills cells at different stages of the cell cycle using 

different mechanisms [1, 15]. 

Antimetabolites are drugs, which attack tumor cells during the process of cell 

division, when they are most vulnerable. Antimetabolites imitate normal cell 

nutrients and are mistaken by the cells for normal metabolites. They either 

inhibit critical enzymes involved in nucleic acid synthesis or become 

incorporated into the nucleic acid and produce incorrect codes. Both 

mechanisms result in inhibition of DNA synthesis and cause cell death. For 

example, Methotrexate, known as "antivitamin", resembles normal vitamin B 

and folic acid. It inhibits the dihydrofolate reductase and results in the depletion of 

reduced intracellular folates necessary for thymidylate and purine biosynthesis. 

Consequently, methotrexate blocks the synthesis of thymidylic acid, resulting in a 

deficiency of DNA synthesis. 

Alkylating agents are anticancer drugs, such as Carmustine (BCNU) and cisplatin, 

which attacks all tumor cells regardless of their cell cycle status. These drugs bind to 

the DNA of the cells in various ways, thus prevent reproduction. 

Antitumor antibiotics are drugs such as doxorubicin and antinomycin D. They insert 

themselves into strands of DNA, and cause double strand breaks. They either break up 

the chromosomes or inhibit the DNA-directed synthesis of RNA, which the cell 

needs to grow. 
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Alkaloids are drugs, such as vincristine, vinblastine and paclitaxel, which act to prevent 

the formation of chromosome spindles necessary for cell division. 

Hormones are drugs such as estrogen and progesterone, they inhibit the growth of some 

cancers, such as prostate cancer and breast cancer [16], but the mechanism is unclear. 

Molecularly targeted agents are the drugs targeting to signal transduction pathways. 

Tyrosine kinase inhibitiors, such as imatinib mesylate, gefitinib and iressa, are signal 

transduction inhibitors. Monoclonal antibodies, such as Alemtuzumab and gemtuzumab 

are derived from murine antibodies. They can induce cytotoxicity through complement-

mediated lysis, antibody-dependent cellular cytotoxicity and induction of apoptosis; 

while gene expression modulators, such as retinoids and rexinoides, affect the expression 

of genes and act to inhibit cell growth and differentiation [15, 17]. 

Biological response modifier, such as, interleukin-2, is one of the drugs involved 

in tumor inhibition. It enhances mitogenesis of T cells, natural killer cells and 

lymphokine-activated killer cells and induces production of interferon-y [1, 15]. 

1.2.2 Cell death pathways as targets for chemotherapy 

Biochemical and molecular investigation have indicated that current anticancer drugs 

may induce apoptosis by activating several pathways simultaneously in cancer cells 

[14, 18]. Two of these pathways are believed to be the main targets of anticancer 

drugs (Fig. 1-1). In first signaling pathway, drugs induce damage to cell death, which 

involves the mitochondrial release of proapoptotic molecules to activate the caspase 

cascade under the control of the Bcl-2 family of proteins. The second pathway 
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Fig. 1-1. Two main target chemotherapy pathways 
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including death receptors of the tumor necrosis factor (TNF) receptor superfamily, 

mainly Fas (APO-1/CD95), is induced by some drugs, and may play a role in linking 

drug-induced damage to the apoptotic machinery [14, 19]. 

The mitochondrial pathway 

The drug induced mitochondrial apoptosis pathway is triggered by mitochondrial 

dysfunction, which is regulated by Bcl-2 family proteins. The Bcl-2 family proteins 

consist of three subfamilies including proapoptotic Bax, BH-3 and the antiapoptotic 

Bcl-2 subfamily. The proapoptotic Bax subfamily includes Bax, Bak and Bok proteins, 

and the BH-3 subfamily includes Bik, Bim, Bad, and Bid proteins. When anticancer 

drugs induce apoptosis, the proapoptotic proteins, including Bax, Bak and Bad, is 

induced in accordance with their sensitivity to the anticancer drugs. In turn, the 

activation of the Bax gene leads to an increase in the number of proteins that form 

Bax homodimers or heterodimers with Bak. The dimerized Bax is translocated from 

the cytoplasm to the mitochondria, and result in the release of cytochrome c, which 

activates the caspase cascade. The release of cytochrome c, which can also be 

activated by PUMA (p53-upregulated modulator of apoptosis) and Noxa (PMA-

induced protein) [20], has been shown to promote apoptosome formation via the 

oligomerization of a cytochrome c/Apaf-l/procaspase-9 complex. Consequently, 

apoptosome activates caspase-9 resulting in the cleavage of downstream effector 

caspase-3 and -7 leading to apoptosis [14, 21]. 
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The death-receptor dependent pathway 

In some cell types, cytotoxic-drug-induced apoptosis involves the death receptor Fas, 

known as APO-1 or CD95, a 45-kDa type I membrane death receptor protein 

belonging to the TNF receptor superfamily. Fas ligand (FasL, APO-IL, CD95L) exists 

mainly as a 40-kDa membrane-bound protein [22]. The apoptotic cell death pathway 

triggered by FasL is believed to precede a series of events. FasL binds to Fas and 

induces clustering of the death domain (DD), which is the intracellular portion of Fas 

containing a characteristic 85-amino-acid region. A complex known as the death-

initiating signaling complex (DISC) is formed and involves an adaptor protein named 

FADD (for Fas -associated death domain) [23] and procaspase-8. FADD binds to Fas 

through the interaction of DD on both FADD and Fas. Through a second interacting 

region called the death effector domain (DED), FADD binds to procaspase-8 and 

releases fully active caspase-8. Basing on the level of DISC formed in each cell type, 

procaspase-8 can either directly activate the effector caspases (type I cells) or cleave 

Bid in the BH3 subfamily (type II cells) [24, 25]. In rum, translocation to the 

mitochondria of the truncated Bid acts in combination with Bax, the previously 

described mitochondrial pathway to cell death (Fig.1-1). The Fas-FasL system 

regulates the normal development of T lymphocytes. The Fas/FasL system is down-

regulating immune reactions because of the self-destruction of the activated T cells. 

Fas-FasL interaction is also one of the pathways by which cytotoxic immune cells can 

kill Fas-expressing target cells [22]. Up-regulation of Fas has been detected following 

the treatment of chemotheraputic agents in cell lines [26]. This suggests that the Fas-
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FasL pathway may be important as a mechanism for drug-induced apoptosis in some 

tumors [14]. 

Unfortunately, the clinical applicability of this approach has been limited because the 

attempts to kill neoplastic cells in vivo, by stimulating TNFR1 or Fas/Apol have 

produced excessive toxicity with severe systemic inflammatory syndrome. The 

benefit of combining cytokines of the TNF superfamily to systemic anticancer therapy 

appeared limited until the identification of TRAIL [14, 27]. TRAIL (TNF-related 

apoptosis inducing ligand) also known as Apo-2 ligand, is a transmembrane protein 

that also exists as a soluble molecule. Recently, TRAIL/APO-2L has become more 

and more attractive for specifically killing transformed cancer cells without damaging 

the majority of normal cells. Interestingly, a wide range of normal tissues expressing 

TRAIL mRNA are resistant to TRAIL- induced cell death. This differential sensitivity 

of normal cells and tumor cells to TRAIL remain unknown. The preferential 

expression of "decoy" receptors, such as DcRl and DcR2, in normal versus neoplastic 

cells, is proposed as one mechanism for TRAIL/APO-2L selective kills [28]. 

TRAIL/APO-2L interacts with the cell surface "death receptors" (DR4 and DR5) to 

initiate programmed cell death. TRAIL/APO-2L also binds to "decoy" receptors to 

antagonize its interaction with "death receptors" [28]. The selective response of tumor 

cells to TRAIL, its safety when administered to animals, its MDR independent tumor 

cell line inhibition [29], and its efficacy in suppressing tumor growth, suggest that 

TRAIL-based tumor therapy hold great promise [14, 27, 30]. 
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1.3 Defects of cancer therapy 

Anticancer therapy often fails to cure cancer. Even though surgery, radiotherapy in 

combination with chemotherapy acquired a high positive response to cancers, most 

patients, who attain chemotherapy-induced remission, relapse and eventually die [31]. 

Intrinsic or acquired drug resistance of tumors after exposure to anticancer agents or 

radiotherapy is mainly responsible for the failure of anticancer treatments. Even 

though there are various anticancer drugs to inhibit cancer cells via different 

mechanisms, one thing that they appear to have in common is that cancer cells have 

the capacity to display resistance to every one of them [32]. In addition, the presence 

of the blood-brain barrier (BBB) restricts the entry of many chemotherapeutic agents 

into the brain, and contributes to low efficacy of chemotherapy for intracranial tumors. 

Gliomas, one of the most malignant tumors, often characterize relapse after treatment. 

This failure to achieve even local control over primary brain tumors has stimulated 

efforts to improve the treatment response of gliomas. However, the results have been 

uniformly poor over the past two decades because the potential intrinsic drug 

resistance and the action of the BBB to block the penetration of anticancer drugs. 

Effective chemotherapy for gliomas is particularly lacking and since the recurrence of 

gliomas is uncontrolled, they hold the most dismal prognosis [33]. 

1.4 Multiple drug resistance 

Multiple drug resistance (MDR) is the ability of tumors to exhibit simultaneous 

resistant to a number of structurally and functionally unrelated chemotherapeutic 

9 



agents [34]. Cancer cells with multiple drug resistance are associated with 

r proliferation, relapse, and metastasis, as well as unresponsiveness to the 

chemotherapy; therefore, drug resistance remains one of the most important causes of 

failure in cancer treatment. Tumor cells become resistant to chemotherapeutic agents 

in a variety of ways. Generally, they can be divided into two categories: kinetic 

resistance and genetic resistance. 

1.4.1 Kinetic resistance 

Kinetic resistance of tumors takes place during the cell cycle. A full cell cycle is 

composed of four phases, including M, G l , S and G2 (Fig. 1-2). The cells in GO 

phase, out of the cell cycle are nonproliferating or "resting". At the end of M 

phase, two daughter cells are formed. The daughter cells consist of three 

subpopulations: (1) cells that are nondividing and terminally differentiated, termed the 

nonproliferating population, (2) cells that are continually proliferating, are termed 

proliferating population or growth fraction, (3) cells that are resting but may be 

recruited into the cell cycle termed stem cell population. All three populations exist 

simultaneously in tumors [35, 36]. Kinetic resistance is based on the cell population 

kinetics relating to cell cycle and phase specificity, growth fractions and the 

implications of these factors for responsiveness to specific agents, as well as drug 

administration [37]. Active reproduction of cells in G l , S, G2, and M can be 

sensitive to most of the available antitumor agents, and in theory, cells can be killed 

by continuous or scheduled exposure to an equivalent of one complete cell cycle. 
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Fig. 1-2. Cell cycle model 
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Many anticancer drugs are cell cycle specific and act on cycling cells. For example, 

methotrexate targets DNA synthesis and cisplatin acts on DNA cross/linking mainly 

on Gl and S phase. Tubulin-I aggregation blockers including vincristine, vinblastine, 

taxol and topoisomerases II inhibitor doxorubicin, as well as ionizing radiation, act on 

M phase, however, the cells resting in GO or prolonged G1 phase show resistance to 

anticancer drugs. Also, the majority of anticancer drugs do not cause cell death during 

the GO phase [15]. Therefore, some of these resting tumor cells remain by escaping 

the attack of chemotherapy resulting in cancer relapse. In addition to all of this, a 

particular problem in cancer therapy is the plateau growth in many human tumors. 

Because of the small growth fraction, the tumor in plateau growth renders many of 

the cells insensitive to the antimetabolites and makes them relatively unresponsive 

to many of the other chemotherapeutic agents. Under the appropriate conditions, 

cells in GO are capable of entering cell division where growth fraction in plateau 

growth can be increased and where kinetic resistance is usually considered reversible. 

1.4.2 Genetic resistance 

Genetic resistance results from naturally selected mutant clones [38, 39]. Tumor cells 

have increased mutation rates compared to normal cells [40-42]. The mutation 

affecting the apoptotic machinery could constitute another whole level of drug 

resistance in tumor cells. Genetic resistance, unlike kinetic resistance, is usually 

considered irreversible. Subsequent generations of cells remain resistant to drug 

therapy and can lead to the same biochemical mechanisms of drug resistance. The 
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process of cancer cells becoming resistant to anticancer drugs is mediated by at least 

six differentiated mechanisms, as described below [34, 38, 43]. 

Decreased drug intracellular accumulation 

P-glycoprotein (P-gp), the identified mammalian multidrug transporter, pumps 

various cytotoxic drugs out of the cells. Over expression of P-gp causes cancer cells 

to become resistant to a great variety of structurally and functionally dissimilar 

anticancer drugs, such as vinblastine, vincristine, doxorubicin, paclitaxel and many 

others. P-gp mediated drug resistance is termed classical MDR. Other ABC family 

transporter members, such as multiple drug resistant associated protein (MRP1), have 

also been found to be associated with drug resistance in breast cancer, neuroblastomas, 

and lung cancers [44]. Five human MRP subfamily members MRP2, MRP3, MRP4, 

MRP5, MRP6 have also been identified. Another protein MXR is coded by 

Mitoxantrone resistant - associated gene mxr [45]. MXR, also known as breast cancer 

resistant protein (BCRP) or ABC transporter in placenta (ABCP), is an ABC half-

transporter. Overexpression of MXR is associated with resistant to mitoxantrone in 

cell lines [45, 46]. The features of drug resistance from P-gp, MRPs and MXR 

overexpression appear to be similar at decreased intracellular levels of drug 

accumulation even though they are encoded by different genes and differ in molecular 

structure and mechanisms used in pumping out the drugs [46]. 
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Inactivation or detoxification of drug 

The glutathione (GSH) system, which includes at least two enzymes: GSH S-

transferase and GSH peroxidase in cells, is one of the most important detoxification 

processes [47]. GSH S-transferase binds to GSH at reactive alkylating groups in drugs 

such as nitrogen mustard and cyclophosphamide in order to prevent them from reacting 

with or cross-linking DNA [47]. Increased activity of the GSH system suggests it 

constitutes yet another mechanism of MDR [48, 49]. 

Inability to convert to an active form 

The majority of purine and pyrimidine antimetabolites require activation by 

phosphorylation before they exert cytotoxic effects in cancer cells. A deficiency in 

active processes is often the cause of clinical resistance [39]. For example, 

Methotrexate (MTX) is intracellularlly polyglutamated by the enzyme FPGS to add 

glutamate residues. Polyglutamated MTX inhibits tumor cells by tightly binding to 

dihyfrofolate reductase (DHFR) and interrupting pyrimidine and purine biosynthesis. 

Defective FPGS activity causes low polyglutamated MTX accumulation in cancer 

cells and therefore results in methotrexate resistance in human tumor cell lines [50]. 

Altered target protein expression 

Many cytotoxic drugs inhibit the essential enzymes involved in the synthesis and 

maintenance of structure and function of DNA. Cellular resistance may arise from 

alterations in these proteins, resulting in the protection of tumor cells from the lethal 
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effects of these drugs. Topoisomerases are essential in DNA transcription and 

replication. Topoisomerase II alters DNA topology by causing transient double 

strand breaks in the process of DNA replication. Some effective anticancer agents 

called topoisomerase II inhibitors, such as DOX and etoposide, induce cytotoxicity in 

tumor cells interrupting DNA replication of the cells by inhibiting its target protein 

topoisomerase II. The tumor cells become resistant to topoisomerase II inhibitors 

either by topoisomerase II underexpression or through the occurrence of gene 

mutations in the cells [51]. 

Increased DNA repair capacity 

Many anticancer drugs cause cell death by inducing DNA damage. Tumor cells 

resistant to DNA-damaging agents can be induced by modification of certain pathways 

and then display an enhanced capacity for drug-induced damage repair. For example, 

enhanced direct repair mediated by 06-alkylguanine DNA alkyltransferase in tumor 

cells leads to resistance of chloroethylnitrosoureas [52]. Cells have evolved complex 

and highly effective mechanisms for repairing damaged DNA segments. The repair 

mechanisms can generally be classified as (1) Non - homologous end joining; (2) base 

excision repair; (3) nucleotide excision repair; (4) mismatch repair; (5) homologous 

recombination repair; and (6) single-strand annealing [52-55]. 
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Alerted apoptosis regulation 

Most anticancer drugs exert their antitumor effect against cancer cells by inducing 

apoptosis. Following DNA damage caused by anticancer drugs, p53 induces apoptosis 

by regulating the expression of downstream proteins, Bcl-2 and BAX [56, 57]. By 

activating BAX, p53 has the ability induce apoptosis, which is inhibited when Bcl-2 

forms homodimers [58] or Bax-Bcl-2 heterodimers. The loss of p53 function, required 

for cell death, alerts the apoptosis pathway and results in cellular resistance to 

anticancer therapy in cancer cells [19]. 

