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Dissertation Abstract 

 

Preclinical Development of Anti-Cancer Drugs from Natural Products 

Qing SUN 

Sponsor: Dr. Ying Huang, M.D., Ph.D. 

 

Cancer has been and will continue to be the common concern in the United States 

and worldwide. As a conventional treatment to fight cancer, new anti-cancer drugs with 

more efficiency and less toxicity are extremely required. In this study, we have identified 

two novel compounds with anti-cancer properties from two traditional Chinese medicinal 

plants. One is Lappaol F that was extracted from the seeds of the plant Actium Lapp L., 

which has been used in China for centuries as anti-viral and anti-bacterial medicine. 

Another is M-9 that was extracted from the stem of Marsdenia tenacissima, a plant that 

has been applied to treat inflammation and cancer in China. Our results showed that 

Lappaol F inhibited cancer cell growth by regulating a series of cell cycle related proteins 

and inducing cell cycle arrest at G1 and/or G2 phase. p21 played a critical role in Lappaol 

F-induced cyclin B1 and cyclin-dependent kinase 1 (CDK1) suppression as well as G2 

arrest. Lappaol F also induced cell death in a number of cancer cells through caspases 

activation. Lappaol F-mediated cell growth inhibition was p53-independent. Notably, 

results from animal studies showed that Lappaol F effectively inhibited tumor growth in 

vivo, while being well tolerated by the mice. Thus, Lappaol F has a strong potential to be 

developed as a novel anti-cancer chemotherapeutic. Our studies showed that M-9 

successfully sensitized several tumor cells but not non-tumorigenic cells to paclitaxel 
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(Taxol) treatment. Additionally, M-9 reversed chemotherapeutic resistance in a number 

of multidrug resistant cells. Further results suggested that M-9 functioned, at least to a 

certain extent, via inhibiting drug efflux by competitively binding to P-glycoprotein (P-

gp), a protein that accounts for multidrug resistance. Importantly, results from the in vivo 

studies demonstrated that M-9 strongly enhanced Taxol-induced growth suppression 

against xenografts derived from HeLa cells. Moreover, mice tolerated the treatment of 

Taxol and M-9 well. Therefore, M-9 is a novel chemosensitizer candidate to overcome P-

gp-mediated multidrug resistance. Taken together, our studies provide a solid basis for 

further development of these two compounds as anti-cancer remedies. 
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Chapter 1  

General introduction 

 

What is Cancer?  

Cancer is a public health problem that accounts for about one quarter of deaths 

every year in the United States (1). Based on the website of the National Cancer Institute 

(2), cancer is a group of diseases in which some body cells become abnormal, with the 

ability to divide uncontrollably and invade other tissues. Usually, cancer was thought to 

evolve from normal cells through multiple processes to acquire the features that facilitate 

their malignant transformation (3). As proposed by Hanahan and Weinberg (4), cancer 

cells have a number of properties that differentiate them from normal cells, including: 

they can induce and sustain proliferative signals and evade growth suppressors that 

negatively regulate cell growth; they can resist cell death and smartly make use of 

autophagy and necrosis for their survival; they can enable replicative immortality through 

telomerase and evade immune destruction to avoid being killed; they can induce 

angiogenesis to provide nutrients and oxygen and reprogram energy metabolism to fuel 

their growth and division; and they can activate invasion and metastasis to search for new 

environments for them to grow. Genome instability and tumor-induced inflammation are 

also critical for cells to gain the hallmarks of cancer (4). It is of note that cancer cells 

acquire these features at different stages of tumorigenesis depending on tissue types. 

Thus, even in the same given tumor, individual cells may have variable characteristics. 

 More recently, cancer stem cells have been defined as those cancer cells that can 

self-renew and differentiate into tumorigenic progenitor cells (5). It provides an added 
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mechanism to help explain the heterogeneity of cancer (6). Additionally, diverse 

microenvironments within a tumor are responsible for the intrinsic differences among 

cancer cells (7). Cancer is not an isolated collection of a huge number of cells. Instead, 

cancer cells are actively cross-talking with each other and with their surrounding stroma, 

which further contributes to the progression of the tumor (8). Increased understanding of 

tumor microenvironment provides more information about the origin, development, 

invasion and metastasis of cancer (9-11).  

Thus, cancer is much more complex than we thought. The heterogeneity of cancer 

is an obstacle needed to be overcome not only in the understanding but also in the 

treatment of cancer. 

 

Cancer treatment 

Today, cancer treatment usually includes chemotherapy, radiation therapy, 

surgery, targeted therapy, transplantation and other methods (12). Among these, 

chemotherapy and targeted therapy are still the mainstream. Increased understanding of 

cancer provides numerous potential therapeutic targets for cancer drug discovery and 

development. However, problems still exist when using chemotherapeutics for cancer 

patients. Some drugs are toxic to normal cells while killing cancer cells; some tumors are 

not responsive to the given drugs while others gradually develop resistance to the 

chemotherapeutics and cause cancer relapse. Thus, new and more effective anti-cancer 

drugs are strongly needed today.  
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The process of drug discovery and development 

The process of drug discovery and development is long and intricate. It usually 

takes about 10 to 15 years of laboratory research and clinical trials to get one safe and 

effective new drug from 5,000 to 10,000 candidates. As indicated in Figure 1, the whole 

process consists of 3 to 6 years of drug discovery and preclinical studies, 6 to 7 years of 

clinical trials (phase I, II and III), and one-half to 2 years of FDA review and approval 

followed by scaling up manufacturing (13). Additionally, post-approval research and 

monitoring are required for safety and long-term side effects as long as the drug stays on 

the market.  

Drug discovery is a process to identify prospective drug candidates. Based on 

basic research on the mechanisms of disease and drug targets, new tools have been 

developed to screen candidate compounds, peptides and antibodies. Usually, target-based 

screening and phenotypic screening are two major approaches in this process (14). 

Target-based screening provides opportunities for high-throughput small-molecular 

screening and monoclonal antibody identification. However, the specific molecular 

targets may not be sufficient for disease therapy or may even be artificial (15). On the 

other hand, candidates from phenotypic screening are more effectively translated into 

therapeutic drugs than those from target-based screening, especially for first-in-class 

drugs (14). However, detailed molecular mechanisms of action are needed for further 

optimization and phenotypic screening usually has lower throughput.  

After candidates are identified, preclinical laboratory and animal studies are 

performed to confirm and optimize the drugs’ effect, and to determine the safety and the 
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metabolism of the drugs. At the end of this period, only one per one- to two-thousand 

candidates survives and moves on to clinical trials. 

The clinical trial process includes phase I, phase II and phase III trials. While 

phase I trials are used to test the toxicities of candidate drugs in healthy volunteers, phase 

II trials are employed to determine the effectiveness, side effects, risks, and 

administration routes of the candidate drugs in patient volunteers. In phase III trials, 

candidate drugs are given to a much larger group of people to test the drugs’ safety and 

efficiency before they are submitted to the FDA for review and approval. 

Because they are urgently needed, new cancer drugs have frequently made the 

FDA approvals list in recent years. In 2012, 13 of 39 new FDA approved drugs are 

oncology drugs (16). Additionally, from 2001 to 2010, cancer drugs increased three times 

in all stages from phase I to submission (17). Therefore, there are huge opportunities for 

cancer drug discovery and preclinical research, which will further provide a solid basis 

for drug development. 
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Figure 1. The process of drug discovery and development. Adapted from 

Biopharmaceutical Research Industry Profile 2013 (13). 
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 The principle of cancer chemotherapy 

 Cancer chemotherapy refers to the use of drugs, especially cytotoxic drugs to 

treat cancers. As discussed above, a unifying trait of cancer cells is that they have 

features that make them distinct from normal cells. One of the important characteristics 

of cancer cells is deregulated cell proliferation (18). Normal cells divide and produce two 

identical daughter cells following four discrete stages (19): the first gap phase (G1), the 

DNA synthesis phase (S), the second gap phase (G2), and the mitosis phase (M). The 

progression through these four stages is finely controlled by several intracellular signals, 

which function to arrest the cell cycle at checkpoints until cells are ready to go to the next 

stage. Unlike normal cells, cancer cells fail to perform almost all these cell cycle 

regulations. Particularly, cycle-dependent kinases (CDKs) and CDK inhibitors (CKIs), 

DNA damage sensor kinases ataxia-telangiectasia mutated (ATM) and ataxia-

telangiectasia and Rad3-related (ATR), and checkpoint kinases CHK1 and CHK2 are 

deregulated in tumor cells (20). Thus, the principle of cancer chemotherapy is targeting 

the cell cycle regulation of cancer cells (21).  

A number of drugs targeting the cell cycle have been successfully developed and 

widely used in clinical treatment. These include (22) the alkylating agents, such as 

cisplatin; the antimetabolites, such as 5-fluorouracil; the anti-tumor antibiotics, such as 

doxorubicin; the topoisomerase inhibitors, such as topotecan and etoposide; and mitotic 

inhibitors, such as paclitaxel. Today, more than 100 chemotherapy drugs are still in use 

for cancer treatment (22). However, these drugs cannot distinguish between reproducing 

normal cells and cancer cells. Thus, the side effect of chemotherapy drugs is that they 

may also kill normal cells that divide rapidly, including bone marrow/blood cells, hair 
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follicle cells, and cells inside the digestive and reproductive tracts. In addition, most 

current chemotherapy drugs have severe side effects when they are used long term or at 

high doses. These side effects include (22) heart damage (e.g. doxorubicin), peripheral 

nerve damage (e.g. paclitaxel) and high risk of a secondary cancer (e.g. etoposide). To 

balance the benefits and side effects, chemotherapy drugs are widely used in combination 

with other drugs and treatments in clinical practice (23, 24). Meanwhile, new 

chemotherapy drugs with low side effects are expected to be developed. 

 

Drug resistance 

An obstacle in cancer treatment, especially in cancer chemotherapy and targeted 

therapy, is drug resistance. Most treatment failure for patients with metastatic cancer 

comes from drug resistance. As mentioned above, cells in a given tumor are 

heterogeneous. The cells that are sensitive to a given drug or combined drugs will be 

killed, while cells that are resistant will survive and continue growing to become the 

dominant cells in the cancer. This is called intrinsic resistance. On the other hand, some 

sensitive cells respond to the drug treatment by gradually developing ways to escape the 

drug’s targets, and finally become resistant. This is called acquired resistance.  

There are two potential mechanisms of action that contribute to drug resistance 

(25). First, the cancer cell itself holds genetic deficiency or eventually develops amplified 

signals or alternative pathways to thereby escape drug targeting. For example, BCR-ABL 

gene amplification, or point mutation at the drug-binding site, conferred resistance to Abl 

tyrosine kinase inhibitor imatinib in chronic myeloid leukemia (CML) patients (26). This 

kind of drug resistance can be overcome by changing drug targets or combining with 
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other drugs that function through different signaling pathways. For instance, DCC-2036, 

which is in clinical trials right now, has shown efficacy in CML with imatinib-resistant 

mutations by binding to and inducing the inactive conformation of Abl (27). Another 

mechanism for drug resistance is that cancer cells eventually maintain low drug 

concentrations inside the cell through slowing drug uptake, enhancing drug degradation, 

or increasing drug transportation out of the cell (28). Among these, increased drug efflux 

through ATP binding Cassette (ABC) family proteins in tumor cell plasma membrane 

affects a huge number of clinically used chemotherapeutics and thus causes multidrug 

resistance and cancer relapse (29).  

P-glycoprotein (P-gp) is one of the best investigated ABC family proteins (30), 

which physiologically involves in transporting toxic drugs and metabolites out of   cells 

(31). Meanwhile, P-gp is found over-expressed in many cancers that are resistant to a 

variety of clinically used chemotherapeutics (32-34). Due to the vital role of P-gp in 

multidrug resistance, modulators that either inhibit the activities of P-gp or decrease its 

expression level have been developed (29). The first P-gp inhibitor verapamil, a calcium 

channel blocker, was found in 1981 (35, 36). Since then, a number of P-gp inhibitors 

have been investigated and tested in clinical trials. These include (29): the first generation 

inhibitors from previously known chemotherapeutics, including verapamil; the second 

generation inhibitors modified from the first generation, including valspodar; and the 

third generation inhibitors designed with more potency, specificity and less or no effect 

on pharmacokinetics of the combined chemotherapeutics, including tariquidar. Though 

some of the P-gp inhibitors are still in ongoing clinical trials, most of these inhibitors 

stopped because of their side effects, pharmacokinetic interactions and discouraging 
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results (37). Till now, none have been successfully approved for clinically practice. Thus, 

the fourth generation of P-gp inhibitors has been proposed (37-39), in which compounds 

from natural product or their mimics may play important roles. 

 

Drugs from natural products 

Natural products and their derivatives have been used for treating human diseases 

for centuries. The best example is the compound artemisinin (40), extracted from 

traditional Chinese medicinal plant - Artemisia annua L. (Qinghao). Artemisinin and its 

derivatives have been widely used to treat malaria, which has saved millions of lives 

around the world. The Chinese researcher Dr. Y. Tu was awarded with Lasker prize for 

her leadership in this discovery (41). In cancer treatment, about 50% of anti-cancer 

remedies are from natural products or their derivatives (42). Vinblastine, etoposide, 

paclitaxel and their derivatives are the best known plant-derived anticancer drugs in 

clinical use (43). There are still a lot of anti-cancer drugs in clinical trials that are derived 

from plants (44). Also, marine organisms (45) and microorganisms (44) are prospective 

sources for anti-cancer drugs. Today, natural products continue to provide a huge 

resource for anti-cancer drug discovery and development, not only in the final drug but 

also in novel drug structures (44, 46). 

 

In this dissertation 

Herbs are a major part of Traditional Chinese Medicine. For example, the seeds, 

roots and leaves of Arctium Lappa L. have already been widely used to treat viral and 

bacterial infection in China for centuries, while the stems of Marsdenia tenacissima (M. 
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tenacissima) having been used for inflammation and cancer. In collaboration with Dr. 

Yingjie Hu and his research group in Guangzhou University of Chinese Medicine, China, 

we have extracted and identified several compounds from these two plants. Using 

phenotypic screening, we have found several constituents with anti-cancer properties. 

Among them, two are thoroughly examined in this dissertation.  

Lappaol F, which was extracted from the seeds of Arctium Lappa L., was found to 

inhibit cancer cell growth in several tissue types independent of p53 status. Further 

studies showed that Lappaol F arrested cancer cells at G1 and/or G2 phase, induced cell 

apoptosis and regulated several cell cycle related genes. Also, p21 played an important 

role in Lappaol F-induced cell cycle arrest at G2 phase. Furthermore, Lappaol F 

significantly suppressed tumor growth in vivo. Most importantly, Lappaol F had 

moderate effects on non-tumorigenic cells and was well tolerated by the animals. All the 

results showed that Lappaol F is a potential candidate for cancer chemotherapy.  

Another compound, M-9, is extracted from the plant M. tenacissima. It has been 

found to effectively increase tumor sensitivity to chemotherapeutics by competitively 

inhibiting P-gp activity. Notably, M-9 did not further enhance paclitaxel-induced 

cytotoxicity in non-tumorigenic cells. Results from animal studies showed that M-9 

enhanced Taxol-induced growth suppression against HeLa cells. In addition, mice 

tolerated M-9 and Taxol treatment well. All these results indicated that M-9 is likely to be 

a novel, prospective chemosensitizer to overcome multidrug resistance.  

Throughout the dissertation, the detailed study about mechanisms of action for 

both compounds was completed by the author under the supervision of Dr. Ying Huang 

in the department of Pharmacology, SUNY Upstate Medical University, whereas the 
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compound extraction/identification and animal studies were performed by Dr. Yingjie Hu 

and his research group in Guangzhou University of Chinese Medicine, China.  
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Abstract  

In an effort to search for new cancer fighting therapeutics, we identified a novel 

anticancer constituent Lappaol F from plant Arctium Lappa L. Lappaol F suppressed 

cancer cell growth in a time- and dose-dependent manner in human cancer cell lines of 

various tissue types. We found that Lappaol F induced G1 and G2 cell cycle arrest, which 

was associated with strong induction of p21 and p27 and reduction of cyclin B1 and 

cyclin-dependent kinase 1 (CDK1). Depletion of p21 via genetic knockout or short 

hairpin RNA (shRNA) approaches significantly abrogated Lappaol F-mediated G2 arrest 

and CDK1 and cyclin B1 suppression. These results suggest that p21 seems to play a 

crucial role in Lappaol F-mediated regulation of CDK1 and cyclin B1 and G2 arrest. 