The reasons that cancer cells become MDR are very complex and diverse [48]. It is 

well known that cancer cells always employ more than one mechanism to develop 

their drug resistance. The combinations of several drug-resistance mechanisms, 

including drug transport, detoxification, and apoptotic pathways, have been identified 

as contributors to cancer cells achieving MDR. For example, Chen et al. and Sharmal 

et al. demonstrated that MDR results from the combination of P-gp overexpression 

and topoisomerase II underexpression in breast cancer cells [59, 60]. Even though 

the development of molecularly targeted anticancer drugs is rapidly changing cancer 

therapeutics, drug resistance from this new classification of the drugs remains a new 

clinical concern. Many of these molecular targeted agents, including hormone 

therapies, trastuzumab, imatinib, and gefitinib exhibite via common resistance 

mechanisms. These include 1) inadequate target blockade due to sub-optimal drug 

delivery; 2) altered target expression at the DNA (gene amplification), mRNA or 
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protein level; 3) an altered target, such as a mutated kinase domain; 4) modified target 

regulating proteins (e.g. altered expression of co-activators and/or co-repressors for 

nuclear steroid hormone receptors); 5) signaling by alternative proteins (functional 

redundancy) or different signaling pathways [61]. 

1.5 Current management of drug resistance and limitation 

Multiple strategies have been developed to help overcome the MDR in cancer. 

Surgery or radiotherapy is applied to overcome the plateau growth of tumors by 

reducing tumor bulk and thereby improving the response to systemic chemotherapy or 

immunotherapy. For example, MDR modulators, such as verapamil, cyclosporin A 

and PSC-833, can be co-administered with anticancer agents to increase drug 

accumulation in the tumor cells, by inhibiting the P-gp activity and other drug 

transporters in the ABC family [62]. It has also been demonstrated that drug 

resistance developed through most of the drug resistant mechanisms, can be partially 

overcome by escalating the drug dose in vitro and in vivo. High-dose chemotherapy 

showed an ability to overcome non P-gp mediated MDR in clinical practice. For 

example, patients with ovarian carcinoma without overexpression P-gp, failing in 

conventional treatment regimens, can achieve high rates of positive response with 

high-dose chemotherapy, combining autologous bone marrow support. In the 

treatment for lymphoma, the therapeutic efficacy of Hodgkin's disease emphasizes 

the importance of delivering intensive chemotherapy [13, 63, 64]. Theoretically, if the 

concentration of the anticancer drugs is maintained long enough, then all of the cells 
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in the tumor may pass through the vulnerable points G l , S, M and G2 in the cell cycle 

and become susceptible to the drug's effect. Likewise, cells that are in a resting state, 

but which can be stimulated into division will become sensitive to the drugs. 

Combinations of chemotherapy, including drugs that affect resting populations (with 

many GO cells), and scheduling the drugs according to the cell cycle length were 

applied to prevent phase escape and to synchronize cell populations and increase cell 

kill [65, 66]. 

Of all the therapeutic strategies mentioned above, chemotherapy is the major modality 

used for the management of drug resistance; however, chemotherapy often fails to be 

continued for the time and dosage necessary to eradicate the cancer. The major 

problem is the toxicities of chemotherapy, including acute hematotoxicity, cardiac 

toxicity, and neurological toxicity, as well as increased longer-term risk of secondary 

malignancies and infertility. These toxicities are so prevalent that patients often 

cannot receive a full dosage or the full length of therapy necessary to cure the cancer. 

Even for high dose chemotherapy, the dosage of anticancer agents can be maximally 

increased to 2-fold, but it remains far away from eradicating the cancer cells [63]. 

Furthermore, the toxic effects of chemotherapy become more life threatening than 

curative in the late stage of cancer, thus palliation becomes the major treatment for 

patients with cancer in terminal stages. 
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The hope for the eventual cure of malignancy rests with the development of safer 

anticancer agents with enhanced antitumor spectrums. Considering the severe 

deficiency of current cancer chemotherapeutic agents, it would be desirable to have 

novel anticancer drugs that are easily administrated, well tolerated, and which do not 

exacerbate clinical symptomatology, but have a wide antitumor spectrum. In addition, 

surgical intervention should remain possible with drugs used as adjuvant therapy, 

necessary only to maintenance of adequate hematologic counts and without imposing 

significant medical risk factors. It is important to note that agents formulated naturally 

which cross the blood-brain barrier might also hold some promise for brain tumors and 

metastasis therapy [13]. 

1.6 Ginsenosides and 20(S)-protopanaxadiol (aPPD) 

Ginseng has been used as a drug by people in Eastern Asian regions for 2000 years. 

Recently, ginseng has gained worldwide attention because of its distinguished 

pharmalogical effects [67]. It has been reported that ginseng has a wide range of 

positive pharmacological effects in the cardiovascular, endocrine, immune, and 

central nervous systems [67, 68] and have tonic, immunomodulatory adaptogenic, and 

anti-aging activities [69]. Particularly, Panax ginseng C.A. Meyer which 

demonstrated non-toxic and non-organic specific preventive effects against various 

cancers both in animal and human experiments [70]. The beneficial effects of ginseng 

have precipitated tremendous effort toward discovering the pharmacology of its action 

through biochemical and molecular biology techniques [69, 71]. Ginsenosides, widely 
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accepted as major effective components of ginseng, are glycosides containing an 

aglycone with a dammarane skeleton known as steroidal saponins [70]. Based on their 

structural differences, ginsenosides are divided into two major categories: the 20(S)-

protopanaxadiol (PPD) and 20(S)-protopanaxatiol (PPT). The 20(s)-protopanaxadiol 

classification contains the most abundant ginsenosides in ginseng, such as 

ginsenosides Rbl, Rb2, Rb3, Rc, Rd, Rg3, Rh2 and the aglycone PD. The 20(s)-

protopanaxatriol classification contains ginsenosides Re, Rf, Rgl, Rg2, Rhl and 

aglycone PT [67, 68, 72]. Ginsenosides have also been shown to possess various 

biological capabilities; including the enhancement of cholesterol biosynthesis, 

stimulation of serum protein synthesis, as well as immunomodulatory effects [70, 73]. 

Some ginsenosides, such as Rhl, Rh2 and Rg3 have demonstrated the inhibition of 

tumor angiogenesis, tumor invasion and metastasis, the control of phenotypic 

expression and differentiation of tumor cells as well as creating an inhibitory effect on 

the drug efflux pump P-gp [73, 74]. Molecular studies show that Rh2 can induce 

apoptosis in many tumor cells [75-77]. It has also been shown that Rh2 can result in 

remarkable inhibition of human ovarian cancer cells in vitro and in vivo nude mice, 

[78-81] and that it also decreases the incidence of lung adenoma and hepatoma 

induced by aflatoxin Bl in ICR mice [82]. The anticancer activity of metabolites 

formed by intestinal bacterial, after oral administration of ginseng extract in humans 

and rats has been studied. Through this research 20-O- ((5- D-glucopyranosyl)-20(S)-

protopanaxadiol (Ml) is one of the major metabolites detected in urine and blood [83, 
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84]. Ml has been identified as non-toxic and has the ability to inhibit tumor invasion 

[70, 83, 85]. 

Aglycone 20(S)-protopanaxadiol (aPPD), belonging to the protopanaxadiol family 

classification (Fig. 1-3), is a metabolic product of orally taken ginseng, resulting 

following deglycosilation in the gastrointestinal track [84]. It can also be obtained 

through acid hydrolysis of protopanaxadial ginsenosides in vitro [86]. aPPD has been 

shown to have a suppressing cell growth effect on various cancer cells. Recent studies 

have shown that aPPD is the most nonpolar ginsenoside with the strongest 

cytotoxicity induced in Caco-2 cells in PPD and PPT classifications by inducing 

apoptosis and necrosis [87]. Interestingly, Rh2 is found to deglycosylate into aPPD in 

B16 cells, indicating that Rh2 may in fact act through aPPD to execute its anti-cancer 

effects [88]. 

aPPD in our lab was found to activate multiple apoptotic pathways, including 

activation of caspases, generation of free radicals and inhibition of AKT 

phosphorylation. aPPD may also act as a selective estrogen receptor modulator, 

(SERM) and has the potential to prevent breast cancer formation and growth. 

Moreover, aPPD acted to exert the cytotoxicity of the glioblatoma cell line SF188 

with p53 mutation [Jia, et al. unpublished]. 
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Aglycone 20(S)-protopanaxadiol (aPPD) 

Fig. 1-3. Chemical structure of protopanaxadiol family 
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Because of the low toxicity of aPPD, it may have great therapeutic potential for tumor 

treatment, as the toxicity of currently used chemotherapeutics has been hindering the 

efficacy of chemotherapy. However, the ability of aPPD to inhibit MDR cancer cells 

has not been investigated. Whether cancer cells can acquire drug resistance to aPPD, 

as they do from many other anticancer drugs, remains unknown. Furthermore, the 

mechanism used by aPPD to inhibit cancer cells also remains unclear. 

1.7 Objective 

The object of this study is to point out the anticancer characteristics of aPPD in P-gp 

over expression and non-P-gp expression tumor cells, to investigate the ability of 

tumor cells acquiring drug resistance from aPPD and to explore gene expression 

profiles of human glioblastoma cells in response to aPPD. 

1.8 Hypothesis 

Previous studies in our lab have shown that aPPD sensitizes MDR cells to 

chemotherapeutics, we now hypothesized that aPPD may act through multiple 

mechanisms including inhibiting P-glycoprotein to block drug efflux and altering 

expression of certain genes to cause the cell more susceptible to drug induced 

cytotoxicity. 
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To test this hypothsis, a series of experiments was conducted and described through 

my M.Sc. graduate study, which serve to investigate the anticancer activity of aPPD 

on glioma and other cancer cells. In particular, the effects of aPPD on cancer cells 

overexpressing P-glycoprotein, and the ability of this compound to reverse P-gp 

caused MDR will be discussed. Secondly, this study also describes an aPPD-resistant 

cell line generated through persistent treatment with aPPD. Finally, this study 

compares the gene expression profiles of the aPPD-resistant and aPPD-sensitive 

glioma cells with genes responsible for aPPD-induced apoptosis. 
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CHAPTER 2. EFFECT OF APPD ON P-GLYCOPROTEIN IN MULTIDRUG 

RESISTANT CELLS 

2.1 Introduction 

P-gp, an identified mammalian multidrug transporter, pumps various cytotoxic drugs 

out of the cells and mediates drug resistance termed classical MDR. P-gp is a 170-

kDa glycosylated membrane associated transport protein coded by a gene called 

multiple drug resistance 1 (MDR1), which is located at the long arm of chromosomal 

location 7q21.1 in humans [1]. Normally, P-gp widely expresses in tissues including 

adrenal, gravid uterus, kidney, liver, colon, and capillary endothelium in the brain [2]. 

High expression of P-gp is an important mechanism of the BBB that limits most 

anticancer drugs from entering into the brain for treatment of intracranial tumors. 

Concentrations of many anticancer drugs in the brain increased in P-gp knockout mice 

[3, 4]. Increased expression of P-gp is associated with the intrinsically drug-resistant 

cancers of the colon, kidney, and adrenal as well as some tumors, which acquire drug 

resistance after chemotherapy [5]. Over expression of P-gp causes cancer cells to be 

resistant to a variety of structurally and functionally dissimilar anticancer drugs, such 

as vinblastine, vincristine, doxorubicin, paclitaxel and many others [2, 4, 6, 7]. Up to 

50% of gliomas were found to have P-gp positive cells [8]. P-gp expression levels 

correlate well with poor response to chemotherapy [9]. 

P-gp is a protein of 1280 amino acids with 12 transmembrane regions (TM) and two 
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Fig. 2-1. P-gp model 

D: drug binding sites 
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ATP-binding sites (BND), separated by a flexible linker polypeptide region between 

the Walker A and B motifs (Fig. 2-1) [1, 10, 11]. TM1-6 parallel to TM7-12 is 

proposed as one of the topology models of P-gp. This model predicts that crosslinking 

would be possible between TM1/TM7, TM2/TM8, TM3/TM9, TM4/TM10, 

TM5/TM11 and TM6 /TM12. Loo and colleagues using site-directed mutagenesis 

studies demonstrated that drug binding sites of P-gp were scattered throughout the 

molecule and resided in or near the TM 3, 4, 5, 6, 7, 8, 11, 12, the ATP-binding 

domains and intracellular loops [12]. Particularly, the regions encompassed by TM 5-

11 as well as TM 6-12 were involved with drug transport. Protection from inactivation 

suggested that the residues of TM 11-12 were important for the interaction of 

verapamil, vinblastine and colchicines [6, 10, 12], while TM6 is responsible for 

nucleotide binding and ATP hydrolysis [13]. 

P-gp inhibition is an option for improving drug delivery to tumor cells and enhancing 

the tumor response to chemotherapy. Various compounds, including calcium channel 

blockers (verapamil), immunosurppressant (cyclosporines), calmodulin inhibitors 

(chlorpromazine) and many others, have been shown to enhance the cytotoxic activity 

of various antitumor drugs in MDR cells by antagonizing P-gp and increasing the 

drug accumulation, whereas these agents show almost no effect on drug-sensitive 

cells. In general, P-gp can be blocked via three different mechanisms [11]. The first is 

by blocking binding site competitively, non-competitively or allosterically. For 

instance, ginsenosides Rg3 was demonstrated to compete with anticancer drugs for 
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binding to P-gp thereby blocking drug efflux [14]. The second is by interfering with 

ATP hydrolysis. Quercetin was reported to strongly inhibit Hoechst 33342 transport 

by inhibiting the ATPase activity of P-gp [15]. The third is by altering the integrity of 

cell membrane lipids. Reserpine and verapamil were observed to change the physical 

properties of biomembranes, including altered fluidity and increased permeability by 

interaction with the lipid bilayer and biomembranes [16]. However, most of the drugs 

inhibit P-gp functioning by blocking drug-binding sites. Recent studies indicate that 

there are more than two drug binding sites in P-gp with overlapping drug specificities, 

but with non-identical drug binding affinities [17, 18]. A P-gp reverse agent can be a 

P-gp substrate, an inhibitor or both [3, 6, 11, 19, 20]. The property and effect of a 

compound on P-gp can be further demonstrated by using an ATPase assay with the 

pure P-gp protein or the cell with intact P-gp expression, and proper probe substrates 

and inhibitors [10, 21]. A stimulation of the ATPase is the hallmark of P-gp substrate 

and correlates with increasing P-gp inhibition [6]. 

Currently, the development of P-gp inhibitors has been disappointing [19]. In clinical 

trials, the first generation modulators, such as verapamil and cyclosporine A, caused 

various adverse effects. Because a low potency of P-gp inhibition requires 

administration of high doses of P-gp inhibitor, adverse pharmacological effects 

usually occur, including an unacceptable cardiotoxicity caused by verapamil and an 

immunosuppressive effect induced by cycloporines. Clinical application of the 

second-generation modulators is also limited because the effects on cytochrome P450 
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3A4-mediated drug metabolism are unpredictable with these modulators, such as 

PSC-833, therefore, a safe but also effective dose of a co-administered 

chemotherapeutic agent is difficult to determine [2, 22]. Considering the limitations of 

current P-gp modulators, optimal new-generation P-gp inhibitor should have low 

nonspecific cytotoxicity, high P-gp specificity, and a relatively long duration of action 

with reversibility as well as good oral bioavailability. These properties along with 

uncomplicated drug interaction, would be important for the development of new P-gp 

inhibitors [2]. 

Ginsenosides Rg3, Rh2 and their aglycone metabolites demonstrated inhibitory 

effects on cell growth on both MDR and non-MDR cell lines when applied alone [14, 

23-27]. A few ginsenosides are also shown to exert the reverse activity of P-gp. These 

ginsenosides include Rgl, Re in protopanaxatriol (PPT) family [28] as well as Rg3, 

Rh2 and Rc in protopanaxadiol (PPD) family. All of them significantly sensitize 

multiple drug resistant cell lines to anticancer drugs both in vitro and in vivo [14, 25, 

27]. For the ginsenosides in PPD family, Hasegawa et al indicated that Rh2 enhanced 

the cytotoxicity of daunomycin and vinblastine in multiple drug resistant P388/ADM 

cell [27]. Rg3 not only sensitized MDR cell KBV20C to anticancer drugs in vitro, but 

co-injection of Rg3 and DOX into mice carrying a multiple drug resistant P388 

transplantable tumor also significantly increased the survival time of the mice 

compared to DOX treatment alone [14]. Because aPPD is the metabolic product of 

ginsenoside Rg3 and Rh2 [29, 30], Rh2 and Rg3 may exert its cytotoxicity and P-gp 
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inhibitory effect through their deglycosylation product aPPD. Among the 

ginsenosides in PPD and PPT families, aPPD has demonstrated the strongest 

anticancer activity to Int-407, Caco-2 and multiple drug resistant cells P388ADM 

with the lowest IC50S shown in Table 2-1 [27, 31]. 