Lappaol F-mediated p21 induction was found to occur at the mRNA level and involved 

p21 promoter activation. Lappaol F was also found to induce cell death in several cancer 

cell lines and to activate caspases. In contrast with its strong growth inhibitory effects on 

tumor cells, Lappaol F had minimal cytotoxic effects on non-tumorigenic epithelial cells 

tested. Importantly, our data also demonstrated that Lappaol F exhibited strong growth 

inhibition of xenograft tumors in nude mice. Lappaol F was well tolerated in treated 

animals without significant toxicity. Taken together, our results, for the first time, 

demonstrate that Lappaol F exhibits antitumor activity in vitro and in vivo and has strong 

potential to be developed as an anticancer therapeutic.  
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Introduction  

Cancer continues to be a major health problem around the world. In the United 

States alone, more than 1.5 million estimated new cancer cases were diagnosed in 2012 

and about 577,190 patients died because of cancer (1, 2). In the People’s Republic of 

China, about 2.6 million new cancer cases are diagnosed yearly and approximately 1.8 

million cancer related deaths occurred according to the cancer statistics of 2010 (3). 

Although early diagnosis and management of certain tumor types has significantly 

increased patient survival in recent years, the discovery and development of newer 

anticancer therapeutics are urgently needed because some cancer patients still die due to 

anticancer drug insensitivity or acquired resistance. 

For the past 4 decades, natural products have proved to be an important source for 

anticancer drug discovery and development. It is estimated that over half of the 

anticancer drugs in clinical use represent natural products or natural product derivatives 

(4, 5). In this regard, plants have proved to be an excellent source of materials for 

isolating anticancer drugs. For example, vinca alkaloids were originally isolated from the 

plant Madagascar periwinkle (Catharanthus roseus; ref. 6); paclitaxel was initially 

isolated from the tree bark of Pacific yew (6), whereas camptothecin was extracted from 

the tree bark and stem of Camptotheca acuminate (7). Many plant-derived anticancer 

drugs are used singly or in combination with other drugs as part of regimens; for instance, 

vinblastine (V) is commonly used in combination with adriamycin (A), bleomycin (B) 

and dacarbazine (D; ABVD protocol) as the first-line treatment option for Hodgkin 

lymphoma (8); Taxanes (paclitaxel or docetaxel) are used as monotherapy or in 

combination with other regimens for early-stage or metastatic breast cancer (9, 10).  
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Lappaol F used in the present study was extracted from the seeds of Arctium 

Lappa L. Arctium Lappa L. is a biennial herbal plant of the Compositae family (11). For 

many centuries, the seeds of Arctium Lappa L. have been used as an antiviral and 

antibacterial remedy in traditional Chinese medicine, whereas the root of this plant has 

been consumed as a vegetable or tea. Arctigenin, one of the components isolated from 

Arctium Lappa L., was previously shown to have antitumor effects against pancreatic 

tumors in vitro and in nude mice. Arctigenin has a distinct chemical structure from 

Lappaol F, and it was shown to preferentially kill nutrition-deprived cancer cells and 

regulate insulin/insulin-like growth factor-I-mediated Akt signaling (12). Previous studies 

have shown that under certain circumstances, multiple agents each with its own 

anticancer properties can be isolated from the same plant, for example, vincristine and 

vinblastine each isolated from Catharanthus roseus (6). To identify antitumor 

constituents from Arctium Lappa L., we performed chromatographic isolation using seeds 

of the plant and acquired more than thirteen lignanoid compounds. Their chemical 

structures were identified on the basis of spectroscopic data [UV, MS (mass 

spectrometry), and NMR (nuclear magnetic resonance)]. Cytotoxicity analysis was 

performed to determine the antitumor potential of the purified compounds. As reported 

here, our studies revealed that one of the isolated constituents, named Lappaol F, 

exhibited strong growth inhibition against various tumor cell lines in cell culture, and it 

also significantly inhibited HeLa cell growth as a xenograft in nude mice. Mechanistic 

studies gaining insight into the action of Lappaol F indicate that Lappaol F effectively 

arrested cell cycle at G1 and G2 phases and induced apoptosis. Lappaol F also altered the 

function and expression of a number of key regulators of cell cycle. Thus, our studies 
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indicate, for the first time, that Lappaol F could be developed as an anticancer 

therapeutic. 

 

Materials and Methods 

Cell culture conditions and reagents 

Human cancer cell lines MCF-7, MDA-MB-231, MDA-MB-468, Hs578T 

(breast), RKO and HT29 (colon), A549 (lung, non-small cell), DU145 (prostate), U2OS 

(osteosarcoma) and A375, SK-Mel-103 (melanoma), and RKO p53
+/+

 and p53
-/-

 cells 

were maintained in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 

10% FBS (Gemini Bio-Products). K562, HL60, Jurkat (leukemia), and HCT116 (colon 

cancer) cells [p21- proficient (p21
+/+

) or p21-deficient (p21
−/−

)] were grown in RPMI-

1640 medium with 10% FBS. HeLa cervical cancer cells were grown in DMEM or 

RPMI-1640 medium with 10% FBS. Human non-tumorigenic breast epithelial MCF-10A 

cells were grown in mammary epithelial cell growth medium with supplements provided 

in the SingleQuots™ Kit (Lonza).  

 

Cell line source 

The RKO p53
+/+

 and p53
-/-

 cells and HCT116 p21
+/+

 and HCT116 p21
−/−

 cells 

were kindly provided by Dr. Bert Vogelstein (John Hopkins University, Baltimore, MD). 

SK-Mel-103 melanoma cells (originally from Dr. Maria S. Soengas, Melanoma 

Laboratory, Spanish National Cancer Research Center, Madrid, Spain) were kindly 

provided by Dr. David M. Markovitz (Department of Internal Medicine, University of 

Michigan Medical Center, Ann Arbor, MI). A375 melanoma cells were kindly provided 
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by Dr. Nihal Ahmad (University of Wisconsin, Madison, WI). K562 and HL60 human 

leukemia cells were obtained from Dr. M Golam Mohi (Upstate Medical University, 

Syracuse, NY). MCF10A and U2OS cells were purchased from American Type Culture 

Collection (ATCC). The remaining cell lines used in this study were from the National 

Cancer Institute, NIH (Bethesda, MD) and are also available from the ATCC. These cell 

lines were not further authenticated in our laboratories. 

 

Lentivirus-mediated shRNA silencing 

p21 short hairpin RNA (shRNA) constructs were from Open Biosystems. 

Scramble shRNA construct (Addgene plasmid 1864) was purchased from Addgene, Inc. 

(Cambridge, MA). The p21 RNAi targeting sequences used were as follows: p21 RNAi-

1: 5′-cgctctacatcttctgcctta-3′ and p21 RNAi-2: 5′-gagcgatggaacttcgacttt-3′. Virus 

production and infection were performed per protocol provided by Addgene.  

 

MTT assay 

MTT cell proliferation assays were performed as we have previously described 

(13). Briefly, cells seeded in 12-well plate with or without drug treatment were incubated 

with 0.5 mg/ml 3-[4, 5-dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide (MTT) 

for 1 to 4 hours. The resulting formazan precipitate was dissolved in isopropanol with 

0.04 mol/L HCl. Absorbance was read with a Bio-Rad SmartSpec 3100 at 570 nm with 

background subtraction read at 690 nm. 
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Luciferase assays  

Luciferase assays were performed as described in our previous studies (14). 

Briefly, cells transiently transfected with the p21 promoter luciferase construct (kindly 

provided by Dr. Bert Vogelstein, John Hopkins University) were treated with or without 

Lappaol F (50 µM). Twenty-four hours later, luciferase activity of each cell lysate was 

analyzed using the luciferase assay system (Thermo Scientific) with LUMAT LB 9507 

luminometer (Berthold Technologies). 

 

Cell cycle analysis and mitotic index 

Cell cycle profile was determined by flow cytometry as we previously described 

(15). For determining the mitotic index, cells treated with or without Lappaol F were 

stained with 4', 6-diamidino-2-phenylindole (DAPI). The number of mitotic cells was 

counted under a fluorescent microscope. More than 600 cells were counted in each 

sample and experiments were repeated at least three times.  