Previous studies by our group have also shown that Rh2 and aPPD can significantly 

enhance the cytotoxicity of various chemotherapy drugs, especially in MDR cancer 

cells. Since these compounds induce cytotoxicity themselves, one possible 

mechanism for the chemosensitization effect is that the apoptotic nature of these 

compounds may synergistically work with chemotherapeutics [32]. Another possible 

mechanism for the synergy is that aPPD may block P-gp in MDR cells to sensitize the 

cells to the cytotoxicity induced by chemotherapeutics. An in vivo study in our lab 

has shown that aPPD inhibited tumor growth and extended the animal's life span in an 

intracranial glioma model, suggesting that the compound may cross the BBB and part 

of the mechanism may rest on the inhibitory effect of aPPD on P-gp to overcome 

BBB and it's the most nonpolar chemical structure in ginsenosides. Therefore, aPPD 

is the most promising agent for treatment of brain tumors among many other 

protopanaxadiol ginsenosides. However, there has been lack of direct evidence 

demonstrating the P-gp inhibitory effect on P-gp by aPPD. 

In the present chapter, the effects of aPPD on P-gp in MDR cells of both humans and 

mice were tested using a P-gp substrate, calcein AM as efflux indicator and verapamil 
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Table 2-1 IC50 of ginsenosides with P-gp inhibitory effect on multiple drug resistant 

P388 cells 
Ginsenosides [27] IC 5 0 (uM) IC 5 0 (ug/ml) 

aPPD 37.2 17.1 
Rh2 62.8 39.6 
Rg3 75.3 74.1 
Rc 497 535.8 

Rgl 250 200 
Re 519 491 
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as a positive control of P-gp blocker. Furthermore, as a preliminary attempt to 

distinguish the mechanism of aPPD from other P-gp blockers, ATPase activity of P-

gp in the presence of aPPD was also measured. 

2.2 Materials and methods 

2.2.1 Drugs and chemicals 

Pure (99.6%) aglycone 20(s)-Protopanaxadiol (aPPD) and crude aPPD were provided 

by Pegasus Pharmaceuticals Inc. Careseng (crude aPPD) contains aPPD 57%, 20(s)-

protopanaxatriol (aPPT) 23%, Rh2 6%, was used in preliminary study to investigate 

the anticancer effect of aPPD. Both crude aPPD and aPPD were diluted to 50 mg/ml 

in 100% ethanol and the stock was kept in 4°C and the aPPD was stable in its purity 

and component in the experiment demonstrated by HPLC (data not shown). 

Verapamil, MTT [3-(4,5-dimethylthiazol-2-yl)-2,5- diphenyltetrazolium bromide] 

was purchased from Sigma- Aldrich (Oakville, Ontario, Canada). Calcein AM was 

purchased from Molecular Probe Inc (San Diego, CA, USA). Dimethyl sulfoxide 

(DMSO), SDS was purchased from Bio-RAD Laboratories (Mississauga, Ontario, 

Canada). Trypsin with 0.03% EDTA was purchased from Invitrogen (Vancouver, B.C. 

Canada). 
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2.2.2 Cell lines 

P388 is a mouse leukemia cell line [33]. P388adr, the multiple drug resistant cells 

with P-gp overexpression, and the parental cell line P388 (P388wt) cells were 

purchased from the ATCC (Manassas, VA, USA). Human breast cancer cells MCF-

7adr with P-gp overexpression and the parental cell line MCF-7 (MCF-7 wt) were 

obtained from the BC Cancer Agency, Vancouver, Canada. All the cells were grown 

in DMEM (Canadian Life Technologies Inc. Mississauga, Ontario, Canada) 

containing 10% fetal bovine serum, 100 U/ml penicillin and 100 ug/ml streptomycin. 

Cells were incubated at 37°C under a humidified atmosphere of 5% CO2 and media 

were replaced every 3 days. 

2.2.3 In vitro cell viability assay 

Cells were maintained in drug free media for three days before the drug treatment. 

Cell viability assays were conducted by plating attaching cells (3 x 104) or suspension 

cells (10s) in each well of a 96-well plate and incubating them for 24 h. The cells were 

then treated with increasing concentrations of aPPD or chemotherapeutic drugs in the 

medium supplemented with 2% FBS. Cells were kept in 5% CO2 at 37°C for the 

desired time before 50 pi of 1 mg/ml MTT was added to each well. After incubation 

at 37°C for 4 h, 100 pi of DMSO was added. The color reaction was measured by a 

spectrometer (pQuant Bio-tech Instrument Inc, Tustin CA) at the wavelength of 570 

nm. Cell viability was assessed by the ratio of absorbance of drug-treated cells to 

untreated controls. 
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2.2.4 Fluorescent calcein formation assay 

Calcein AM is the substrate of P-gp and is able to be pumped out of the cells in P-gp 

overexpressing cells. Once in the cell, non-fluorescent calcein AM can be converted 

to fluorescent calcein by the cellular esterases. Since calcein is not a substrate of P-gp, 

it remains in the cells. The cells with calcein remains inside are fluorescent. In the 

cells without overexpression of P-gp, calcein AM rapidly penetrates and is converted 

to free, fluorescent calcein via intracellular esterases, while the free calcein 

accumulates much more slowly in P-gp overexpression cells. To evaluate the effect of 

P-gp inhibition by aPPD, P-gp overexpressing MCF-7adr cells were seeded into a 6-

well plate and grown for 24 h. The cells were then incubated with a medium 

containing 40 ug/ml aPPD and 2% FBS in 5% C 0 2 at 37° for 15 min. Finally, calcein 

AM was added to the cells at a final concentration of 0.25 uM. Incubated in 5% CO2 

at 37° for another 15 min, the cells were observed under an inverted fluorescent 

microscopy (FluoArc, Axiovert -200). Forty micromolar verapamil, a typical P-gp 

reverse agent, was used as positive control. 

2.2.5 Calcein AM efflux inhibtion assay 

The kinetics of calcein formation can be monitored continuously [34, 35]. When 

blockers inhibit the pumping activity of P-gp, high levels of fluorescent calcein were 

produced within the cells and can be assayed by its fluorescence. Calcein 

accumulation in P388 cells was used for quantitative measurement of the effect of 

aPPD on P-gp activity. The cells were harvested in logarithmic growth phase and 
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resuspended in the medium with 2% FBS. P388adr cells 106 were plated in each well 

of a 96-well plate and incubated with crude aPPD 40 ug/ml for 15 min at 37°C. 

Calcein AM was added to a final concentration of 0.025 uM. Fluorescence 

accumulation in the cells was measured every 90 s for 2 h, with a microplate 

fluorescence reader (Spectra MAX Gemnixs, XS02842) at the wavelength of 494 nm 

for excitation and 517 nm for emission. 

2.2.6 ATPase activity of P-gp assay 

Stimulation of ATPase is one of the hallmarkers of P-gp substrate [6, 21]. The P-gp 

associated ATPase activity in the membrane of CHRB30 cells was determined 

colorimetrically as the vanadate sensitive release of inorganic phosphate from ATP 

[36]. A 60 ul reaction mixture containing 40 ug membranes with high levels of P-gp, 

crude aPPD (0, 2.2, 6.7, 20, and 60 ug/ml), 3 mM MgATP, 50 mM Tris-MES, 2 mM 

EGTA, 50 mM KC1, 2 mM dithiothreitol, and 5 mM sodium azide, was incubated at 

37°C for 20 min. Twenty micromolar verapamil served as the positive control in this 

assay system. An identical reaction mixture containing 100 uM sodium orthovanadate 

was assayed in parallel. Orthovanadate inhibits P-gp by trapping MgADP in the 

nucleotide-binding site. Thus, ATPase activity measured in the presence of 

orthovanadate shows non-Pgp ATPase activity and can be subtracted from the activity 

generated without orthovanadate, to yield vanadate-sensitive ATPase activity. The 

reaction was stopped by the addition of 30 ul 10 % SDS + Antifoam A. Two 

additional reaction mixtures (with or without orthovanadate) but without MgATP, 
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were also prepared and incubated with the others as controls, and then SDS and 

MgATP were added, to represent 0 min timepoint of the reaction. The incubations 

were followed by addition of 200 pi of 35 mM ammonium molybdate in 15 mM zinc 

acetate: 10% ascorbic acid (1:4) and incubated for an additional 20 min at 37°C. The 

liberation of inorganic phosphate was detected using a spectrometer (uQuant Bio-tech 

Instrument Inc). Its absorbance was at 800 nm and determined by comparing the 

absorbance of a phosphate standard curve. 

2.2.7 Additive effect of aPPD with verapamil in P-gp inhibition 

Human MCF-7adr cells in the logarithmic growth phase were plated in a 96-well plate 

3 X 104 in each well and grown for 24 h. The cells were incubated in the medium with 

2% FBS containing crude aPPD with increasing concentrations of 0, 2.2, 6.7, 20, 40, 

60 ug/ml in the presence or the absence of 2.5 uM verapamil. After the cells were 

incubated with drugs for 15 min at 37°C, calcein AM was added to a final 

concentration of 0.025 uM and kept at 37°C for additional 15 min. Using a microplate 

fluorescence reader (Spectra MAX Gemnixs, XS02842), fluorescence of calcein in 

the cells was read at 5 random points in each well with a wavelength of 494 nm for 

excitation and 517nm for emission. Data were collected as quadruplicates for each 

concentration in the treatment group. 
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2.2.8 Endurable effect of P-gp inhibition assay 

P388adr cells were suspended in DMEM with 2% FBS and plated in a 96-well plate 

with cells 106 in each well. The cells were incubated with 40 ug/ml crude aPPD for 2h 

in 5% C02 at 37°. At the end of incubation, the cells were washed with PBS followed 

by centrifugation at 1000 x g for 10 min twice at 4°C, and resuspended in 100 pi 

medium with 2% FBS. The cells were immediately incubated with 0.025 uM calcein 

AM in 5% CO2 at 37° for 15 min. Fluorescence accumulation in the cells was 

measured with the microplate fluorescence reader described earlier. The cells with 

drug-free medium were used as the negative control. There were quadruplicate wells 

for each time point. 

2.2.9 Statistical analysis 

All data are expressed as mean ± SD. Student's unpaired t-test (2-tail) was used for 

comparisons between two means. One-way ANOVA followed by post hoc test was 

used to compare the difference between the groups of drug treatment and untreated 

controls, and two-way ANOVA was used to compare two groups of drug treatments 

using SPSS (SPSS, WI. USA). P < 0.05 was considered as significant in the analysis. 
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2.3 Results 

2.3.1 Equal cytotoxicity on P-gp positive and negative cells by aPPD 

Sensitivity of both P388wt and its P-gp positive daughter cell line P388adr to DOX 

and aPPD were measured. Fig.2-2 A showed the viability of P388adr and P388wt 

cells treated with DOX for 72 h. P388 cells were more than 3-fold more sensitive to 

DOX than its MDR counterpart P388adr cells. The IC50s of P388adr and P388wt for 

DOX were 0.177 + 0.017 uM and 0.626 + 0.013 uM, respectively (P<0.01). It is 

believed that the resistance to DOX in P388adr cells was caused by overexpression of 

P-gp [20]. Interestingly, P388adr and P388wt cells had similar IC50s for aPPD 

induced cytotoxicity (Fig.2-2B). IC50s of aPPD for P388adr and P388wt were 20.16 + 

3.88 ug/ml and 16.89+1.37 ug/ml, respectively (P>0.05). Thus, overexpression of P-

gp may not influence intracellular concentrations of aPPD, suggesting that aPPD is 

unlikely to be a substrate of P-gp. 

2.3.2 Inhibited P-gp by aPPD 

Inhibitory effects of aPPD on P-gp activity were observed in human breast cancer 

cells MCF-7adr for calcein AM fluorescence accumulation with fluorescent 

microscopy. Fig. 2-3A showed that in the absence of aPPD and verapamil, the level of 

fluorescent calcein was low in MCF-7adr cells, suggesting that P-gp was actively 

pumping its substrate calcein AM out of the cells and resulting in less intracellular 

fluorescent calcein formation. Fig. 2-3B showed when MCF-7adr cells were 
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Fig. 2-2. Viability of P388 adr and P388wt cells in the presence of aPPD and 

DOX 

A) P388adr and P388wt cells were presented in DOX at 37°C for 72 h. 

Viability was expressed as percentage of change relative to the control using MTT 

assay. Each point is the mean + SD of three experiments 

* p<0.01, p value was calculated from an independent t-test between two cell lines. 

p<0.01 in DOX treated groups compared with untreated controls in two cell lines 

(Two-way ANOVA followed by Dunnett post hoc test). 

B) P388adr and P388wt cells were incubated with indicated concentrations of aPPD at 

37°C for 48 h. 

Viability was expressed as percentage of change relative to aPPD vehicle control 

using MTT assay. Each point is the mean + SD of three-experiments. 

p>0.05 vs P388 from an independent t-test between two cell lines. 

p<0.01 in aPPD treated groups compared with untreated controls in two cell lines 

(Two-way ANOVA followed by Dunnett post hoc test). 
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Fig. 2-3. Fluorescent calcein formation in MCF-7adr cells 

The cells were incubated with aPPD, with verapamil or without drugs respectively. 

Fluorescence of calcein in MCF-7adr cells was observed and photographed using an 

Axiovert -200-inverted fluorescent microscope and a 40 X phase-contrast objective. 

A) MCF-7adr 

B) MCF-7adr with aPPD 40 ug/ml 

C) MCF-7adr with verapamail 40 uM 
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incubated with aPPD, the levels of fluorescent calcein were dramatically increased in 

all the cells. Fig. 2-3C shows the effects of verapamil, a substrate and competitive 

inhibitor of P-gp [10, 21] in the same cells. These results indicate that aPPD at the 

current concentration exerted an inhibitory effect on P-gp activity, at a similar level to 

verapamil in MCF-7adr. 

To quantitatively evaluate the accumulation of P-gp substrate in cells treated with 

aPPD, calcein AM efflux by P388adr and P388wt cells in the presence of aPPD was 

examined. Fig. 2-4 shows the time dependence of calcein formation in P388adr and 

wt cells with or without aPPD. It was obvious that calcein accumulation in P388adr, 

shown in Fig. 2-4A was two-fold lower than that in P388wt as shown in Fig. 2-4B. In 

the presence of 40 ug/ml aPPD, levels of calcein in P388adr cells increased to more 

than two-fold of that in the absence of aPPD (Fig. 2-4A). Meanwhile, Crude aPPD 

had no effect on the levels of calcein in P388wt cells, as shown in Fig. 2-4B. 

2.3.3 Reversibly blocked P-gp activity by aPPD 

To determine whether aPPD inhibits P-gp permanently or temporarily, P388adr cells 

were exposed to aPPD for designed time and then the drug was removed. Fig.2-5 

shows that the level of intracellular calcein AM fluorescence was increased by 1.5-
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Fig. 2-4. P-gp efflux of P388adr (A) and P388wt (B) in the presence of aPPD 
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Calcein A M only washed 

Incubation time 

unwashed 

Fig. 2-5. Endurable effect of P-gp inhibition of aPPD 

The P388adr cells were incubated in crude aPPD 40 ug/ml at 37°C for 2 h times, then, 

the cells were washed with PBS or remained in aPPD and calcein accumulation in the 

cells was represented as the percentage of fluorescence change relative to the aPPD 

vehicle control. Data are expressed as the mean ± SD of three experiments. 

**, p<0.05, p value was calculated from an independent t-test between the cells with 

calcein AM and the cells treated with aPPD. 

55 



when aPPD was removed from the cells after incubation, the P-gp activity 

immediately returned to control levels. 

2.3.4 Ineffective ATPase activity of P-gp by aPPD 

Many P-gp substrates and modulators, such as verapamil, stimulate the P-gp ATPase 

activity [10]. To further investigate the mechanism of aPPD caused P-gp inhibition, 

the ATPase activity of P-gp containing membrane was determined. Fig. 2-6 shows 

that aPPD did not stimulate the ATPase activity of P-gp, while verapamil, on the other 

hand, stimulated ATPase activity by 2-fold, compared to the control. 

2.3.5 An addictive effect on P-gp inhibition between verapamil and aPPD 

The difference in ATPase activity of P-gp in the presence of verapamil and aPPD 

suggests that the two agents may inhibit P-gp with different mechanisms. To further 

explore this possibility, the effect of P-gp activity in cells was tested by treating them 

with a combination of aPPD and verapamil in human MCF-7adr cells. Fig. 2-7 shows 

a dose-dependent inhibition on P-gp in MCF-7adr cells with increasing 

concentrations of aPPD in absence and presence of 2.5 uM verapamil. It was clear 

that adding 2.5uM verapimil significantly increased intracellular levels of fluorescent 

calcein at all concentrations of aPPD and the combined effect of the two agents 

appeared additive in P-gp inhibition. 
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Fig. 2-6. Effect of crude aPPD on ATPase activity of P-gp 

ATPase activity of P-gp expressing membranes was measured in the presence of 

indicated concentrations of crude aPPD or verapamil. Data are expressed as the mean 

± SD of two experiments and representes as percentage of change, compared to the 

ATPase activity of untreated membrane. 