 

Western and Northern blot analyses 

Western blotting was done by the standard protocols as we have previously 

described (15, 16). Sources of the antibodies are as follows: antibodies for p21, CDK2 

(cyclin-dependent kinase 2), and GAPDH were from Santa Cruz Biotechnology; cyclin 

B1 antibody was from BD bioscience; and CDK1 and p27 antibodies were from Cell 

Signaling Technology. Northern blot analysis was performed as previously described 

(17) and a full-length p21 cDNA was used as a probe for detecting the expression of p21 

mRNA.  
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In vivo studies 

All animal studies were approved and performed according to the Animal Care 

and Use Guidelines of the Animal Ethics Committee at Guangzhou University of Chinese 

Medicine (Guangzhou, China; Document No. syxk (Yue) 2008-0001). HeLa cells used in 

vivo studies were kindly provided by Prof. David W. F. Fong (Hong Kong Baptist 

University, Hong Kong). Cells were grown in regular DMEM supplemented with 10% 

FBS. BALB/c nude mice (female, 4-5-week-old) were first subcutaneously injected with 

5×10
6
 HeLa cells on the back to establish tumor xenografts. Nine days after tumor cell 

injection, mice with tumor volume of 90 mm
3 

- 290 mm
3
 were randomized into 3 groups; 

the average initial tumor volumes in the control and treatment groups were 161.28 ± 23.9 

mm
3
 (for vehicle control), 160.7 ± 17.7 mm

3
 (for mice treated with Lappaol F 5 

mg/kg/d), and 144.5 ± 20.5 mm
3
 (for mice treated with Lappaol F 10 mg/kg/d), 

respectively. Mice were then treated with Lappaol F (5 mg/kg/d, N = 7; or 10 mg/kg/d, N 

= 6) or with equivalent volume of vehicle [5% dimethyl sulfoxide (DMSO) plus 5% 

Tween 80 in 5% glucose solution, 5 ml/kg/d, N = 7] by intravenous injection for 15 days. 

Tumor size was monitored by measuring two perpendicular diameters with a caliper 

every 4 days. The tumor volume was calculated as volume = length × width
2
 × 0.5.  

Cases of death and body weight of mice were monitored daily. Animals were terminated 

on day 15 (tumor size exceeded a mean diameter of 20 mm in the control animals) by 

sacrificing mice according to the guidelines. Tumor xenografts were then stripped and 

weighed. All results were expressed as mean ± SEM. Effects of various treatments were 

analyzed using the one-way ANOVA analysis and P-values < 0.05 were considered 

statistically significant. 
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Results  

Extraction and structural characterization of Lappaol F isolated from Arctium lappa 

L.  

The air-dried and powdered seeds of Arctium lappa L. were extracted with 

methanol (MeOH, 80%) at room temperature. The methanol extract was obtained by 

removal of methanol in vacuum. The syrup methanol extract was further extracted by 

petroleum ether, chloroform (CHCl3), and ethyl acetate respectively. The CHCl3 extract 

(100 g) was then chromatographed repeatedly on silica gels and ODS (octadecyl silane) 

columns, eluted with CHCl3/MeOH (99:1 to 90:10) and MeOH/H2O (30:70 to 60:40); 

after these steps of extraction and purification, a colorless amorphous powder compound, 

named AL12, was obtained together with twelve other compounds. For structural 

identification, spectroscopic data for all isolated compounds were measured; UV 

absorption spectra were run on a TU-1901 UV spectrometer (Purkinje General); 

Electrospray ionization MS (ESI-MS) spectra were measured on an API 2000 liquid 

chromatography/tandem mass spectrometry apparatus or a MAT95XP mass 

spectrometer; 
1
H and 

13
C NMR spectra were recorded on a Bruker DRX-400 instrument 

using tetramethylsilane (TMS) as an internal standard. The chemical structure of AL12 

was identified as Lappaol F based on information collected, including data from ESI-MS 

m/z 749 ([M+Cl]
-
), UV (MeOH) λmax (logε): 232 (4.28), 282 (4.00) nm, and 

1
H- and 

13
C-

NMR, matched with those have previously reported (18, 19). The purity of Lappaol F 

used in this study was assayed as 99.19% by high-performance liquid chromatography. 

The chemical structure of Lappaol F is shown in Fig. 1A.  
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Figure 1A-C. Lappaol F suppresses tumor cell growth. A. The chemical structure of 

Lappaol F. B&C. Lappaol F inhibits the growth of tumor cells in various tissue types 

demonstrated by cell colony formation assay (B) or shown as phase-contrast microscopy 

images (C). Cells shown were treated with vehicle (DMSO) or Lappaol F (50 µM) for 72 

hours.  
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Figure 1D-G. Lappaol F suppresses tumor cell growth. D&E. HeLa, RKO, MCF-7 

and MDA-MB-231 cells were treated with vehicle (DMSO) or Lappaol F at indicated 

concentration or for indicated time. Results of MTT assays show that Lappaol F inhibits 

tumor cell growth in a time- and dose-dependent manner. F&G. MCF10A non-

tumorigenic breast epithelial cells were treated with vehicle (DMSO) or Lappaol F (50 

µM) for 3 days (G) or 6 days (F). After treatment, cells were harvested for MTT assays 

(F) or photographs were taken under a phase-contrast microscope (G). 
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Lappaol F exhibits growth suppression in various tumor cell lines.  

Through the initial cytotoxic screening assays, we found that Lappaol F exhibited 

a strong growth inhibitory effect against cancer cell lines representing different tissue 

types such as colon (HT29, RKO, and HCT116), breast (MCF-7, MDA-MB-231, and 

MDA-MB-468), and cervix (HeLa; Fig. 1B & C). Lappaol F also exhibited growth 

inhibition of various tumor cell lines of other tissue types such as lung (A549), prostate 

cancer (DU145), leukemia (K562, HL60 and Jurkat), osteosarcoma (U2OS) and 

melanoma (A375, SK-Mel-103; Suppl. Fig. 1). Lappaol F-mediated cell growth 

suppression was time- and dose-dependent (Fig. 1D & E) and the estimated absolute EC50 

was 13.3, 16.8 and 25.2 µM for MCF-7, MDA-MB-231 and RKO cells, respectively.  

Interestingly, we also found that Lappaol F exhibited minimal cytotoxicity toward 

MCF10A non-cancerous breast epithelial cells when treated under similar conditions (3 

days) (Fig. 1F) or with prolonged treatment to 6 days (Fig. 1G). 

 

Lappaol F induces G1 and G2 arrest and cell death.  

We sought to determine the mechanism of action via which Lappaol F mediated 

cell growth suppression. Fig. 2A shows the results of flow cytometry analysis of Lappaol 

F-treated and -untreated cells. The results indicated that Lappaol F significantly increased 

the 2N G1-phase population or the 4N G2- (or M-) phase population in cells (Fig. 2A). It 

seems that there is some variation in the Lappaol F-mediated response. For example, 

MCF-7 and HeLa cells were predominantly arrested in 2N G1 phase, whereas MDA-MB-

231 and RKO cells were mainly arrested in 4N G2 (or M) phase (Fig. 2A). Lappaol F also 

induced cell death in a subset of the cell population of some cell lines such as HeLa, 
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MDA-MB-231, and RKO. Fig. 2A shows that a significant increase (from 1%-15%) in 

the sub-2N cell death population (sub-G1) was also observed in Lappaol F-treated HeLa 

cells. We also noted that as Lappaol F treatment time prolonged to 96 hours, the dead 

fraction of the cell population was further increased (data not shown). To identify 

whether the 4N populations were arrested in G2 or mitotic phase following Lappaol F 

treatment, mitotic index (MI) was determined. Fig. 2B shows that in cells treated with the 

vehicle (DMSO), the mitotic nuclei represented about 3-5% (left, arrows), whereas in the 

Lappaol F-treated cell populations, no mitotic nuclei were observed (Fig. 2B, right). 

These results were reproducible and indicated that the increased 4N populations observed 

in Lappaol F-treated RKO and MDA-MB-231 cells represent G2 rather than mitotic 

arrested cells. Furthermore, cell nuclei in Lappaol F-treated cells were larger as compared 

to those in the vehicle-treated cells; and apoptotic fragmented nuclei were noted in 

Lappaol F-treated cells (Fig. 2B, right, arrows). These results suggest that Lappaol F-

induced cell cycle arrest occurs at both G1 and G2 phases and that it also triggers cell 

death in a subset of tumor cells. 
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Figure 2A. Lappaol F induces G1 and G2 cell cycle arrest. Flow cytometry cell cycle 

analyses were performed on MDA-MB-231, MCF-7, RKO and HeLa cells treated with 

vehicle (DMSO) or Lappaol F (50 µM) for 72 hrs. 
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Figure 2B. Lappaol F induces G2 cell cycle arrest in RKO cells. DAPI staining was 

performed for RKO cells treated with vehicle (DMSO) or Lappaol F (50 µM) for 72 

hours. The number of mitotic cells over the total cells (mitotic index, MI) is also shown. 
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Lappaol F modulates key cell cycle regulators relevant to the G1 and G2 phases.  

We investigated the molecular mechanisms via which Lappaol F induces cell 

cycle arrest. Figure 3A-D show that the expression levels of CDK inhibitors p21 and p27 

were strikingly elevated in Lappaol F-treated cells, whereas the levels of CDK2, cyclin 

B1 and CDK1 were clearly reduced in multiple cell lines. It is well-established that 

CDK2 activity is crucial for G1-S transition, whereas p21 and p27 induction prevents G1-

S transition. On the other hand, cyclin B1/CDK1 activities are required for G2-M 

transition and cyclin B1/CDK1 are needed for the early onset of mitosis (20). Our results 

thus indicate that Lappaol F modulates a number of cell cycle regulatory proteins that are 

essential for cell cycle progression.  

 

Effect of Lappaol F on apoptotic signaling. 

The aforementioned results indicate that Lappaol F not only induced G1 and G2 

cell cycle arrest but also triggered cell death in a subset of the tumor cell population. 

Next, we sought to examine the effect of Lappaol F on apoptotic signaling. We found that 

Lappaol F treatment led to caspase-9 and -3 activation in HeLa cells (Fig. 3E). In MCF-7 

cells, however, clear evidence of caspase activation was not noted for caspase-8 and -9. 

As expected, caspase-3 was not detected in MCF-7 cells due to the gene deletion in exon 

3 (21). In Lappaol F-treated MDA-MB-231 cells, activation of caspase-8, -9 and -3 was 

observed (Fig. 3E). Thus, these results provide biochemical evidence indicating that 

Lappaol F activates apoptotic signaling in some cell types.   
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Figure 3A-D. Modulation of key regulatory proteins by Lappaol F. MDA-MB-231, 

MCF-7, RHO and HeLa cells were treated with vehicle (C) or Lappaol F (50 µM) for 

indicated time and protein expression of different cell cycle regulatory protein was 

analyzed by Western blotting.  
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Figure 3E. Effect of Lappaol F on caspase activation. MDA-MB-231, HeLa and MCF-

7 cells were treated with vehicle (C) or Lappaol F (50 µM) for indicated time. Activation 

of caspase-8, -9 and -3 (indicated by reduced levels of pro-caspases) was analyzed by 

Western blotting using indicated antibodies.  



36 

p21 is crucial for Lappaol F-mediated cyclin B1/CDK1 downregulation and G2 arrest. 

It is well-established that p21, as a CDK inhibitor, plays an essential role in the 

regulation of G1-S transition (22, 23). However, the role of p21 in the G2-M transition is 

an understudied area. Our aforementioned results indicate that p21 induction occurs 

concurrently with reduction in cyclin B1 and CDK1, and G2 arrest in Lappaol F-treated 

RKO and MDA-MB-231 cells (Fig. 3). Previous studies have shown that p21 induction 

was required for cyclin B1 downregulation mediated by histone deacetylase inhibitor 

butyrate (24), and p21 was also needed for T-cadherin-mediated G2 arrest (25). We, 

therefore, sought to determine whether p21 induction plays a role in Lappaol F-mediated 

CDK1/cyclin B1 suppression and G2 arrest. In this context, we first used p21-knockout 

cells to investigate whether loss of p21 affects cyclin B1 and CDK1 expression levels in 

Lappaol F-treated cells. Fig. 4A shows that cyclin B1 and CDK1 reduction caused by 

Lappaol F treatment was significantly abolished in p21-deficient (p21
-/-

) cells (Lane 4). 

We further used the lentivirus-mediated RNAi knockdown approach to study the effect of 

p21 knockdown on cyclin B1 and CDK1 regulation. As shown in Fig. 4B, cyclin B1 and 

CDK1 reduction observed in scramble RNAi treated cells (Lane 2) following Lappaol F 

treatment was diminished in p21 knockdown cells (Lanes 4 & 6). We further investigated 

whether p21 depletion had an effect on Lappaol F-mediated G2 arrest in RKO and MDA-

MB-231 cells because Lappaol F predominantly triggered G2 arrest in these cells. As 

shown in Fig. 4C and D, depletion of p21 by two different shRNAs targeting different 

regions of p21 transcript significantly reduced the proportion of cells arrested in the G2 

phase. These results suggest that p21 is crucial for Lappaol F-mediated cyclin B1/CDK1 

suppression and G2 arrest.  
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Figure 4A&B. Role of p21 in Lappaol F-mediated cyclin B1/CDK1 downregulation 

and G2 arrest. p21-proficient (parental) and -deficient (p21 gene deletion) HCT116 cells 

(A) or RKO cells expressing the scramble shRNA or the p21-specifc shRNAs that 

targeted two different regions of the p21 transcript (B) were treated with vehicle (DMSO) 

or Lappaol F (25 µM) for 72 hours. Cyclin B1 and CDK1 protein expression was 

analyzed via Western blotting.  
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Figure 4C. Cell cycle analyses of RKO cells expressing scramble RNAi or two 

different p21 RNAis. Cells were treated with vehicle (DMSO) or Lappaol F (25 µM) for 

72 hrs and cell cycle profile was determined by flow cytometry.  
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Figure 4D. Cell cycle analyses of MDA-MB-231 cells expressing scramble shRNA or 

two different p21 RNAis. Cells were treated with vehicle (DMSO) or Lappaol F (25 

µM) for 72 hrs and cell cycle profile was determined by flow cytometry. 
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Lappaol F upregulation of p21 occurs at the transcriptional level in a p53-independent 

fashion.  

We next investigated whether p21 upregulation by Lappaol F occurs at the 

transcriptional or the post-transcriptional level. Figure 5 shows that the levels of p21 

mRNA (5A) and protein (5B) were both elevated in Lappaol F-treated cells. These results 

indicate that Lappaol F-mediated p21 upregulation occurs at the transcriptional level 

although additional regulation occurring at the post-transcriptional level cannot be ruled 

out. We then determined whether the increased level of p21 mRNA by Lappaol F 

occurred because of induced activity at the p21 promoter. Cells introduced with the p21 

promoter luciferase construct were examined for luciferase activity after being treated 

with vehicle or Lappaol F.  As seen in Fig. 5C, p21 promoter activity was significantly 

enhanced in four different cell lines (RKO, MCF-7, HeLa and MDA-MB-231) following 

Lappaol F treatment. It is of note that although RKO and MCF-7 cells harbor the wild 

type p53, MDA-MB-231 cells possess mutant p53 (26) and HeLa cells contain the human 

papillomavirus protein E6 that inactivates p53 (27). We also noted that Lappaol F 

treatment did not increase p53 level (Suppl. Fig. 2), whereas p21 expression was strongly 

induced under similar conditions (Fig. 3-Fig. 5). To further determine whether Lappaol 

F-mediated p21 upregulation is p53-dependent, RKO p53-proficient (p53
+/+

) and -

deficient (p53
-/-

) cells were used to study the promoter activity of p21. As shown in Fig. 

5D, Lappaol F caused a 3.5-fold induction of the p21 promoter in p53
+/+

 RKO cells. 

Interestingly, although the basal level of p21 was significantly lower in untreated p53-

deficient (p53
-/-

) cells as compared to that in untreated p53-proficient (p53
+/+

) cells, 

Lappaol F was able to upregulate the p21 promoter activity by 8.3-folds in the p53
-/- 

cells 
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(Fig. 5D). Although the possibility remains that p53 may contribute to p21 regulation in 

the p53-proficient cells, our data indicate that Lappaol F-mediated p21 transcriptional 

induction seems to occur in a p53-independent manner. 

 

Lappaol F suppresses tumor growth in animals.  