P>0.05 in crude aPPD treated groups compared with untreated control. 

(One-way ANOVA) 
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Fig. 2-7. The additive effect of aPPD and verapamil on P-gp efflux ability 

Calcein accumulation in MCF-7adr cells, which were incubated with the indicated 

concentrations of aPPD or aPPD plus verapamil 2.5 uM, was represented as 

fluorescent intensity. The point of 0 ug/ml crude aPPD represented the effect of 

verapamil 2.5 uM. Data are expressed as the mean + SD of four measurements. 

*, p<0.01, p value was calculated from an independent t-test between the cell line 

treated with aPPD and aPPD with verapamil. 

p<0.01 in aPPD or aPPD and verapamil 2.5uM treated groups compared with controls. 

(Two-way ANOVA) 
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Table 2-2 P-gp inhibitory effect of verapamil and ginsenosides 
P-gp inhibitory effect and Ginsenosides 
mechanism Verapmail (Rg3, Rh2 or aPPD) Reference 
Increased drug accumulation in 
M D R cells + + [6, 37] 
Inhibit P-gp efflux + + [14, 37] 
Sensitize M D R cells + + [6, 14] 
Uptake by the cells + + [21, 25] 
Substrate of P-gp + +/- [21,25] 
Binding to P-gp * +/- [12, 14] 
ATPase stimulation + - [14,21] 
Cytotoxicity to M D R cells - + [14] 
Increased P-gp expression + - [141 

Note: +, the compound has the descriped effect. -, The compound has no described effect. +/- the compound 

may have the described effect. 

*, Verapmail binds to P-gp on TM 6 and 12 and Ginsenosides (Rg3, Rh2 or aPPD) may bind to Azidopine 

binding site. 
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2.4 Discussion 

This study first indicated that an aglycone ginsenoside aPPD, a metabolic product of 

the panaxadioj saponins, was a highly effective inhibiting agent for P-gp in MDR 

cells. The fluorescent calcein formation assay (Fig.2-3) demonstrated that aPPD 

inhibited the P-gp activity to cause increased drug accumulation in both P388adr and 

MCF7adr cells that expressed high levels of P-gp. aPPD caused an elevated 

intracellular concentration of calcein that was specific to P-gp related drug efflux as 

no increased calcein formation was seen in P-gp negative cells (Fig;2-4). 

At the present time, very little information is available on the mechanism of P-gp 

inhibition by ginsenosides Rg3, Rh2 and aPPD demonstrated in this study. All three 

compounds are similar in structures with a four trans-ring rigid steroid skeleton. Rg3 

and Rh2 but not aPPD have glucopyranoside chain at carbon number 3 [38, 39]. Table 

2-2 compares the ginsenosides P-gp inhibitors and varapamil. The three ginsenosides 

have similar potency as verapamil on P-gp inhibition. Verapamil is known as a 

substrate of P-gp itself [40]. The ginsenosides, on the other hand, may or may not be 

the P-gp substrate. Rg3 was shown to compete with the anticancer agent azidopine to 

bind to P-gp, suggesting the binding site for both P-gp blockers may be the same. 

However, there is still lack of direct evidence to demonstrate that Rg3 is being 

transported by P-gp [14]. Rh2 was reported to be a P-gp substrate as verapamil 

increased the uptake of Rh2 in Caco-2 cells in culture [25]. However, using calcein 
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AM, the fluorescent substrate of P-gp, Caco-2 did not demonstrate P-gp activity in 

our lab (data not show). In addition, Xie, et al demonstrated that uptake of aPPD in 

Caco-2 cells was quite different from that of Rh2 in time course, PH dependence and 

concentration dependence [25]. Thus, the difference between the chemical structures 

of the two compounds might have quite a substantial influence in the bioactivity of 

the two compounds. Our results indicated that the P388wt and P-gp positive P388adr 

cells demonstrated the same sensitivity to aPPD which further argues against the 

notion that aPPD are a substrate of P-gp. It would be interesting to further investigate 

whether the ginsenosides lose their ability of being a substrate of P-gp after the sugar 

moiety is removed at No.3 carbon. There are two other characteristics that distinguish 

ginsenoside P-gp blocker (at least aPPD) from verapamil. One is that verapamil 

causes upregulation of MDR 1 mRNA levels and results in increased P-gp expression, 

but Rg3, Rgl and Re did not appear to increase P-gp levels [14, 28]. The second is 

that verapamil stimulated P-gp ATPase activity while aPPD had no effect. Stimulation 

of ATPase activity is common in P-gp substrates, but not all P-gp substrates or 

inhibitors enhance ATPase activity. Cyclosporine A, daunorubicin and colchicines are 

all known P-gp substrates but their interaction with P-gp does not affect ATPase 

activity [10, 11]. Nevertheless, the difference on ATPase activity differentiates aPPD 

and verapamil induced P-gp inhibition by their mechanisms. Furthermore, co

administration of aPPD and verapamil (Fig.2-6) showed an additive effect in P-gp 

inhibition as described earlier. The above results indicated that aPPD binds to P-gp on 

the binding site different to verapamil, and further confirmed the notion that two 
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agents act on different sites of P-gp and may inhibit P-gp activity independently [ 17, 

18]. Finally, ginsenosides with P-gp inhibitory effect such as Rg3, Rh2 and aPPD are 

all with cytotoxicity to cancer cells, but verapamil and many other chemosensitizers 

are not cytotoxic agents themselves. Interestingly, the inhibitory effect of aPPD on P-

gp seems similar to that of cyclosporine A because both compounds did not stimulate 

ATPase and both of them exerted the cytotoxicity to the tumor cells [41]. However, 

the exact mechanism binding of aPPD to P-gp needs to be clarified by further studies. 

Our results (Fig.2-5) further indicated that aPPD caused P-gp inhibition is reversible 

as the blockage of P-gp mediated calcein fluorescence efflux completely relied on the 

presence of aPPD and immediately abolished after removal of aPPD. This is 

potentially a safeguard for the clinical application of aPPD as a chemosensitizer. As 

P-gp is also present in normal tissues and plays an important role in preventing 

accumulation of xenobiotics [2], it would be desirable that the inhibition of P-gp 

should be reversiable. 

In conclusion, aPPD as a new "two-in-one" anticancer agent exhibits both 

cytotoxicity and P-gp inhibitory effects. aPPD reversibly inhibits P-gp by increasing 

the drug accumulation specifically in MDR cells, but with a different mechanism 

from that of verapamil. 

62 



R E F E R E N C E S 

1. Dey, S., et al., Evidence for two nonidentical drug-interaction sites in the 

human P-glycoprotein. Proc Natl Acad Sci U S A , 1997. 94(20): p. 10594-9. 

2. Bruce C. Baguley, D.J.K., ed. Anticancer drug development. 2002, London : 

Academic: San Diego, Calif, p.77-79. 

3. Kemper, E.M., et al., Modulation of the blood-brain barrier in oncology: 

therapeutic opportunities for the treatment of brain tumours? Cancer Treat 

Rev, 2004. 30(5): p. 415-23. 

4. Kleihues, P., ed. Pathology and genetics of tumours of the nervous system, ed. 

W.K. Cavenee. 1997, International Agency for Research on Cancer: Lyon, 

p. 14-23. 

5. Ambudkar, S.V., et al., Biochemical, cellular, and pharmacological aspects of 

the multidrug transporter. Annu Rev Pharmacol Toxicol, 1999. 39: p. 361-98. 

6. Zhou, S., L.Y. Lim, and B. Chowbay, Herbal modulation of P-glycoprotein. 

Drug Metab Rev, 2004. 36(1): p. 57-104. 

7. Perry, M.C., The chemotherapy source book. 1996: p. p.1071. 

8. Toth, K., et al., MDR1 P-glycoprotein is expressed by endothelial cells of 

newly formed capillaries in human gliomas but is not expressed in the 

neovasculature of other primary tumors. Am J Pathol, 1996. 149(3): p. 853-8. 

9. Bradley, G. and V. Ling, P-glycoprotein, multidrug resistance and tumor 

progression. Cancer Metastasis Rev, 1994. 13(2): p. 223-33. 

63 



10. Sharom, F.J., et al., Insights into the structure and substrate interactions of the 

P-glycoprotein multidrug transporter from spectroscopic studies. Biochim 

Biophys Acta, 1999. 1461(2): p. 327-45. 

11. Varma, M.V., et al., P-glycoprotein inhibitors and their screening: a 

perspective from bioavailability enhancement. Pharmacol Res, 2003. 48(4): p. 

347-59. 

12. Loo, T.W. and D.M. Clarke, Determining the structure and mechanism of the 

human multidrug resistance P-glycoprotein using cysteine-scanning 

mutagenesis and thiol-modification techniques. Biochim Biophys Acta, 1999. 

1461(2): p. 315-25. 

13. Beaudet, L., I.L. Urbatsch, and P. Gros, Mutations in the nucleotide-binding 

sites of P-glycoprotein that affect substrate specificity modulate substrate-

induced adenosine triphosphatase activity. Biochemistry, 1998. 37(25): p. 

9073-82. 

14. Kim, S.W., et al., Reversal of P-glycoprotein-mediated multidrug resistance 

by ginsenoside Rg(3). Biochem Pharmacol, 2003. 65(1): p. 75-82. 

15. Shapiro, A.B. and V. Ling, Effect of quercetin on Hoechst 33342 transport by 

purified and reconstituted P-glycoprotein. Biochem Pharmacol, 1997. 53(4): p. 

587-96. 

16. Drori, S., G.D. Eytan, and Y.G. Assaraf, Potentiation of anticancer-drug 

cytotoxicity by multidrug-resistance chemosensitizers involves alterations in 

64 



membrane fluidity leading to increased membrane permeability. Eur J 

Biochem, 1995. 228(3): p. 1020-9. 

17. van Veen, H.W., C.F. Higgins, and W.N. Konings, Molecular basis of 

multidrug transport by ATP-binding cassette transporters: a proposed two-

cylinder engine model. J Mol Microbiol Biotechnol, 2001. 3(2): p. 185-92. 

18. Shapiro, A.B., et al., Stimulation of P-glycoprotein-mediated drug transport 

by prazosin and progesterone. Evidence for a third drug-binding site. Eur J 

Biochem, 1999. 259(3): p. 841-50. 

19. Barecki-Roach, M., E.J. Wang, and W.W. Johnson, Many P-glycoprotein 

substrates do not inhibit the transport process across cell membranes. 

Xenobiotica, 2003. 33(2): p. 131-40. 

20. Leontieva, O.V., M.N. Preobrazhenskaya, and R.J. Bernacki, Partial 

circumvention of P-glycoprotein-mediated multidrug resistance by 

doxorubicin- 14-O-hemiadipate. Invest New Drugs, 2002. 20(1): p. 35-48. 

21. Sharom, F.J., The P-glycoprotein efflux pump: how does it transport drugs? J 

MembrBiol, 1997.160(3): p. 161-75. 

22. Di Pietro, A., et al., P-glycoprotein-mediated resistance to chemotherapy in 

cancer cells: using recombinant cytosolic domains to establish structure-

function relationships. Braz J Med Biol Res, 1999. 32(8): p. 925-39. 

23. Kim, H.S., et al., Effects of ginsenosides Rg3 and Rh2 on the proliferation of 

prostate cancer cells. Arch Pharm Res, 2004. 27(4): p. 429-35. 

65 



24. Lee, J.Y., et al., Antitumor promotional effects of a novel intestinal bacterial 

metabolite (IH-901) derived from the protopanaxadiol-type ginsenosides in 

mouse skin. Carcinogenesis, 2005. 26(2): p. 359-67. 

25. Xie, H.T., et al., Uptake and metabolism of ginsenoside Rh2 and its aglycon 

protopanaxadiol by Caco-2 cells. Biol Pharm Bull, 2005. 28(2): p. 383-6. 

26. Efferth, T., et al., Activity of drugs from traditional Chinese medicine toward 

sensitive and MDR1- or MRP 1-overexpressing multidrug-resistant human 

CCRF-CEM leukemia cells. Blood Cells Mol Dis, 2002. 28(2): p. 160-8. 

27. Hasegawa, H., et al., Reversal of daunomycin and vinblastine resistance in 

multidrug-resistant P388 leukemia in vitro through enhanced cytotoxicity by 

triterpenoids. Planta Med, 1995. 61(5): p. 409-13. 

28. Choi, C.H., G. Kang, and Y.D. Min, Reversal of P-glycoprotein-mediated 

multidrug resistance by protopanaxatriol ginsenosides from Korean red 

ginseng. Planta Med, 2003. 69(3): p. 235-40. 

29. Bae, E.A., et al., Metabolism of 20(S)- and 20(R)-ginsenoside Rg3 by human 

intestinal bacteria and its relation to in vitro biological activities. Biol Pharm 

Bull, 2002. 25(1): p. 58-63. 

30. Fulci, G., N. Ishii, and E.G. Van Meir, p53 and brain tumors: from gene 

mutations to gene therapy. Brain Pathol, 1998. 8(4): p. 599-613. 

31. Popovich, D.G. and D.D. Kitts, Ginsenosides 20(S)-protopanaxadiol and Rh2 

reduce cell proliferation and increase sub-Gl cells in two cultured intestinal 

66 



cell lines, Int-407 and Caco-2. Can J Physiol Pharmacol, 2004. 82(3): p. 183-

90. 

32. Jia, W.W., et al., Rh2, a compound extracted from ginseng, hypersensitizes 

multidrug-resistant tumor cells to chemotherapy. Can J Physiol Pharmacol, 

2004. 82(7): p. 431-7. 

33. Aboudkhil, S., et al., Effect of testosterone on growth of P388 leukemia cell 

line in vivo and in vitro. Distribution of peripheral blood T lymphocytes and 

cell cycle progression. Neoplasma, 2005. 52(3): p. 260-6. 

34. Essodaigui, M., H.J. Broxterman, and A. Garnier-Suillerot, Kinetic analysis of 

calcein and calcein-acetoxymethylester efflux mediated by the multidrug 

resistance protein and P-glycoprotein. Biochemistry, 1998. 37(8): p. 2243-50. 

35. Essodaigui, M., et al., Energy-dependent efflux from Leishmania 

promastigotes of substrates of the mammalian multidrug resistance pumps. 

Mol Biochem Parasitol, 1999. 100(1): p. 73-84. 

36. Litman, T., et al., Competitive, non-competitive and cooperative interactions 

between substrates of P-glycoprotein as measured by its ATPase activity. 

Biochim Biophys Acta, 1997. 1361(2): p. 169-76. 

37. Krishna, R. and L.D. Mayer, Multidrug resistance (MDR) in cancer. 

Mechanisms, reversal using modulators of MDR and the role of MDR 

modulators in influencing the pharmacokinetics of anticancer drugs. Eur J 

Pharm Sci, 2000. 11(4): p. 265-83. 

67 



38. Tanaka, O., M. Nagai, and S. Shibata, Chemical studies on the oriental plant 

drugs. XVI. The stereochemistry of protopanaxadiol, a genuine sapogenin of 

ginseng. Chem Pharm Bull (Tokyo), 1966. 14(10): p. 1150-6. 

39. Radad, K., et al., Ginsenosides Rbl and Rgl effects on mesencephalic 

dopaminergic cells stressed with glutamate. Brain Res, 2004. 1021(1): p. 41-

53. 

40. Kim, R.B., Drugs as P-glycoprotein substrates, inhibitors, and inducers. Drug 

Metab Rev, 2002. 34(1-2): p. 47-54. 

41. Scala, S., et al., P-glycoprotein substrates and antagonists cluster into two 

distinct groups. Mol Pharmacol, 1997. 51(6): p. 1024-33. 

68 



CHAPTER 3. CHARACTERIZATION OF APPD SELECTED DRUG-

RESISTANCE CELL LINE SF188C2R2 

3.1 Introduction 

Aglycone ginsenoside aPPD has a strong inhibitory effect on glioblostoma cells 

SF188, which is a human glioma cell line with p53 mutation and elevated O 6-

alkylguanine transferase level [1,2]. Since many anticancer drugs inhibit cancer cells 

by inducing apoptosis, p53 mutation results in intrinsic multiple drug resistant in 

tumor cells [3, 4] due to defective apoptotic pathways. p53 mutation occurs in more 

than 50% of cancers and particularly high in glioblastomas (> 71%). Currently, no 

drug or combination of drugs in any dose can be expected to eradicate all of the tumor 

cells when apoptosis is blocked [5]. Interestingly, it seems that p53 mutation did not 

cause the cells to be resistant to aPPD. This feature suggest its therapeutic potential of 

aPPD for the tumor with multiple drug resistance, particular for intracranial tumors, 

giving it an advantage over currently other anticancer agents. 

Cancer cells with multiple drug resistance are naturally selected mutant clones. It has 

been shown that cancer cells have a poor genetic stability compared with normal cells. 