We also investigated the effect of Lappaol F on nude mice bearing the 

xenografted tumors. Mice were first injected subcutaneously with HeLa cervical cancer 

cells to establish tumors. Nine days after tumor cell inoculations, mice were injected 

intravenously with vehicle or Lappaol F (5 or 10 mg/kg) once daily for 15 days. Our 

results shown in Fig. 6 revealed a significant inhibition of tumor growth in mice 

subjected to Lappaol F treatment. As shown in Fig. 6A, after 15 days of drug treatments, 

Lappaol F inhibited tumor growth by 54% (5 mg/kg/d, N = 7; p<0.001) and 64% (10 

mg/kg/d, N = 6; p<0.001) relative to the vehicle-treated cohorts (N = 7). Fig. 6 also 

shows that increasing the Lappaol F dose from 5 to 10 mg/kg/d further decreased tumor 

volume and weight.  Importantly, we did not observe lethality or weight loss in mice that 

were given Lappaol F (5 and 10 mg/kg/d) spanning 15 days of treatment (Fig. 6D). These 

results indicate that the Lappaol F given to mice was well-tolerated and inhibited tumor 

growth in vivo.  
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Figure 5A&B. Lappaol F upregulates p21 on both mRNA and protein levels. MCF-

7, MDA-MB-231 and RKO cells were treated with vehicle (DMSO) or Lappaol F (50 

µM) for 48 hrs; cells were then split into two parts; one part was analyzed for p21 mRNA 

expression by Northern blotting (A) and the other part was utilized for p21 protein 

analysis by Western blotting (B). A full-length p21 cDNA was used as a probe for 

Northern blot analysis.  
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Figure 5C&D. Lappaol F induced p21 promoter activity in cells with different p53 

status. MCF-7, MDA-MB-231, HeLa and RKO cells (C), and RKO Cells with different 

p53 status transfected with p21 promoter luciferase construct, were treated with vehicle 

(DMSO) or Lappaol F (50 µM) for 24 hours. The luciferase activity was then analyzed as 

described in Materials and Methods.  
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Figure 6A&B. The growth inhibitory effect of Lappaol F on HeLa tumor cells as 

xenografts. Tumor-bearing mice were treated with the vehicle or Lappaol F (5 or 10 

mg/kg/d, i.v.) for 15 days. Tumor volume of Lappaol F-treated or vehicle-treated animals 

was monitored as described in Materials and Methods. Results are expressed as means ± 

SEM. Photography displayed in figure B shows the actual tumors extracted from the mice 

untreated (vehicle, N = 7) or treated with Lappaol F (5 mg/kg/d, N = 7; and 10 mg/kg/d, 

N = 6).  
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Figure 6C&D. The growth inhibitory effect of Lappaol F on HeLa tumor cells as 

xenografts. Tumor-bearing mice were treated with the vehicle or Lappaol F (5 or 10 

mg/kg/d, i.v.) for 15 days. Tumor weight (C) and animal body weight (D) of Lappaol F-

treated or vehicle-treated animals were monitored as described in Materials and Methods. 

Results are expressed as means ± SEM.  
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Discussion  

In this study, we have identified a novel plant-derived antitumor agent Lappaol F 

and uncovered its tumor inhibitory potential using cancer cell lines and animal model. 

Our results indicate that in cell culture, Lappaol F exerts strong growth inhibition on 

various tumor cell lines representing different tissues, including colon, breast, lung, 

cervix, prostate, and melanoma, osteosarcoma and leukemia. Our studies further indicate 

that Lappaol F mediates its growth suppression predominantly through inducing G1 and 

G2 cell cycle arrest; and in addition to its effect on cell cycle regulation, Lappaol F also 

triggers cell death in some tumor cell lines. It is interesting to note that the cell cycle 

profiles varied in different cell lines responding to Lappaol F treatment; for instance, 

MCF-7 cells were predominantly arrested at the G1 phase, whereas RKO and MDA-MB-

231 cells were mainly arrested at the G2 phase. The variation in response to Lappaol F by 

these cells could be due to differences in their intrinsic changes that may have occurred 

during cancer development and/or progression. Our studies on the mechanism of action 

of Lappaol F demonstrate that Lappaol F modulates the expression of a number of key 

cell cycle regulators such as p21, p27, cyclin B1 and CDK1, and CDK2 (Fig. 3). It is 

conceivable that Lappaol F-induced strong induction of p21 and p27 and suppression of 

CDK2 are sufficient to prevent cell cycle progression from G1-S, whereas diminished 

expression of cyclin B1 and CDK1 could cause G2 arrest because the activities of cyclin 

B1 and CDK1 are required for G2-M transition (20). In this context, our study has further 

identified that p21 is critical for Lappaol F-mediated cyclin B1 and CDK1 down-

regulation and G2 arrest. Our results showed that Lappaol F-mediated cyclin B1 and 

CDK1 reduction was abolished in p21-depleted cells (Fig. 4); and furthermore, Lappaol 
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F-mediated G2 cell cycle arrest was also significantly altered in the absence of p21 (Fig. 

4). Thus, our results suggest that p21 induction is an important event in Lappaol F-

mediated cellular responses and it plays a key role in Lappaol F-mediated cyclin 

B1/CDK1 suppression and G2 cell cycle arrest.   

Our studies also demonstrate that Lappaol F-induced strong induction of p21 

mRNA expression, which could indicate that the activation of p21 in response to Lappaol 

F occurs at the transcriptional level. Our data also showed that the enhanced p21 mRNA 

expression by Lappaol F seemed to occur due to increased p21 promoter activity (Fig. 5). 

Interestingly, p21 promoter activation following Lappaol F treatment occurred in cells 

harboring wild-type p53 (RKO and MCF-7) as well as in cells expressing mutant and 

nonfunctional p53 (MDA-MB-231 and HeLa). In addition, our data indicate that Lappaol 

F treatment caused p21 promoter induction in cells lacking the p53 gene (p53
-
/
-
) by about 

8.3-folds (Fig. 5D). Thus, our results demonstrate that Lappaol F-mediated p21 

regulation occurs in a p53-independent manner.   

Lappaol F also induced growth suppression in cells expressing wild-type p53 

(MCF-7 and RKO) or mutant/nonfunctional p53 (MDA-MB-231 and HeLa). Importantly, 

our studies also demonstrate that Lappaol F exerted strong growth inhibition on HeLa 

tumors grafted onto the nude mice (Fig. 6). It is of note that HeLa cells harbor the human 

papilloma virus that disrupts p53 function (27). Inactivation of p53 is a common feature 

of human cancer cells and more than half of human cancers harbor defective p53 (28). 

Very encouragingly, we note that Lappaol F given daily at a dose of 5 or 10 mg/kg/d for 

15 days significantly inhibited the growth of xenografted HeLa cells by 54% (p<0.001) 

and 64% (p<0.001) respectively, as compared to the vehicle-treated cohorts. In addition, 
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animals seemed to tolerate the treatment of Lappaol F without significant body weight 

changes during the treatment period. Thus, our results indicate, for the first time, that 

Lappaol F has a tumor suppression function in vitro and in vivo and has great potential to 

be developed as an anticancer therapeutic. 

At present, there are a number of anticancer drugs in clinical use that target cell 

cycle progression; for example, the vinca alkaloids (vincristine, vinblastine, vinorelbine 

and vindesine), the taxanes (paclitaxel or docetaxel) and colchicine (5). These drugs are 

derived from plants and share a common mechanism of action, which is to induce mitotic 

arrest. These drugs are considered to achieve this affect by altering microtubule 

polymerization potential and preventing normal mitotic spindle formation (20). Cancer 

cells can develop resistance to these chemotherapeutics via a number of mechanisms, 

including, for example, alterations in microtubule dynamics including changes in β- or α-

tubulin isotype levels or compositions; mutations occurring in tubulins that affect drug 

binding; and protein modifications that modulate tubulin/microtubule dynamic regulatory 

proteins (reviewed in 29). Such cellular changes are expected to alter the interplay 

between microtubules and microtubule-targeting drugs, thereby giving rise to drug 

resistance. Our study has identified that Lappaol F functions mainly to arrest cell cycle 

progression at the G1 and G2 phases through regulation of cell cycle regulatory proteins. 

The mechanism of action of Lappaol F seems to be different from the above noted 

microtubule-targeting drugs. It is therefore, likely that the mechanisms that lead to drug 

resistance against the above noted microtubule-targeting drugs would not affect the 

action of Lappaol F. Thus, Lappaol F may be used in cases in which the abovementioned 

microtubule-targeting drugs have failed. 
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In summary, our study provides several lines of important evidence demonstrating 

that Lappaol F has distinct mechanisms of action to suppress cancer cell growth and can 

also inhibit the growth of p53-defective tumors. Thus, Lappaol F has strong potential to 

be developed as a novel anticancer therapeutic.    
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Supplementary Figures for Chapter 2 

 

 

 

 

Supplementary Figure 1A. Lappaol F suppresses cell growth in tumor cell lines of 

different malignancies. A549 (lung), HCT116 (colon) and DU145 (prostate) tumor cells 

were treated with vehicle (DMSO) or Lappaol F (50µM) for 72 hours. Results of colony 

formation assay show that Lappaol F inhibited the colony formation of these cells.  
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Supplementary Figure 1B-G. Lappaol F suppresses cell growth in tumor cell lines of 

different malignancies. K562, HL60, Jurkat, A375, Mol 103 and U2OS cells were 

treated with vehicle (DMSO) or Lappaol F at indicated concentration for 72 hours. 

Results of MTT assays show that Lappaol F suppressed cell growth in leukemia, 

melanoma and sarcoma cell lines.  
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Supplementary Figure 2. Expression of p53 in Lappaol F treated MCF-7 and RKO 

cells. MCF-7 Cells were treated with vehicle (C) or Lappaol F (50 µM) for 24, 48 and 72 

hours (A). RKO cells were treated with vehicle (C) or Lappaol F (50 µM) for 72 hours 

(B). Western blotting was performed to show the expression of wild type p53.   
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Abstract  

Marsdenia tenacissima (M. tenacissima), a traditional Chinese medicinal plant, 

and its stem extract have been used as anti-inflammatory and anti-cancer remedies in 

China. To identify the effective constituents of M. tenacissima for cancer treatment, we 

have extracted and identified several compounds from the stem of the plant. One 

compound named M-9 was found to enhance paclitaxel (Taxol) cytotoxicity in cancer 

cells in which P-glycoprotein (P-gp) was over-expressed. Importantly, M-9 did not 

enhance Taxol-induced cytotoxicity in non-tumorigenic MCF-12A cells. Results from 

animal studies showed that M-9 enhanced Taxol-mediated growth inhibition in 

xenografts derived from HeLa cells. Notably, M-9 did not have significant toxicity in the 

animals when used alone or with Taxol. Further studies showed that M-9 restored the 

sensitivity of several multidrug-resistant cancer cells to a variety of chemotherapeutics, 

including doxorubicin, colchicine and vinblastine. To explore the mechanisms of action, 

multidrug resistance and P-gp ATPase activity assays were performed and results 

indicated that M-9 functioned, at least in part, through inhibiting P-gp-mediated drug 

efflux by competitively binding to P-gp.  In total, our studies showed that M-9 is a novel, 

potential chemosensitizer that can be developed to treat multidrug resistant cancers. 
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Introduction  

Drug resistance, especially ATP-binding cassette (ABC) transporters-mediated 

multidrug resistance (MDR), is the major barrier to the effective treatment of cancer.  

Several ABC transporter proteins account for MDR (1), including P-glycoprotein (P-gp, 

also known as MDR1), multidrug resistance-associated protein 1 (MRP1) and breast 

cancer resistance protein (BCRP). Among them, P-gp is the most intensively 

investigated.  

P-gp is a protein with 12 transmembrane domains and 2 nucleotide-binding 

domains (1). The structure of mouse P-gp (2) or human P-gp (3) revealed an internal 

cavity open to the cytoplasm, which is formed by two packs of transmembrane helixes. It 

is suggested that drugs enter the cavity and bind to P-gp drug-binding site(s), which 

further recruits ATP to the nucleotide-binding domains and causes P-gp to change from 

the inward-facing conformation to the outward-facing one (2). The conformational 

change of P-gp allows drugs inside the cell to be pumped out of the cell. Though the 

detailed transporting mechanism by P-gp is still under investigation, studies have already 

shown that the ATPase activity is important for energy-dependent efflux of drugs by P-gp 

(2-4). Modulators of P-gp can either increase or inhibit the ATPase activity of P-gp. 

Usually, substrates that increase ATPase activity function as competitive P-gp 

modulators, while those inhibiting ATPase activity acting as non-competitive P-gp 

inhibitors (5). 

 A variety of clinically used chemotherapeutics and targeted drugs, which are 

structurally and functionally different, have been reported to be the substrates of P-gp, 

such as Taxol, vinblastine, doxorubicin, imatinib and gefitinib, (6). Given the important 
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role of P-gp in MDR, several approaches have been used to target P-gp, including P-gp 

downregulation and P-gp activity inhibition via compounds, peptides, and antibodies (7). 

A large number of modulators that target P-gp transporting activity have been developed 

and tested in clinical trials (8). Verapamil is the first P-gp modulator, which is also 

recognized as a calcium channel blocker (9). Verapamil was found to competitively bind 

to P-gp drug-binding site(s) and prevent other drugs from efflux by P-gp (10). Results 

from in vitro and in vivo studies showed that verapamil effectively enhanced tumor 

sensitivity to chemotherapeutics (11, 12). However, its toxicity, mainly cardiac toxicity, 

hematotoxicity and neurotoxicity, has limited its further development (8). Since the 

finding of verapamil, more molecules have been discovered and developed in order to get 

P-gp modulators that are more efficient and less toxic. Tariquidar is one of those that 

were thought to be promising. Tariquidar was specifically designed and synthesized with 

high potency and minimal pharmacokinetic interaction with co-treated chemotherapeutics 

(13, 14). It was reported that tariquidar inhibited P-gp ATPase activity and thus 

functioned as a non-competitive P-gp modulator (15). However, the unexpected toxicity 

stopped its clinical trial III study (16). Right now, several P-gp modulators are still in 

clinical trials; yet, a lot of P-gp modulators have been shown to be disappointing because 

of therapeutic inefficacy or high toxicity (8). 

Apart from already approved drugs or designed molecules with specific 

structures, researchers are now screening new P-gp modulator candidates from molecules 

and compounds from natural products and their mimics for diverse selection and general 

low toxicity (8, 17). For example, curcumin and other curcuminoids, which were 

extracted from spice turmeric, have been shown to overcome P-gp (18, 19), MRP1 (20) 
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and BCRP (21, 22) -mediated MDR in vitro and/or in vivo. Most importantly, clinical 

results have demonstrated that curcumin was safe to patients (23, 24). Its efficiency is 

now being investigated in several clinical trials.   

M. tenacissima is a plant belonging to the family of Asclepiadaceae. In China, the 

stem of the plant has been used as anti-inflammatory drug for centuries. In addition, a 

standard extract from the stem of M. tenacissima has been used to treat cancer in China 

for decades (25). To determine the valuable constituents in the extract for cancer 

treatment, we have purified and examined several compounds from the stem of M. 

tenacissima. After the initial screening of the anti-cancer properties of these compounds, 

we identified several of them showing significant inhibitory effect on the growth of 

cancer cells. Thus, further studies were performed and in this chapter, we presented only 

the studies on one compound, named M-9. M-9 was found to effectively enhance Taxol 

cytotoxicity to HeLa and HCT15 cells and two Taxol-resistant cells but not to non-

tumorigenic MCF-12A cells. M-9 also successfully restored the sensitivities of several 

multidrug-resistant cells to a variety of chemotherapeutics. Further studies revealed that 

M-9 functions, at least to a certain extent, through competitively inhibiting P-gp-

mediated drug efflux. Notably, Results from animal studies exhibited that M-9 strongly 

enhanced Taxol toxicity against tumors generated from HeLa cells and that it was 

tolerated by mice when given as co-treatment. Taken together, our results indicated that, 

as a novel compound from a natural plant, M-9 is a potential chemosensitizer that can be 

developed to overcome P-gp-mediated multidrug resistance. 
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Materials and Methods  

Extraction and identification of M-9 from M. tenacissima 

The dried stems of M. tenacissima were extracted with 80% (v/v) ethanol by reflux. The 

combined ethanol solution was concentrated in vacuo, extracted with petrol ether and 

ethyl acetate (EtOAc) successively. After removal of solvent, the EtOAc extract was 

obtained, which was further refluxed with an equal volume of methanol and 0.05 M 

H2SO4 for 1 hour. The reactive mixture was neutralized with 10% Na2CO3, distilled in 

vacuo to remove methanol, and extracted with EtOAc again. The obtained EtOAc extract 

was chromatographed repeatedly on silica gel and eluted with chloroform-methanol 

(100:0-50:50) and petrol ether-acetone (90:10-10:90), respectively to get 8 fractions. 