For tumor cells, the mutation rate of one gene is about 1/105 cells per generation, 

which is 10 times higher than that in normal cells (1/106) [6, 7]. Likewise, tumor cells 

are more likely to become drug resistant than normal cells. Jaffrezou et al. found that 

spontaneous mutation clones stably resistant to etoposide could be readily formed in a 
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human sarcoma cell line by exposure to etoposide. The drug resistant mutation rate 

ranged from 2.9x10"6 to 5.7x10"7 [8, 9]. On the other hand, it is arguable that the drug 

resistance can also be due to the changes in tumor cell activity induced by drug 

exposure (adaptation) [10-12]. Some studies suggest that the poor prognosis of cancer 

is due to both the inherited drug resistance of the tumor cells and the emergence of 

subpopulations of tumor cells that are resistant to drugs [13-17]. 

The purpose of this part of study was to investigate whether human glioma tumor 

cells could acquire resistance to aPPD. Further, this study may help to reveal the 

mechanisms of aPPD-induced cytotoxicity in those cells by comparing the phenotype 

of aPPD-resistant cell line and its parental aPPD-sensitive cell line. 

3.2 Materials and methods 

3.2.1 drugs and chemicals 

aPPD stocks were kept in 4°C. Verapamil, MTT, Calcein AM, dimethyl sulfoxide 

(DMSO), SDS and trypsin with 0.03% EDTA were used (See Chapter 2). Paclitaxel, 

BCNU (Carmustine) (Bristol-Myers Squibb, Quebec, Canada.) doxorubicin, 

vincristine and cisplatin (Fauding, Ontario, Canada Inc) were purchased from the 

pharmacy of the British Columbia Cancer Agency. Agarose (Life Technology TM 

GIBCO BRL) was purchased from University of British Columbia, Vancouver, B.C. 
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PEI (Polycation Polyethyleneimine, molecular weight: 600) was purchased from 

Dow Chemical (Midland, MI, USA) 

3.2.2 Cell viability assay 

See chapter 2 

3.2.3 Generation of aPPD-resistant cell lines 

Human glioblastoma cell line SF188 obtained from the Brain Tumor Research Center, 

University of California at San Francisco, was grown as a monolayer in Dulbecco's 

Modified Eagle's Medium (DMEM) containing 10% fetal bovine serum (FBS). Cells 

were maintained in a humidified atmosphere of 5% CO2 in air at 37°C. To induce the 

aPPD resistant cells, about 106SF188 cells were exposed to crude aPPD 30 ug/ml in 

2% FBS for 24 h before growing in an aPPD- free medium. When the cells reached 

60% confluence, the treatment was repeated for another 24 h. The treatments were 

repeated until no cell death occurred after 24 h in the presence of crude aPPD. These 

cells were denoted as SF188C2R. They were seeded for one cell per well through a 

series of dilution into a 24-well plate, and the cells were allowed to grow to single 

clones. aPPD resistant cell lines from single colonies were established and the 

cytotoxicity of aPPD to the SF188 parental and selected cells was tested. 
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3.2.4 Flow cytometry analysis 

Cell cycle distribution was monitored following exposure of SF188 or SF188C2R2 

cells to aPPD. Briefly, SF188C2R2 and SF188 cells were seeded in 100 mm dishes 

and cultured overnight. The cells were then incubated in the presence or absence of 

aPPD, at concentrations of 10 ug/ml, and 15 ug/ml for 36 h. The cells were collected 

by trypsinization and fixed by 70% ethanol. After washing them with PBS, the cells 

were diluted to 106/ml and stained with propidinum iodide (100 ug/ml) containing 

DNase - free RNase A 100 ug/ml, in the dark at room temperature for 30 min. DNA 

content was used to determine the cell cycle distribution according to a standard 

method on a FACScalibur flow cytometer (Becton-Dickinson). The proportions of 

cells in the G0/G1, S, and G2/M phases were analyzed using a contour graph mode. 

Approximately 10,000 cells were counted per sample. 

3.2.5 Colony formation assay 

One thousand of SF188 C2R2 or SF188 cells were placed in 6-well plates in 0.5% 

pure agar on a base layer of 1% agar in DMEM medium with 0%, 10%, 15%, 20% 

FBS respectively in a humidified atmosphere of 5% CO2 in air at 37°C, 0.5 ml of 

fresh complete medium was added every 5 days. Colonies with at least 50 cells were 

counted under a stereomicroscope after 14 days. The plating efficiency was expressed 

as the number of colonies scored as a percentage of the total number of cells seeded 

[18]. 
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3.2.6 Growth curve and doubling time 

Twenty thousand SF188 cells or SF188C2R2 cells were seeded into each well of a 6-

well plate containing 3 ml/well of the culture medium in a humidified atmosphere of 

5% C02 in air at 37°C. The number of the cells was counted daily for 3 days with a 

hemocytometer. 

3.2.7 Transfection with PHR'-CMV-EGFP plasmid DNA 

SF188 or SF188C2R2 cells were seeded at a density of 2X 105 per well in a six-well 

plate and grown for 24 h. PHR'-CMV-EGFP plasmid DNA was transfected with PEI 

(Polycation Polyethyleneimine) transfection reagent for 6 h. Briefly, 2 ug plasmid 

DNA and 3 pi of 50% PEI [19] were each dissolved with 200 pi of serum-free 

mediuml. Plasmid DNA solution was added to the PEI solution dropwise and the 

mixtures were kept at room temperature for 20 min. This medium of cells was 

replaced with the DNA-PEI mixture 400 pi and the cells were incubated in 37°C for 4 

h. Then 8 ml of fresh medium was added to the dish and the cells grew for an 

additional 48 h. GFP fluorescence was visualized and photographed with an invert 

fluorescent microscope (FluoArc, Axiovert -200). The transfection ratio was counted 

by the number of fluorescent cells in each view field (40x) divided by the number of 

the cells in view. 
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3.3 Results 

3.3.1 aPPD- resistant cell line SF188C2R2 

Dose-response analysis demonstrated an IC50 of crude aPPD for SF188 was 19.67 + 

1.08 ug/ml and IC90 was 28.07±0.94 pg/ml (Data not shown). To select aPPD 

resistant cell lines, the SF188 cells were kept in 30 pg/ml crude aPPD for 24 h 

followed by growing in crude aPPD-free normal medium until the cells reached 60% 

confluence. Ten to fifteen colonies of cells were obtained from 106 SF188 cells after 

the first cycle of aPPD treatment. Following 8 selection cycles, 100% cell viability 

was achieved when treated with 30 pg/ml of crude aPPD for 19 h. Single cells were 

grown in 96-well dishes and a total of seven cell lines were obtained. These cell lines 

named SF188C2R1, SF188C2R2, SF188C2R3, SF188C2R4, SF188C2R5, 

SF188C2R6, and SF188C2R7 and all showed resistance to aPPD (Fig.3-1A), while 

the vehicle of aPPD (alcohol) was not toxic to SF188 (Fig.3-1B). Among them, 

SF188C2R2 was used for further study because its proliferation rate was higher than 

other SF188C2R cell lines. Fig.3-2 showed that SF188C2R2 was 1.6-fold more 

resistant to aPPD when compared to the parental cells. 
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Fig. 3-1. Viability of SF188 and C2R cell lines in the presence of aPPD 

A) SF188 and SF188C2R1, C2R2, C2R3, C2R4, C2R5, C2R6 and C2R7 cells were 

incubated in indicated concentration of aPPD in 2% FBS for 24 h. 

Each point is the mean ± SD of four measurments and represented as percentage of 

change relative to the aPPD vehicle control. 

The viability of all SF188C2R cell lines in aPPD 20 ug/ml, 30 ug/ml, 40 ug/ml, 50 

ug/ml is different from the parental SF188 cells (p<0.01). 

*, p<0.01, p value was calculated from an independent t-test between one of 

SF188C2R cell lines and SF188 cell line. 

B) SF 188 cells were treated with aPPD vehicle (alcohol). 

Viability is expressed as percentage of change relative to the control using MTT 

assays. Each point is the mean + SD of three experiments. 

P > 0.05 in vehicle treated group compared with untreated control. 

(Two-way ANOVA followed by Dunnett post hoc test) 
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Fig. 3-2. Viability of SF188C2R2 and SF188 in the presence of aPPD 

SF188C2R2 and SF188 were growing for 48 h and were incubated with indicated 

concentrations of aPPD for 24 h. Viability is expressed as a percentage of change 

relative to the drug vehicle control using MTT assay. Each point is the mean ± SD of 

three experiments. 

*, p<0.01, p value was calculated from an independent t-test between two cell lines. 

p<0.05 in aPPD treated groups compared to untreated controls in two cell lines. 

(Two-tail ANOVA followed by Dunnett post hoc) 
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3.3.2 Growth characteristics of SF188C2R2 

To evaluate the growth kinetics of SF188C2R2, colonies assays on soft agar were 

conducted for both SF188C2R2 and its parental cells SF188. As shown in Table3-1, 

the plating efficiency for both SF188C2R2 and SF188 was increased with 

concentrations of FBS. However, the plating efficiency of SF188C2R2 was 2-fold of 

SF188 (Table3-1). As another index of cell proliferation, the doubling time for both 

cell lines were measured. SF188C2R2 had a doubling time of 24.2 ± 1.8 h, which was 

3-fold shorter than SF188 (68.2 ± 24.5 h), (P<0.05) (Fig. 3-3). Table 3-2 shows the 

results of colony formation assay for both cell lines. SF188C2R2 had two times more 

colonies than the parental SF188 cells 14 days (P<0.05). 

3.3.3 Cell cycle distribution of SF188C2R2 

To examine the effect of aPPD on the cell cycle of the two cell lines, the cell cycles of 

SF188C2R2 and SF188 were analyzed by flow cytometry before and after treatment 

with aPPD (SF188 as a control). There was no significant difference in percentages of 

cells at different phases of the cell cycle for the two cell lines in the absence of aPPD. 

Incubated with low concentrations of aPPD (10 ug/ml, 15 ug/ml) for 36 h (Fig.3-4), 

both SF188 and SF188C2R2 cells showed decreased proportion of cells in S phase 

(Fig.3-4, Table3-3) indicating a cell cycle arrest. Interestingly, while SF188 cells 

showed a clear G2-M arrest (Fig.3-4A), SF188C2R2 cells treated with aPPD appeared 

with increased Gl cells, suggesting a Gl cell cycle arrest (Fig.3-4B, Table 3-3). 
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Table 3-1 The characteristics of SF188C2R2 and SF188 cell lines 
Doubling time Plating efficacy (%) 

Cell line (h) 10% FBS 15% FBS 20% FBS 
SF188C2R2 24.2+1.8 15.53 + 4.06 26.50 + 3.48 33.27+1.86 
SF188wt 68.2 + 24.5" 6.33 + 1.53" 13.00 + 3.21" 15.30 + 2.26* 

The values are means of three identical experiments. 
p<0.05, * p<0.01, p value was calculated from independent t-test between two cell lines. 
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-•-SF188C2R2 

-B-SF188 

Fig. 3-3. Growth curve of SF188C2R2 and SF188 

Each point is the mean ± SD of three experiments and represented as fold changes 

relative to the number of seeded cells. 

*, p<0.01, p value was calculated from independent t-test between two cell lines. 
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Table 3-2 Colony formation assay of SF188 and SF188C2R2 cell lines 
FBS (%) SF188 SF188C2R2 P value* 

0 0 0 
10 63.3 + 15.3 155.3±40:6 P<0.05 
15 130.0 + 32.1 265.0 + 34.8 P<0.01 
20 153.0 + 22.6 332.7+18.6 P<0.01 

The values are means of three identical experiments. 
* p value was calculated from independent t-test between two cell lines. 
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Fig. 3-4. Flow cytometric profiles of SF188C2R2 and SF188 treated with aPPD 

A) SF188 and B) SF188C2R2 cells were incubated with aPPD in indicated 

concentrations of aPPD for 36 h. The percentage of cells in each phase of the cell 

cycle is shown beside each histogram. 
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Table 3-3 Effect of aPPD on cell cycle distribution in SF188C2R2 and SF188 
Cell line 

SF188 SF188C2R2* 
aPPD ug/ml Gl S G2/M Gl S G2/M 

0 51 22.8 25 37.57 + 24.08 19.77+10.04 22.13 + 14.6 
10 11.6 16.8 51.8 73.5 + 4.33 8.92 + 4.73 19.5 + 7.67 
15 5.76 9.26 72.3 65.7+16.5 10.13 + 3.57 19.74+14.34 

* Data represent the mean ± SD of three experiments 
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3.3.4 Drug resistance profile of SF188C2R2 

To ask whether selected aPPD-resistant cells would also be resistant to other 

anticancer agents, viability of the cells treated with various chemotherapeutics was 

analyzed. Fig.3-5 shows that SF188C2R2 was resistant to paclitaxel, vincristine and 

cisplatin. On the other hand, SF188C2R2 was significantly more sensitive to 

doxorubicin (Fig.3-6A1, Fig.3.6A2). There was no significant difference in sensitivity 

of the two cell lines for BCNU. (Fig.3-6B1 and Fig.3-6 B2). Table 3-4 lists the IC50s 

of the two cell lines on various anticancer drugs tested. 

To determine if the drug resistance of SF188C2R2 was mediated by P-gp, calcein 

formation assay was performed. Fig.3-7 showed that calcein AM, the substrate of P-

gp, accumulated in both SF188C2R2 (Fig.3-7A) and SF188 (Fig.3-7B) cells to form 

intracellular fluorescent calcein without difference. Thus, the drug resistance of 

SF188C2R2 across other chemotherapy agents cannot be attributed to overexpression 

of P-gp. 

3.3.5 Resistance to DNA transfection of SF188C2R2 

It was unexpectedly found that transfection efficiency of SF188C2R2 was much lower 

than its parental cell line tested with PHR'-CMV-EGFP. The transfection rates (Fig.3-

8) were: SF188C2R2: 2.54% + 0.14. SF188: 12.86%+1.98. The resistant index (the 

ratio of SF188C2R2 transfection rate vs SF188 transfection rate) was Rf: 5.06, P<0.05 

(Fig. 3-9). The data shows one of three experiments. 
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Fig. 3-5. Cross-resistance of SF188C2R2 to various chemotherapeutics 

Viability is expressed as a percentage of the solvent control using MTT assay. Each 

point is the mean ± SD of four measurements. 

Al) and A2) Paclitaxel 

* p<0.01, p value was calculated from an independent t-test between two cell lines. 

p<0.05 in paclitaxel treated groups compared to untreated controls in two cell lines. 

(Two-tail ANOVA followed by Dunnett post hoc) 

Bl) and B2) Vincristin 

* p<0.01, p value was calculated from an independent t-test between two cell lines. 

p<0.05 in vincristin treated groups compared to untreated controls in two cell lines. 

(Two-tail ANOVA followed by Dunnett post hoc) 

CI) and C2) Cisplatin 

* p<0.01, p value was calculated from an independent t-test between two cell lines. 

p<0.05 in cisplatin treated groups compared to untreated controls in two cell lines. 

(Two-tail ANOVA followed by Dunnett post hoc) 
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Fig. 3-6. SF188C2R2 and parental SF188 incubated with DOX and BCNU 

Viability is expressed as a percentage of the solvent control using MTT assay. Each 

point is the mean ± SD of four measurements. 

Al)andA2)DOX 

*, p<0.01, p value was calculated from an independent t-test between two cell lines. 

p<0.05 in DOX treated groups compared to untreated controls in two cell lines. 

(Two-tail ANOVA followed by Dunnett post hoc) 

Bl)and B2) BCNU 

*, p<0.01,.p value was calculated from an independent t-test between two cell lines. 

p<0.05 in BCNU treated groups compared to untreated controls in two cell lines. 

(Two-tail ANOVA followed by Dunnett post hoc) 
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Table 3-4 Cytotoxicity of aPPD and other anticancer drugs in SF188C2R2 and SF188 
Drugs IC 5 0 

a Rf P values0 

SF188C2R2 SF188 
aPPD (ug/ml) (24 h) 40.92+10.51 24.49+4.21 1.7 <0.05 
Taxol (uM) (58 h) 4.52+1.86 0.0089 + 0.0018 544.9 <0.01 
Vincristine (nM) (58 h) No 0.573 + 0.13 oo <0.01 
Cisplatin (uM) (48 h) 669.87 + 21.80 8.78 + 3.71 76.3 <0.01 
DOX (uM) (72 h) 0.177 + 0.017 0.626+/-0.013 0.3 <0.01 
BCNU (uM) (72 h) 1981.27 + 305.29 1767.86 + 85.43 1.1 >0.05 

a IC50 values were statistically different (P<0.05) between SF188 and SF188C2R2 cells for all drugs. 
Data are presented as the means + SD. 

b Rf (resistant factor) was determined by dividing the IC50 of the drug for SF188C2R2 by that of the 
parental cell line SF188. 

c P value was calculated from independent t-test between cell lines 
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Fig. 3-7. Fluorescent Calcein formation assay in SF188 C2R2 and SF188 

A) Fluorescent Calcein formation in SF188C2R2. 

B) Fluorescent Calcein formation in SF188. 

Cells were photographed using an Axiovert -200 inverted fluorescent microscope and 

a 40 X phase-contrast objective 
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Fig. 3-8. SF188C2R2 transfection with PHR'-CMV-EGFP 

SF188 C2R2 or SF188 cells 2X 105 were transfected with 2ug of PHR'-CMV-EGFP 

palsmide. 24 h after transfection, the cells were photographed using a FluoArc, 

Axiovert -200 inverted fluorescent microscope and a 40 X phase-contrast objective. 

Rf. 5.09, p<0.05. Rf (resistant factor) was determined by the transfection ratio of 

SF188C2R2 by that of the parental cell line SF188. 
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Fig. 3-9. Transfection efficiency of SF188 and SF188C2R2 with lentiviral vector 

PHR'-CMV-EGFP 

The ratio was determined from three representative viewing fields captured the 

fluorescent microscope. Data are expressed as the means ± S D of the transfected cells 

in three representative viewing fields. 

**, p<0.05, p value was calculated from independent t-test between two cell lines. 
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3.4 Discussion 

Drug resistance is a principal problem in the treatment of cancer and occurs in most 

anticancer drugs. The establishment of aPPD-resistant cell line demonstrated that 

cancer cells could acquire drug resistance to aPPD as they do to many other 

anticancer agents. aPPD- resistant cell line, SF188C2R2, grown from a single cell by 

aPPD selection, was 2-fold resistant to aPPD compared to its parental cell line SF188. 

Unlike some other drug-resistant cell lines generated by "stepwise" induction, which 

usually takes 6 months to establish the drug-resistant cell lines [20-22]. SF188C2R2 

was induced by one step with aPPD 30 ug/ml (IC90) in 3 months. Frequency of 

acquired aPPD-resistant cells, about 1/105 in SF188 cells, was higher than that of 

other drug resistance developed by gene mutation in tumor cells, which was 1/106 -

1/107 cells per generation [23, 24]. 

The aPPD-resistant cell line, SF188C2R2 is different from the parental SF188 cells 

with several distinctly biological features (Table 3-5). SF188C2R2 showed higher 

rates of proliferation compared to SF188. Secondly, SF188C2R2 exhibited cross-

resistance to anticancer drugs with different mechanisms of action (Fig.3-5). 

Interestingly, SF188C2R2 appeared lower efficiency in plasmid DNA transfection 

(Fig.3-9). Most strikingly, SF188C2R2 lost the response of G2-M arrest to treatment 

of low concentrations of aPPD (Fig.3-4). 

Recently, Ma and colleagues reported another drug resistant cell line, SF188TR 
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Table 3-5 Biological features of SF188C2R2 versus SF188 
Biological features SF188C2R2 SF188 

Cell growth doubling time 24.2 ± 1.8 68.2 ± 24.5 
Colony formation 155.3 + 40.6 63.3 + 15.3 
Cell cycle Gl arrest G2 arrest 
aPPD Resistant Sensitive 
Cross drug resistant + -
DOX Sensitive Resistant 
plasmid DNA transfection Resistant Sensitive 
P-glycoprotein expression - -
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derived from SF188 induced by temozolomide [20]. Comparing SF188TR to 

SF188C2R2 (Table 3-6), both cell lines showed low P-gp activity. Both TMZ- and 

aPPD-resistant cells demonstrated the profiles of cross-drug resistance and cell 

cycledistribution with drug treatment different from their parental cells SF188. 

However, different to SF188C2R2, SF188TR showed no difference in proliferation 

rate compared to SF188. In addition, the drug resistant profile of SF188TR was 

different from that of SF188C2R2 (Table 3-7). Even though both SF188TR and 

SF188C2R2 exhibited resistance to paclitaxel and cisplatin, SF188C2R2 was sensitive 

to DOX but SF188TR was resistant to DOX. Ma et al further demonstrated that the 

pro-apoptotic proteins, Bad, Bax and Bcl-X, were reduced 2-4-fold in the SF188/TR 

resistant cells compared to the parental cells but the expression of the anti-apoptotic 

protein Bcl-2 and BC1-XL remained unchanged in both cell lines. Therefore, they 

inferred that the apoptotic-related mechanism may favor cell survival and provided a 

common multidrug resistance mechanism for the cross-resistance of SF188/TR cells. 

However, the above difference indicates that the acquired drug resistance was due to 

different mechanisms between SF188TR and SF188C2R2. SF188C2R2 is likely a 

useful tool for further investigation of the mechanism of aPPD inhibiting the cancer 

cells. SF188C2R2 showed in Fig.3-5 is resistant to alkaloids agent vincristine and 

paclitaxel, which prevent the formation of chromosome spindles necessary for cell 

duplication. SF188C2R2 is also resistant to alkylating agent cisplatin, which binds to 

DNA in cells to prevent DNA replication. The above cross-resistance between aPPD 

and chemotherapeutics suggests that there might be an unknown mechanism of 
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Table 3-6 Characteristics of SF188C2R2 and SF188TR 
Biological features SF188C2R2 vs SF188 SF188TR vs SF188 [201 

Doubling time 
Morphology 
Cell cycle 
DOX 
Cisplatin and Taxol 

Shorter 
Heterogeneous 

Unchanged /G2 arrest 
Sensitive 
Resistant 
Negative 

Unchanged 
/ 

Unchanged /G2 arrest 
Resistant 
Resistant 
Negative 
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resistance developed in the cells that is common for all the above agents, however, 

calcein formation assay (Fig. 3-7) showed that neither SF188 nor SF188C2R2 

overexpress P-gp. Thus, it is not likely that the cross-resistance to the above drugs 

was due to enhanced drug efflux. Interestingly, SF188C2R2 (Fig. 3-6A1) was 3-fold 

sensitized to the antitumor antibiotics agent DOX that prevents DNA replication by 

inhibiting topomerase II activity. This paradoxical phenomenon suggests the existence 

of multiple pathways interacting with each other in the cells. When a tumor becomes 

resistant to some anticancer drugs due to alteration of one or more pathways, it is also 

possible to become sensitive to other agents. Furthermore, SF188C2R2 remained 

unchanged in response to BCNU, which inhibits DNA replication by forming 

covalent bonds with DNA and causes single strand DNA breaks (Fig. 3-6B). Previous 

studies demonstrated that the level of 06-alkylguanine transferase, an enzyme capable 

of repairing the 06-alkylguanine lesion, was elevated in SF188 [1, 25, 26], which was 

one of the mechanisms of SF188 resistant to BCNU. Unchanged resistance to BCNU 

in SF188C2R2 suggests that some genetic features of parental SF188 remained after 

selection for aPPD resistance, and the mechanism responsible for BCNU resistance is 

independent of the mechanisms causing cross-resistance to aPPD and other 

chemotherapeutics. 

SF188 cell line used in the present study was known for its mutation in p53 with a 

glycine to glutamate substitution at codon 266 (GGA (Gly) — GAA (Glu)) [2]. This 

mutation occurred in the DNA binding domain of p53 protein, which binds DNA 
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Table 3-7 Comparesion of drug resistant profiles of SF188C2R2 and SF188 TR 
Parent SF188 of Parent SF188 of 

SF188C2R2 SF188C2R2 SF188TR[201 SF188TR [201 
IC 5 0 (uM) IC 5 0 (uM) Rf* IC 5 0 (uM) IC 5 0 (uM) Rf* 

Paclitaxel 0.0089 + 0.0018 4.52+1.86 544.9 0.00172 + 0.00084 0.00586 + 0.00223 3.4 
Cisplatin 8.78 + 3.71 669.87 + 21.80 76.3 0.6837 + 0.0793 1.11501 ±0.1823 1.6 
Dox 0.626+/-0.013 0.177 + 0.017 0.3 0.0205 + 0.00069 0.0598 + 0.00172 2.9 

* Rf (resistant factor) was determined by dividing the IC50 of the drug for SF188C2R2 or SF188TR by that of the parental cell line 
SF188. 
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in a sequence-specific manner to activate transcription of a number of genes including 

p21 C i p / W A F 1 , MDM2 and BAX. p21C i p A V A F I cinhibits Gl cyclin dependent kinases, 

blocking cell cycle progression from Gl into S phase [27-29]. Ma et al. also found 

that treated with TMZ, the parental cells SF188 were blocked in G2-M phase but the 

cells distribution in SF188TR remained unchanged after TMZ treatment [20]. They 

further demonstrated that both SF188 and SF188TR cells contained p53 mutation and 

failed to transcriptionally induce the p53-response gene p 2 i c , P / W A F 1

; j n response to 

DNA damage [20]. Our preliminary results also showed a G2/M arrest in SF188 after 

treatment with low concentrations (10 ug/ml and 15 ug/ml) of aPPD. Interestingly, 

similar to the SF188TR cells, the G2/M arrest was not seen in aPPD treated 

SF188C2R2 (Fig.3-4, Table 3-3). 
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CHAPTER 4. PRELIMINARY RESULTS OF GENE EXPRESSION 

PROFILES OF SF188 AND SF188C2R2 CELLS TREATED 

WITH OR WITHOUT APPD 

4.1 Introduction 

Many studies have attempted to uncover the molecular mechanism of ginsenosides, 

including Rh2, Rg3, aPPD and aPPT for the effects of tumor inhibition shown by 

reducing cell proliferation, blocking cell cycle and inducing apoptosis [1, 2]. A 

number of complicated signal transduction pathways (e.g., NF-kB, c-myc, p2 i C | P / W A F 1

5 

and BC1-XL) pertinent to cellular growth, differentiation and apoptosis were reported 

to be involved and responsible for the anticancer activities by the above ginsenosides 

[3, 4]. Ginsenoside Rg3, one of the panaxadiol (PD) family members, was found to 

exert potent inhibitory effects on NF-kB and on the activation of a transcription factor, 

activator protein-1 (AP-1), which links to c-jun and c-fos oncogenic transactivation in 

human pro-myelocytic leukemia (HL-60) cells [3]. Rg3 was also demonstrated to 

cause LNCaP cell death by down-regulating the Bcl-2 gene and concomitantly 

activating caspase-3 gene and modulated MAP kinases [5]. To induce the cell cycle 

Gl arrest in LNCap, Rg3 inhibited PCNA (proliferating cell nuclear antigen) and 

cyclin kinase 1, which was associated with increased expression of cyclin kinase 

inhibitor genes p2 i C i p / W A F i and p27K'p [6]. It was also reported that ginsenosides Rg3 

and Rh2, another member of the PD family, caused Gl/S arrest in human hepatoma 

SK-HEP-1 cells by inducing p27K,p and thereby down regulating cyclin E-dependent 

kinase activity [7]. Rh2 has been shown to suppress the DNA replication in 

BALB/c3T3 cells via indirect Cdk2 (cyclin-dependent kinase 2) inhibition [8]. In 

addition, Rh2 induced the expression of p21 C i p / W A F 1 and reduced the levels of cyclin D 
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resulting in the down-regulation of cyclin/Cdk complex kinase activity, the decease of 

decreasing phosphorylation of pRb and the inhibition of E2F release in MCF-7 [9]. 

Furthermore, the metabolite of ginseng saponin 20 - O - (-D-Glucopyranosyl) - 20(S) 

- protopanaxadiol (IH901) was reported to inhibit cancer cells via the mitochondrial -

mediated pathway in HepG2 cells by activation of caspase-9, -3, and casepase-8 and 

to cleave Bid and tBid in the amplified mitochondrial pathway [10]. IH-901 was 

demonstrated to inhibit a tumor promoter 12-O-tetradecanoyphorbol (TPA), which 

induced COX-2 expression by blocking the ERK and NF-kB signaling cascades [11]. 

However, all investigations into the mechanisms of anticancer activity of ginsenosides 

were established on individual genes or single pathway studies. Because genes 

collaborate in overlapping pathways, single pathway or several key genes studies of 

the human repertoire of over 30, 000 genes make it hard to provide an entire picture of 

the complex pathways, which addresses how cancer cells respond to ginsenosides [12, 

13]. The limitations of experimental tools used in these studies forced gene expression 

pattern investigation to be designed around specific hypotheses and is thus framed on 

the basis of the very limited knowledge we presently possess. These experiments were 

particularly limited for mammalian study, as the networks are far more complex and 

poorly elucidated. For instance, new therapeutics for cancer designed to specifically 

target proteins involved in signalling pathways are not always effective [14]. One of 

the reasons is that the bias from individual gene or single pathway studies masks the 

interaction of the signalling pathways in cancer cells. Particularly, Rh2 and aPPD 

were recently demonstrated to have cytotoxic effects on cancer cells with both 

apoptotic and necrotic cell characteristics [2]; this suggested that multiple cell death 
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pathways were activated simultaneously [2, 3]. However, which cell death pathways 

induced by aPPD in cancer cells remains unclear. 

DNA miroarray, also known as "DNA chips", are extensions of hybridization-based 

methods for simultaneous analysis of the patterns of expressions of tens of thousands 

of genes. It is a rapid, high throughput, novel platform genetic method available for 

the analyses of many sample at the same time [13]. Moreover, DNA microarrays have 

been applied to the study of complex changes in patterns of gene expression during 

the development and progression of cancer. This provides a more comprehensive and 

less biased view of the pathway networks of given cells or tissues. 

Comprehensive molecular profding from DNA microarrays can be used for the 

mechanism investigation for the drug inhibiting cancer to identify molecular 

determinants of a drug response. Consequently, the action of the drug on genes can be 

revealed. In addition, DNA microarray provides a further basis for benchmarking the 

generation of analogues and provides important information about pathways 

potentially modulated by the drug in achieving cytotoxicity. This approach is 

accomplished by examining microarray profiles of tumor samples before and after 

drug exposure [15]. Two main implementations of DNA arrays, cDNA and 

oligonucleotides, have been applied. Each array consists of a solid support on which 

cDNA or oligonucleotides are arrayed. cDNA array is cDNA clones robotically 

spotted on a solid surface in the form of PCR products. This approach is flexible to 

make arrays with different gene sets. However, cDNA clones and PCR products 

require accurate annotation, collection, and storage of cDNA clones. A cross-

contamination of PCR products must be avoided. Oligonucleotides are either directly 
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synthesized in situ on a support or robotically spotted. The targets are designed with 

known gene sequences in which the oligonucleotides length varying from 20 to 80 

base pairs allow for alternative transcripts to be detected accurately. The main 

drawback remains the elevated cost. In the following steps, cDNAs or cRNAs (probe) 

derived from cell lysate mRNAs are labeled with fluorescent, chemiluminescent, or 

radioactive and hybridized to the target on the array. A DNA array - based assay is 

the conversion of the image acquired with the scanner into a numeric table that 

associates multiple values to every gene (or oligonucleotide set) in the array [16]. The 

array utilized in the present study was CodeLink UniSet Human 20K Bioarray. It is an 

oligonucleotides array with 20,289 genes. Codelink Expression Bioarray signals are 

derived from the hybridization of biotin-labelled complementary RNA (cRNA) [17]. 

The miroarray data analysis, interpretation, and meaningful display are particularly 

challenging. Currently, dedicated software provides unsupervised and supervised 

analysis. Unsupervised methods using cluster analysis, self-organizing maps, and 

principal component analysis define classes without any prior intervention on data, 

which are organized by clustering genes and/or samples simply according to 

similarities in their expression profiles. Cluster analysis, probably the most popular 

method of DNA array data analysis in research, is divided as hierarchical and 

nonhierarchical clustering. Hierarchical clustering allows for the detection of higher-

order relationships between clusters of profiles, whereas, the majority of 

nonhierarchical classification techniques work by allocating gene expression profiles 

to a predefined number of clusters. The possibility of exploring different levels of the 

hierarchy has led many authors to prefer hierarchical clustering to the nonhierarchical 

alternatives. Supervised techniques are used in defining relevant classes before anal-
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ysis. The analyses incorporate external information related to samples studied to 

identify the optimal set of genes that best discriminate between experimental samples 

[16]. 

Because DNA microarrays enable the acquisition of gene expression data on a scale at 

one time and relate how the gene expression pattern of one gene correlates to the 

expression of other genes between the samples [18], the objective of this part of study 

was focused on using DNA miroarray to investigate the alteration of gene expression 

in human glioblastoma cells SF188 and its drug resistant daughter line SF188C2R2 

treated with aPPD, in the hope of gaining insight into the molecular mechanisms of 

cell death mediated by aPPD, and the identification of potential genes that may be 

further evaluated for possible therapeutic application and new drug development. 

4.2 Methods and materials 

4.2.1 Drugs and chemicals 

aPPD stock 50mg/ml was kept in 4°C (See chapter 2). TRIzol was purchased from 

Invitrogen. Isopropanol was purchased from Sigma. Agarose was the product of Life 

Science GIBICO. TaqMan® Reverse Transcription Reagent Kit and SYBR Green 

(Applied Biosystems, Foster City, CA, USA). 

4.2.2 Cell lines 

The human glioblastoma cell line SF188 and aPPD-resistant cell line SF188C2R2 

generated by our lab (See chapter 3) were grown in DMEM (Canadian Life 
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Technologies Inc., Burlingto, Ont.) containing 10% fetal bovine serum, lOOU/ml 

penicillin and 100 ug/ml streptomycin. Cells were incubated at 37°C under a 

humidified atmosphere of 5% C02. The medium was replaced every 3 days. 

4.2.3 Cell culture and RNA isolation 

2.2X 106 SF188 cells and 1.98X 106 SF188C2R2 cells were seeded in 100 mm dishes 

and grew for 48 h. Cells were incubated with or without aPPD 40 ug/ml for 5.5 h. At 

this point, SF188 had 50% cell death while SF188C2R2 had no cell death. The 

medium was removed and the cells were washed with 0.1M PBS. RNA samples were 

isolated using TRIzol. Briefly, the cells were exposed to TRIzol reagent 1 ml/dish for 

3 min at room temperature. Then 0.2 ml chloroform was added to each dish and 

mixed gently. After 10 min at room temperature, the samples were collected into the 

tubes and centrifuged at 14,000 RPM for 15 min at 4°C. The supernatant was 

transferred into new tubes and 0.5 ml isopropanol was added to each tube and mixed. 

The samples stood at room temperature for 10 minutes, then were centrifuged at 

14,000 RPM for 10 minutes at 4°C. The pellets were washed with 1ml 75% ethanol, 

then dried in the air for 10 min, followed by dissolving in DEPC treated H2O to the 

final concentration of lmg/ml. Protein contamination in each sample was determined 

by a spectrometer at the wavelengths of 260 nm and 280 nm. The ratio of O.D. 

260/280 for each sample was larger than 1.8. The RNA samples were kept in -80°C. 

4.2.4 Reverse transcription analysis 

TaqMan® Reverse Transcription Reagent Kit (Applied Biosystems, Foster City, CA, 

USA) was utilized for reverse transcription. The first strand of cDNA was synthesized 
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in a reaction (10 pi) containing 1 ug of total RNA, lul 10X Master Mix, 0.45 ul of 

Reverse transcripase, RNAase Inhibitor Mix, and 0.4 ul of RNAse-free water. The 

reaction was carried out at 25°C for 10 min, then 48°C for 45 s followed by an 

incubation at 95°C for 5 min. cDNA samples obtained were diluted 10-times for Real

time PCR. The amplified products were resolved on 1% agarose gels and visualized 

under ultraviolet light after ethidium bromide staining. 

4.2.5 Gene expression using bioarrays 

Duplicate mRNA samples extracted from SF188 and SF188C2R2 cells in the 

presence or absence of aPPD, were labeled with Biotin using the CodeLink Bioarray 

Labeling System in Dr. Prasad's Lab, and processed for hybridization with CodeLink 

UniSet Human 20 K Bioarray (Amersham Biosciences, Vancouver Canada) through 

Medbiogene Inc., Vancouver, Canada. The bioarray utilized in the present study 

contained a collection of approximately 20,289 gene probes and has involved 12 

classes of biological processes (Table 4-l)[17, 19]. The CodeLink UniSet Human 

Bioarray content was based on the public UniGene and RefSeq databases, and 

sequences for design were derived from Incyte LifeSeq™ Gold and Foundation 

databases [www. amershambiosciences.com] [17]. 

4.2.6 Array data analysis 

Each sample was normalized to medium signal intensity. The normalized intensities 

were compared between groups defined by ratios of the averages of the duplicates in 

each group. Gene expression analysis was based on comparison of 4 pairs of samples 

including SF188C2R2 vs SF188 (C2R2/wt), SF188C2R2 plus aPPD vs SF188C2R2 

(C2R2+a/C2R2), SF188 plus aPPD vs SF188 (Wt+aAVt), and SF188C2R2 plus aPPD 
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Table 4-1 CodeLink UniSet Human 20KI gene classification 
Major biological process [ 19] Number of genes present [17, 19] 
Oncogenesis ~ 1000 
Cell cycle ~ 1300 
Cell-cell signaling -700 
Signal transduction ~ 1600 
Metabolism -900 
Developmental processes - 1400 
Transcription and translation - 1000 
Immune and inflammation response -800 
Protein phosphorylation -400 
Apoptosis -400 
RNA processing -300 
Ion transport -200 

[www. amershambiosciences.com] 
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vs SF188 plus aPPD (C2R2+a/wt+a). For each gene, only the ratios in the range of 0.8 

to 1.2 were considered valid. Hierarchical cluster analysis was performed to group 

genes with similar patterns of expression using Tige MEV DNA microarray analysis 

softeware version 2.2 (DataNaut Incorporated (Washington DC))[19]. Genes with 

changed expression after aPPD treatment were selected for clustering analysis. The 

criteria for aPPD regulated gene expression were that the ratio of aPPD-/aPPD+ must 

be greater than 1.5 for up-regulated genes or less than 0.68 for down-regulated genes 

[20]. 

4.2.7 Quantitative real-time PCR 

Quantitative comparison of SKIP3 and ATF4 mRNA levels was carried out using real 

time PCR technology with beta-actin as the endogenous control. Primers for SKIP3 

(forward primer 5' -TCTC AGGTCCCACGTAGGCT-3'; reverse primer 5'-

ATGATTCCCTGTGGGACAAGC-3'), ATF4 (forward primer 5'-

TTGCCTTGCGGACCTCTTC-3'; reverse primer 5 '-CCAAGGAGATCCAGTACC-

TGAAA-3'); beta-actin (forward primer 5'- ACGAGGCCCAGAGCAAGAG-3'; 

reverse primer 5'- 5 '-TCTCCATGTCGTCCCAGTTG-3') and DAP3 (forward primer 

5' -GATGCCCTGGATCCCTTTATTC-3'; reverse primer 5'-

CCTTTGGGTTATAGTTGGAAACCA-3') were designed using Primer Express 

software (Applied Biosystems). cDNA was amplified using Taqman thermal cycler 

(7000 Sequence Detection System, ABI PRISM Applied Biosystems). SYBR green 

master mix was used under the following conditions: 2 min at 50°C and 10 min at 

95°C, followed by 40 cycles of 15 s at 95°C and 1 min at 60°C. Fluorescence data was 

processed and analyzed with ABI PRISM Sequence Detection Software (Applied 

Biosystems). 
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4.2.8 Polymerase chain reaction (PCR) analysis 

The PCR reaction was carried out in a DNA thermal circler (Applied Biosystems, CA, 

U.S.A) under the following conditions: one cycle of 95°C for 3 min, followed by 40 

cycles of 95°C, 30 s, 58°C 30 s, and 72°C lmin, with a final 10 min extension at 72°C. 

The primers used were 5'-TCTCAGGTCCCACGTAGGCT-375'-

ATGATTCCCTGTGGGACAAGC-3', 5' -TTGCCTTGCGGACCTCTTC-3 75' -

CCAAGGAGATCCAGTACCTGAAA-3', and 5 '-ACGAGGCCCAGAGCAAGAG-

3V5'-TCTCCATGTCGTCCCAGTTG-3' for SKIP3, ATF4, and actin. 

4.3 Results 

4.3.1 SF188C2R2 gene expression profile differed to that of SF188 

To gain insights into the molecular basis of aPPD induced cell death in SF 188, a gene 

expression profile assay was performed with CodeLink UniSet Human 20 K Bioarray. 

This study was designed to elucidate changes in gene expression at the early stage of 

cell death in SF188 upon aPPD stimulation and to compare the gene expression 

profiles of aPPD-sensitive SF188 with aPPD-resistant SF188C2R2 cells. Two 

independent experiments on each cell lines were performed as duplicates. The 

correlation of data from the duplicates was in the range of 0.9-0.97. Overall, the signal 

derived from 6293 genes out of 19, 982 in the microarray was above the threshold of 

detection with "true" and "good" quality. According to the manufacturer's guidance, 

"true" is defined as the signal intensity of the sport that is above 80% trim mean for 
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the negative control and "good" is defined as the spot that is free of any defects. 

While, some genes consistently showed data quality as "false" and "empty" in some 

samples. "False" is defined as the signal intensity of the sport that is lower than 80% 

trim mean for the negative control and "empty" is defined as the spots that near a 

background level where the mean background plus one standard deviation is greater 

than the signal mean. The genes with the data quality showing "false" and "empty" 

indicated the expressions of these genes were extremely low. To elucidate the 

changes of gene expression induced by aPPD, four sample pairs were analyzed as 

indicated in "Methods". Accordingly, genes with a ratio larger than 2 in each pair 

were defined as up-regulated, between 0.5 and 1.5 were defined as no change and less 

than 0.5 were defined as down-regulated [21]. Hierarchical clusters were built up with 

the 3703 genes using Tige MEV version 2.2 DNA microarray analysis software. Fig. 

4-1 illustrats color coded gene expression changes. It is apparent that many genes 

express differently in SF188C2R2 from that of SF188 both in rest status and in their 

response to aPPD treatment. Table 4-2 shows that the aPPD-resistant cells 

SF188C2R2 had 41.6% genes with their expression levels similar to SF188, while 

58.4% of the genes were differently expressed. Among the differently expressed 

genes, 43.2% were down-regulated and 15.2% were over-expressed in SF188C2R2 

cells compared to that of SF188. Consistent with increased proliferation of 

SF188C2R2 (see Chapter 3), a number of proliferation related genes were up

regulated in SF188C2R2 cells as listed in Table 4-3. These genes include BRUNOL4, 

FRAG1, FGFR1, EMR2 in FGF family and BDNF (Brain derived neurotrophic 

factor). Interestingly, aPPD treatment did not significantly change the expression 

levels of those genes. 
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Table 4-2 Gene expression in SF188C2R2 and SF188 in the presence or absence of aPPD 

C2R2/wt C2R2+a/C2R2 Wt+a/Wt C2R2+a/wt+a 
Number of Number of Number of Number of 

Gene expression gene % gene % gene % gene % 
Up-regulated genes 956 15.2 139 2.2 323 5.1 1399 22.2 
Unchanged gene 2618 41.6 6116 97.2 4472 71.1 2714 43.1 
Down-regulated 
genes 2719 43.2 38 0.6 1498 23.8 2180 34.6 
Total changed genes 3675 58.4 177 2.8 1821 28.9 3579 56.9 
Total genes 6293 
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Table 4-3 Gene expression relating to cell proliferation 

C2R2/Wt Description 
BRUNOL4 2.17 Human FGFR signalling adaptor SNT-1 

FRAG1 1.65 FGF receptor activating protein 1 

FGFR1 1.50 Fibroblast growth factor receptor 1 (FMS-related tyrosine kinase 2, 
Peiffer syndrome), transcript variant 9 

EMR2 1.53 EGF-like module containing, mucin-like, hormone receptor-like 
sequence 2. 

BDNF 8.02 Brain-derived neurotrophic factor 
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4.3.2 Gene expression changes in both SF188C2R2 and SF188 treated by aPPD 

To evaluate changes in gene expression induced by aPPD in SF188 and SF188C2R2 

cells, DNA array data were fdtered based on the ratios of C2R2+aPPD/C2R2 and 

Wt+aPPD/Wt. There were a large number of genes with expression in SF188 different 

to that in SF188C2R2 treated with aPPD. While it was apparent that in the presence of 

aPPD, most genes remained unchanged in both cell lines, SF188 had 10-fold more 

genes changed in their expression than SF188C2R2 after aPPD treatment. Table 4-2 

showed that 177 genes (2.81%) in SF188C2R2 were significantly changed after 

treatment with aPPD while 1821 (28.9%) genes in SF188 altered their expression 

levels. Most interestingly, aPPD caused gene expression change (Fig. 4-2) was mainly 

up-regulation in SF188C2R2 (139/177, 78.5% of total changed genes), but was 

mainly down-regulation in SF188 (1498/1821, 82.3% of changed genes). 

4.3.2.1 Apoptotic gene expression in SF188 and SF188C2R2 treated by aPPD 

A total of 372 genes out of 19,982 genes examined were apoptosis related. 260 and 

203 apoptotic genes expressed in SF188 and SF188C2R2 treated by aPPD, 

respectively. Apoptotic gene cluster analysis shown in Fig. 4-3 demonstrated that the 

expression of many apoptotic genes in SF188 were different from that in SF188C2R2 

in response to aPPD treatment. Most interestingly, aPPD induced up-regulation of 

apoptotic genes in both SF188 and SF188C2R2, but more genes were down-regulated 

in SF188 than in SF188C2R2 (Fig 4-4). Therefore, the profile of significantly 

changed apoptotic genes in SF188 (Table 4-4) was quite different to that of 

SF188C2R2 (Table 4-5) following treatment with aPPD. 
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Fig. 4-2. Gene expression pattern in SF188C2R2 (C2R2) and SF188 (Wt) in the 

presence or abscence of aPPD 

Data were expressed as percentage of total qualified genes for analysis in the cells. 
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Fig. 4-3. Apoptotic gene cluster 



Fig. 4-4. Apoptotic gene expression pattern 
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It is worth pointing out that those genes in MAPK, mitochondrial and death-receptor 

dependent pathways, which were the main cell death pathways, changed expression 

levels after aPPD treatment in both cell lines (Fig. 4-5). SKIP3, DAP3, ATF4 and 

TNF-a were up-regulated in SF188 in the presence of aPPD (Fig. 4-6) shown by the 

array data and verified by quantitative real-time RT-PCR. It confirmed that gene 

expression levels of SKIP3 and ATF4 were up-regulated in SF188 and SF188C2R2 by 

aPPD treatment (Fig. 4-7). However, SKIP3 in SF188 was 10-fold higher than that of 

SF188C2R2. ATF4 is the partner gene of SKIP3. Fig. 4-8 showed that, paralleled to 

SKIP, ATF4 was also up-regulated in SF188 and SF188C2R2 cells treated with aPPD. 

DAP3 in cDNA array analysis was shown as up-regulated by aPPD, however, qRT-

PCR of DAP3 using primers for DAP3 variant 2 did not confirm the DNA microarray 

data. Therefore, further study may be necessary by using other variant specific 

primers to verify the results. 

4.3.2.2 Anti-apoptotic gene expression in SF188 and SF188C2R2 treated by 

aPPD 

A total of 23 genes out of 6293 genes are associated with anti-apoptosis effect (Table 

4-6). Fig 4-9 showed that there were more anti-apoptosis genes down-regulated in 

SF188 than in SF188C2R2 by aPPD. Moreover, Table 4-6 showed that SF188 had 5 

(21.7%) genes down-regulated (Fig 4-9) including IGF1R, TNFSF5, CBX4, BAG1 

and BNIP3, but no gene up-regulated. Contrarily, SF188C2R2 had 2 genes, IER3 and 

MCL1 up-regulated but no gene down-regulation in the presence of aPPD. 
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Table 4-4 Significantly changed apoptotic genes in aPPD treated SF188 cells 

OGS Wt+a/Wt Description 

TRIB3 6.78 Chromosome 20 open reading frame 97 

BCAP31 4.95 Accessory protein BAP31 

DAP3 4.25 Death associated protein 3, transcript variant 2, nuclear gene 
encoding mitochondrial protein 

ATF4 3.33 Activating transcription factor 4 (TAX-responsive enhancer 
element B67) 

NCKAP1 3.11 Nck-associated protein 1 

DNAJA3 3.07 Tumorous imaginal discs (drosophila) homolog 

EP300 3.06 Ela binding protein p300 

SFRP1 3.01 Secreted frizzled-related protein 1 

PIG7 2.91 LPS-induced TNF-alpha factor 

GADD45a 2.80 Growth arrest and dna-damage-inducible, alpha 

CTNNAL1 2.74 Catenin (cadherin-associated protein), alpha-like 1 

CUL1 2.62 Cullin 1 

CASP4 2.58 Caspase 4, apoptosis-related cysteine protease, transcript 
variant alpha 

ESPL1 2.38 Extra spindle poles like 1 (s Cerevisiae) 

INHBA 2.23 Inhibin, beta a (activin a, activin ab alpha polypeptide) 

BIRC6 2.07 Baculoviral IAP repeat-containing 6 (apollon) 

DAPK1 2.02 Death-associated protein kinase 1 

TNFRSF21 0.49 Tumor necrosis factor receptor stum on ER family, member 
21 

CASP5 0.48 Caspase 5, apoptosis-related cysteine protease 

FAIM 0.48 Hypothetical protein flj 10582 

SFRP5 0.47 Secreted frizzled-related protein 5 

BOK 0.46 Bcl-2-related ovarian killer protein-like 
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BCLAF1 0.46 KIAAO164 gene product 

FASTK 0.44 Fast kinase, transcript variant 2 

PDCD8 0.44 Programmed cell death 8 (apoptosis-inducing factor), nuclear 
gene encoding mitochondrial protein, transcript variant 2 

FKSG2 0.43 Apoptosis inhibitor 

MX1 0.43 Human p78 protein , complete cds 

TIAL1 0.42 TIA1 cytotoxic granule-associated rna binding protein-like 1, 
transcript variant 2 

TRAF1 0.42 TNF receptor-associated factor 1 

BCL2L12 0.42 Bcl2-like 12 (proline rich), transcript variant 1 

PCBP4 0.41 Poly(RC) binding protein 4, transcript variant 4 

CBX4 0.40 Chromobox homolog 4 (pc class homolog, drosophila) 

PAK1 0.40 P21/CDC42/RAC1-activated kinase 1 (STE20 homolog, 
yeast) 

BNIP3 0.39 Bcl2/adenovirus elb 19kd interacting protein 3, nuclear gene 
encoding mitochondrial protein 

PLAGL1 0.38 Pleiomorphic adenoma gene-like 1, transcript variant 1 

SMAC 0.38 Second mitochondria-derived activator of caspase 

IGF1R 

DNM2 

TNFRSF25 

TXNL1 

0.36 Insulin-like growth factor 1 receptor 

0.36 Dynamin 2 

0.35 Tumor necrosis factor receptor stum on ER family, member 
12 (translocating chain-association membrane protein) 

0.35 Thioredoxin-like, 32kd 

ZNF443 0.34 Krturn on pel-type zinc finger (C2H2) 

TNFRSF9 0.33 Tumor necrosis factor receptor stum on ER family, member 
9 
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TRAF5 0.32 TNF receptor-associated factor 5 

TNFSF5 0.32 Tumor necrosis factor (ligand) sturn on ER family, member 5 
(Ffyper-igm syndrome) 

GLRX2 0.32 Glutaredoxin 2 

BAG1 0.30 Bcl2-associated athanogene 

NOX5 0.29 Nadph oxidase, EF hand calcium-binding domain 5 

BCAP29 0.28 B-cell receptor-associated protein bap29 

LGALS7 0.27 Lectin, galactoside-binding, soluble, 7 (GALECTIN 7) 

EDAR 0.27 Ectodysplasin 1, anhidrotic receptor 

TESK2 0.26 Testis-specific kinase 2 

PDCD5 0.25 Programmed cell death 5 

BAD 0.21 Bcl2-antagonist of cell death, transcript variant 2 

NGFR 0.20 Nerve growth factor receptor (TNFR stum on ER family, 
member 16) 
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Table 4-5 Significantly changed apoptotic genes in aPPD treated SF188C2R2 cells 
OGS C2R2+a/C2R2 Description 

GADD45a 10.11 Growth arrest and DNA-damage-inducible, alpha 

GADD45B 7.04 Growth arrest and DNA-damage-inducible, beta 

AXUD1 5.20 AXIN1 up-regulated 

TRIB3 4.94 Chromosome 20 open reading frame 97 

MCL1 3.10 Myeloid cell leukemia sequence 1 (Bcl2-related) 

BIRC6 2.96 Baculoviral iap repeat-containing 6 (APOLLON) 

TRAF4 2.89 TNF receptor-associated factor 4 (TRAF4), transcript 
variant 1 

rNFRSF12A 2.77 Type I transmembrane protein fnl4 (FN 14) 

NFKBIA 2.62 Nuclear factor of kappa light polypeptide gene 
enhancer in b-cells inhibitor, alpha 

PEA 15 2.60 Calsequestrin 1 (fast-twitch, skeletal muscle) (CASQ1), 
nuclear gene encoding mitochondrial protein 

CASP5 2.59 Caspase 5, apoptosis-related cysteine protease 

IER3 2.58 Immediate early response 3 (IER3), transcript variant 
short 

SIAH1 2.58 Seven in absentia homolog 1 (drosophila) 

PRLR 2.38 Prolactin receptor 

CASP9 2.17 Caspase 9, apoptosis-related cysteine protease, 
transcript variant beta 

ERCC3 2.17 Excision repair cross-complementing rodent repair 
deficiency, complementation group 3 (xeroderma 
pigmentosum group b complementing) 

DATF1 2.11 Human for KIAA0333 gene, partial CDs 

BNIP1 2.06 Bcl2/adenovirus elb 19kd interacting protein 1, 
transcript variant BNIP1 

INHBA 2.06 Inhibin, beta a (activin a, activin ab alpha polypeptide) 
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PPM1F 0.18 KIAA0015 gene product 

CARD4 0.10 Caspase recruitment domain family, member 4 

CASPASE 4 0.06 Caspase 4, apoptosis-related cysteine protease, 
transcript variant alpha 
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Fig. 4 - 5 . TNF-a and NF-KB pathway network 

Three cell death pathways were activated in SF188. 

1. TNF-a recruits FADD, and TRADD through TNF receptor l(TRAFl) binding to 

caspase 8 to form the death-initiating signaling complex (DISC), consequently induce 

apoptosis. 2. Activated TRAF1 combines to TNF receptor-associated factor (TRAF2) 

to form a heterodimeric complex, with the involvement of TRAF1-TRAF2 complex, 

TNF-a mediates activation of MAPK pathway to trigger apoptosis via p53 

independent pathways. 3. TNF-a activates N F - K B with the TRAF1-TRAF2 complex 

or TAB 1 to induce cell death via SKIP3 which negatively feedback regulated N F - K B 

and AKT1. 
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Table 4-6 Anti-apoptosis gene expression 
OGS C2R2+a/C2R2 Wt+a/Wt Description 

IER3 2.58 1.64 Immediate early response 3, transcript 
variant short 

MCL1 3.1 1.57 Myeloid cell leukemia sequence 1 (Bcl2-
related) 

RTN4 1.63 1.81 Reticulon 4 

BECN1 1.34 0.95 Beclin 1 (coiled-coil, myosin-like Bcl2 
interacting protein) 

BFAR 1.23 0.87 Apoptosis regulator 

FOXOIA 1.18 0.69 Forkhead box ola (Rhabdomyosarcoma) 

IGF1R 1.16 0.36 Insulin-like growth factor 1 receptor 

BAG3 1.11 0.74 Bcl2-associated athanogene 3 

CFLAR 1.10 0.61 Casp8 and FADD-like apoptosis 
regulator 

TGFB1 1.07 0.65 Transforming growth factor, beta 1 

PEA 15 1.05 0.81 Phosphoprotein enriched in astrocytes 15 

TNF 1.05 0.85 Tumor necrosis factor (tnf sturn on ER 
family, member 2) 

HDAC3 0.99 0.53 602629572F1 cDNA, 5'end 

TNFSF5 0.97 0.32 Tumor necrosis factor (ligand) stum on 
erfamily, member 5 (hyper-igm 
syndrome) 

CBX4 0.96 0.40 Chromobox homolog 4 (PC class 
homolog, drosophila) 

NOTCH2 0.93 0.79 Notch homolog 2 (drosophila) 

BCL2L1 0.90 0.79 Bcl2-like 1 

BAG1 0.86 0.30 Bcl2-associated athanogene 
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HDAC3 0.86 1.67 Histone deacetylase 3 

MAPK8IP2 0.84 0.74 Mitogen-activated protein kinase 8 
interacting protein 2 

HTATIP2 0.82 1.77 HIV-1 TAT interactive protein 2.30 kd 

BNIP3 0.80 0.39 Bcl2/adenovirus elb 19kd interacting 
protein 3 (BNIP3), nuclear gene encoding 
mitochondrial protein 

BIRC5 0.79 0.53 Baculoviral IAP repeat-containing 5 
(survivin) 
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Fig. 4-9. Anti-apoptotic gene expression patterns 
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4.4 Discussion 

This study was based on microarray experiments designed to elucidate the molecular 

mechanisms of aPPD-induced cell death. In addition, since the mRNA was collected 

at the same time point after treatment with aPPD at which SF188 showed 50% death, 

while there still was no cytotoxicity shown in SF188C2R2 cells, the difference in 

gene expression profdes of the two cell lines may reveal the cause of aPPD-resistance 

observed in SF188C2R2 cells. Using unsupervised analysis in this study, including 

clustering analysis, the ratio comparison of samples before and after aPPD treatment, 

the gene expression pattern in SF188 and SF188C2R2 and the genes involving cell 

death pathway induced by aPPD were extensively analyzed. The results of DNA array 

data supported the idea that gene expression profde in SF188C2R2 significantly 

differed to that of the parental cell line SF188 with astonishing 58.4% genes in 

SF188C2R2 (Table 4-2). The difference in gene expression profiles between the two 

cell lines without any drug treatment forms the base of genetic difference between the 

two cell lines, which was partially reflected by the difference in phenotype, such as 

morphology, cell growth rate, and drug resistance, etc, described in Chapter III. It is 

highly likely that the relatively large number of altered genes may be co-regulated 

[22], for instance, that several members of fibroblast growth factor (FGF) family 

including BRUNOL4, FRAG1, FGFR1 and EMR2 were all over-expressed together. 

BDNF is also found highly expressed in SF188C2R2. Activation of FGF pathway 

induces cellular migration, proliferation and differentiation. High levels of expression 

in these genes in SF188C2R2 may contribute to the hyper-proliferation of the cells 

described in Chapter 3. 
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Treated with aPPD, 3579 (56.9%) genes showed different expression levels in SF188 

and C2R2 cells. More genes altered their expression levels in SF188, which 

underwent apoptosis, than in SF188C2R2, which remained morphologically 

unchanged (Table 4-2). Interestingly, aPPD induced changes in gene expression in 

SF188 cells were mainly down-regulated but aPPD had the opposite effect on 

SF188C2R2 cells that mainly caused gene up-regulation (Fig.4-2). 

Since aPPD quickly induces apoptosis in SF188 glioma cells and many other tumor 

cells, special attention was given to expression profiles of apoptosis related genes with 

and without aPPD treatment. Despite several attempts of using various analytical 

strategies, it was not possible identify any commonly known pathways that are up- or 

down- regulated by aPPD treatment although quite a few apoptosis related genes were 

significantly activated. Among them, SKIP3 (TRIB3) and GADD45 were up

regulated in both SF188 and SF188C2R2 cells. 

GADD45, known as 4F154, CELK08314, Y24D9A.4a, Y24D9A.4b, Y24D9A.4c, is a 

165-amino acid nuclear protein whose expression also is p53-dependent. It is known 

that DADD45 plays important roles in negative growth control, including growth 

suppression and apoptosis [23]. GADD45 is further demonstrated to interact with 

PCNA, Cdc2 and the cyclin-dependent kinase inhibitor p21WAFI/CIP1[24]. Both 

GADD45a and GADD45B may induce p38/JNK activation. GADD45a induces a 

G2/M arrest but not GADD45 B [25]. 

SKIP3, known as NIPK, SINK, TRB3, SKIP3, TRIB3 (Tribbles homolog 3 

(Drosophila)) and C20orf97, is a new member of the kinase-like Drosophila tribbles 
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family. SKIP3 gene locates at chromosome 20 open reading frame 97 [32]. Human 

ATF4, also known as CREB2, TAXREB67 and C/ATF, a member of the ATF/CREB 

(activating transcription factor/ cyclic AMP response element binding protein) family 

of basic region-leucine zipper (bZIP) transcription factors, is the partner gene SKIP3 

[26]. Wu et al demonstrated that over expression of SKIP3 inhibited NF-kB-

dependent transcription induced by tumor necrosis factor (TNF) stimulation or its 

downstream signaling proteins, but did not inhibit N F - K B translocation to the nucleus 

and binding to DNA. SKIP3 is a putative protein kinase that is induced by the 

transcription factor NF-kB and negatively regulating serine-threonine kinase AKT1 

and NF-kB to act on cell survival regulation. SKIP3 can also sensitize the cells to 

TNF- and TRAIL-induced apoptosis. Taken together, this data suggests that SKIP3 is 

critically involved in a novel negative feedback control pathway of NF-icB-induced by 

gene expression, and which may evoke selective cell death in SF188 when treated 

with aPPD [27-29]. Moreover, all of these were involved in the TNF-a and N F - K B 

pathway network. Therefore, the TNF-a and N F - K B pathway network (Fig.4-6) is 

possibly one of the important pathways involved in aPPD-induced cytotoxicity in the 

glioma cells. 

Upon treatment with aPPD, gene AKT1 displayed a significantly different response 

between the two cell lines. With the treatment with aPPD, AKT1 level in SF188C2R2 

was 5.33 fold higher than the wild type. AKT, the serine/threonine protein kinase, is a 

critical mediator of cell survival and activated AKT protect cells from apoptosis 

induced by ultraviolet radiation and ionizing radiation. Three closely related isoforms 

of AKT, AKT1, AKT2 and AKT3 are found expression in different tumor cells [30] 

[31]. Evidence suggests that increased signaling through AKT would clearly be a 
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survival advantage to tumor cells in the face of stress challenges, including DNA 

damage, hypoxia, and exposure to Fas ligand and cytokinase as well [32, 33]. AKT1 

is overexpressed in 20% of gastric adnocarinomas and human breast cancer cell lines 

[34, 35]. The expression of AKT1 in SF188 was also lower than in SF188C2R2. 

Therefore, even the SKIP3/AKT1 pathway in SF188C2R2 was activated after 

treatment with aPPD, it might not be as strong as SF188. Increased AKT1 in 

SF188C2R2 may attribute to the resistance of SF188C2R2 to aPPD-induced apoptosis. 

Due to time constraints, only three genes could be verified with real-time RT-PCR. 

The three genes were DAP3, SKIP3 and ATF4 as they are most related to each other. 

Results of qRT-PCRo for SKIP3 (Fig. 4-6) and ATF4 (Fig. 4-7) confirmed the results 

of DNA microarray analysis in both SF188 and SF188C2R2. 

In conclusion, this DNA microarray experimental approach provided global profiles 

of gene expression, of which SF188 C2R2 differs from SF188wt both in its resting 

status as well as in its response to aPPD treatment. High expression of BDNF and 

some genes of the FGF family in SF188C2R2 may be associated with the 

proliferation of SF188C2R2. The pathways involved with TNF-a were possible 

mechanisms for aPPD-induced apoptosis in SF188. Meanwhile, raised levels of some 

anti-apoptosis genes in SF188C2R2 may attribute to the aPPD-resistance of 

SF188C2R2. The activity of TNF-a / N F - K B pathway induced by aPPD explored here 

remains to be verified and more comprehensive gene collaboration in overlapping 

pathways in both SF188 and SF188C2R2 cell lines in response to aPPD should be 

identified. 
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CHAPTER 5. GENERAL CONCLUSION 

Multiple drug resistance and toxicity of anticancer drugs have been a major impact on 

eradicating cancer with chemotherapy. 20(s)-protopanaxadiol (aPPD), an aglycone 

derivative of protopanaxadiol ginsenosides family, has been reported to possess 

anticancer activity in ginsenosides family with low toxicity in normal tissues. 

However, the mechanisms of aPPD mediated cancer inhibition remain unknown. In 

the current study, we investigated the cytotoxicity of aPPD on P-gp overexpressing 

cell lines and effects of aPPD on P-gp efflux activity. We have characterized an 

aPPD-resistant cell line obtained by repeated treatment with aPPD. We also 

established gene expression profiles of glioma cells with and without aPPD treatment 

using a cRNA array analysis. 

Our data showed that aPPD increased accumulation of P-gp substrate in the cancer 

cells with high levels of P-gp expression. Unlike many other P-gp blockers, aPPD did 

not affect the ATPase activity of P-gp. Moreover, aPPD enhanced the inhibitory effect 

of verapamil on P-gp mediated drug efflux. Our results showed that the aPPD-

resistant cell line SF188C2R2 was more proliferative, unable to demonstrate Gl -arrest 

to aPPD and also cross resistant to other drugs including vincristine, cisplatin, and 

paclitaxel. The cRNA microarray results indicated that aPPD changed gene 

expression in SF188 glioma cells mainly by down-regulating the anti-apoptotic genes 

and the aPPD-resistant SF188 C2R2 cells were less responsive to aPPD induced 

changes in gene expression. . 
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The above results indicate that aPPD may sensitize MDR tumor cells to 

chemotherapeutics through multiple mechanisms. It blocks P-gp transporter to inhibit 

drug efflux allowing drug accumulation inside of cells. In addition, aPPD down-

regulates expression of anti-apoptotic genes to render the cells more susceptible to 

chemotherapeutics induced apoptosis. Actually, the gene expression profde for aPPD-

resistant SF188C2R2 cells, which showed that aPPD failed to cause down-regulation 

of those anti-apoptosis genes, was in consistence with the fact that this cell line cross-

resistant to several structurally unrelated chemotherapy drugs. Thus, we concluded 

that aPPD is a multi-functional compound that sensitizes MDR cells not only by 

reversing P-gp but also weakening the survival mechanism of tumor cells. These 

results render the compound as a promising candidate of chemosensitizer for tumor 

treatment. It therefore deserves further study to understand the interaction between 

aPPD and P-gp protein as well as the regulatory effect on anti-apoptotic pathways in 

the drug resistant cancer cells. 
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