Fraction 2 was further subjected to C18 alkylated silica gel (ODS) column, and eluted 

with methanol-H2O (40:60-60:40) to give isolated compounds. One of the isolated 

compounds was identified as 11α-O-2-Methylbutyryl-12β-O-benzoyl-tenacigenin B 

(which is named as M-9 in this dissertation) on the basis of its spectroscopic data from 

ESI-MS (API 2000 LC/MS/MS) and 
1
H- and 

13
C-NMR (Bruker DRX-400) compiled 

with those reported (data not shown). The chemical structure is shown in Fig. 1A. 

 

Cell lines, cell culture conditions and reagents 

Human breast cancer cells MCF-7 and cervical cancer cells HeLa were grown in 

Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% fetal bovine 

serum (FBS) (Gemini Bio-Products, West Sacramento, CA). MCF-7 and HeLa Taxol-

resistant cells (MCF-7/TaxR and HeLa/TaxR) were developed in our lab by gradually 

increasing the concentration of Taxol in the culture medium from 10 nM to 250 nM. 
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Then, MCF-7/TaxR and HeLa/TaxR cells were maintained in DMEM with 10% FBS and 

20 nM Taxol. KB-3-1 and KB-V1 cells were kindly given by Dr. Michael M. Gottesman 

(National Cancer Institute, NIH, Bethesda, Maryland). KB-3-1, the parental cells, were 

grown in DMEM medium with 10% FBS, while KB-V1, the multidrug-resistant cells, 

were maintained in DMEM with 10% FBS and 1 µg/ml of vinblastine, as suggested. For 

all the drug-resistant cells, the culture medium was changed to the regular DMEM with 

10% FBS one day before the experiments. Human non-tumorigenic breast cell line 

MCF12A was kindly provided by Dr. G. Wayne Zhou (Marine Biological Lab, Woods 

Hole, MA) and was maintained in DMEM with supplements suggested by ATCC. 

 

MTT assay 

MTT assay was done as previously described (26). Briefly, cells (5×10
4
 

cells/well) were seeded in a 12-well plate and treated with or without drug for the 

indicated time. Then, cells were incubated in the culture medium with 0.5 mg/ml 3-[4, 5-

dimethylthiazol-2-yl]-2, 5-diphenyl tetrazolium bromide (MTT) for 1-4 hours. The 

resulting precipitate was then dissolved in isopropanol containing 0.04 M HCl. 

Absorbance was read with a Bio-Rad SmartSpec 3100 at 570 nm, which subtract the 

background reading at 690 nm. 

  

In vivo animal studies  

BALB/c nude mice (female, 4 - 5 weeks old) were subcutaneously injected with 

HeLa cells on the back. After the tumor was generated, mice were randomized into 4 

groups and treated with vehicle (n=7), paclitaxel (n=7), M-9 (n=6), or the combination of 

the two (n=7). Briefly, 10 mg/kg of Taxol was given intraperitoneally every other day 
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from Day 1 to Day 9, while 30mg/kg of M-9 was given intraperitoneally daily from Day 

1 to Day 10. As a control, mice were given equivalent volume of vehicle (Cremophor EL 

plus ethanol in saline) from Day 1 to Day 10. Tumor volume was monitored twice a week 

by measuring two perpendicular diameters and was calculated as volume = (length × 

width
2
) × 0.5. Mice were monitored daily for survival and every other day for weight 

loss. On Day 15, mice were sacrificed. Tumor xenografts were then stripped and 

weighed. All animal studies were approved and performed according to the Animal Care 

and Use Guidelines of the Animal Ethics Committee at Guangzhou University of Chinese 

Medicine (Document No. syxk (Yue) 2008-0001). Results were expressed as mean ± 

S.E.M. Effects of various treatments were analyzed by using one-way ANOVA. P-values 

< 0.05 were considered statistically significant. 

 

Multidrug resistance assay 

Multidrug resistance assay was performed using Vybrant® Multidrug Resistance 

Assay Kit from Life Technologies (Grand Island, NY). In this assay, Calcein-AM, a 

substrate of P-gp, was used (27, 28). Calcein-AM enters cells freely but will be pumped 

out of the cell by P-gp. When the expression of P-gp is low, or the transporting activity of 

P-gp is inhibited, Calcein-AM stays inside the cell, where the AM group of Calcein-AM 

is cleaved by esterase. Calcein-AM itself is not fluorescent, but Calcein without the AM 

group is fluorescent and cannot be transported out of the cell by P-gp. Thus, relatively 

strong fluorescence indicates that P-gp is in low expression or its transporting activity is 

inhibited. Briefly, cells (5×10
4
 cells/well) were seeded into a 96-well plate and treated 

with M-9, Verapamil or Vehicle for only 15 min. Then, Calcein-AM was added to the 
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culture medium and the cells were further incubated for 15 min. After washing several 

times with cold DMEM without phenol red, the cells were subjected to the fluorescence 

intensity measurement using Synergy 2 Multi-Mode Microplate Reader (Biotek, 

Winooski, VT).   

 

Western blot analyses 

Western blotting was performed as previously described (29, 30). Caspase-3 

antibody was from BD Biosciences (San Jose, CA); antibodies for MDR1/P-gp and 

GAPDH were from Santa Cruz Biotechnology (Santa Cruz, CA); antibodies specific to 

caspase-8, caspase-9, phospho-Erk, Erk, phospho-Akt, Akt, phospho-c-Jun, c-Jun, 

phospho-JNK and JNK were from Cell Signaling Technology (Danvers, MA); Actin and 

α-tubulin antibodies were from Sigma-Aldrich (St. Louis, MO). 

 

P-gp ATPase activity assay 

P-gp ATPase activity was performed using P-gp-Glo
TM

 Assay systems from 

Promega (Madison, WI). In the experiment, Na3VO4, which was known to inhibit P-gp 

ATPase activity (31), and verapamil, which stimulates P-gp ATPase activity, were used 

as negative and positive controls. In brief, after recombinant human P-gp in a cell 

membrane fraction was incubated with Na3VO4, Verapamil or M-9, MgATP was added 

into the system at 37 
o
C for 2 hours. During the incubation, ATP was hydrolyzed by P-gp 

ATPase. Then, the remaining ATP was detected by reacting with a recombinant firefly 

luciferase to produce luminescence, which was read using Synergy 2 Multi-Mode 

Microplate Reader (Biotek, Winooski, VT). 
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Results 

M-9 enhances Taxol cytotoxicity to tumor cells but not to non-tumorigenic cells. 

During the process of identifying potent anti-cancer compound(s) from the stem 

of the plant M. tenacissima, we found that M-9 strongly suppressed the growth of several 

cancer cells, including breast cancer MCF-7 cells and cervical cancer HeLa cells (Fig. 

1B&C). And the inhibitory effect is dose- and time-dependent (Fig. 1B&C and data not 

shown). However, M-9 also exhibited obvious cytotoxicity to non-tumorigenic breast 

epithelial MCF-12A cells at 25 and 50 µM (Suppl. Fig. 1A). Thus, we tried to search 

potential drugs for combination treatment with M-9. We found that M-9 effectively 

enhanced Taxol cytotoxicity to HeLa cells and colon cancer HCT15 cells (Fig. 1 D&E). 

Taxol (5 nM) induced M-phase arrest in HeLa cells, indicated by the typical multi-

nuclear cells (32); and floating, dead cells were also observed after Taxol treatment (Fig. 

1D). On the other hand, M-9 (1 µM) itself had minimal effect on the growth of HeLa 

cells. Nevertheless, when co-treated with M-9 and Taxol, HeLa cells presented increased 

number of multi-nuclear cells (Fig. 1D), which suggested that M-9 sensitized HeLa cells 

to Taxol treatment. The growth inhibitory effect of Taxol on HeLa cells was increased by 

M-9 from ~40% to ~70%, as shown in Fig. 1E. Likewise, HCT15 cells were relatively 

insensitive to the individual treatment of Taxol (20 nM) or M-9 (5 µM), whereas M-9 

strongly sensitized HCT15 cells to Taxol treatment, which was indicated by numerous 

floating and multinuclear cells (Fig. 1D). M-9 successfully enhanced Taxol-induced cell 

growth inhibition from 10% to 65% in HCT15 cells (Fig. 1E). Notably, M-9 had 

moderate effect on the growth of non-tumorigenic MCF-12A cells at the concentration (1 

µM and 5 µM) that enhanced Taxol effect on tumor cells (Fig. 1F). Furthermore, though 
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Taxol was cytotoxic to MCF-12A cells, M-9 did not further increase its cytotoxicity in 

MCF-12A cells (Fig. 1F). All these data suggested that M-9 sensitized several tumor cells 

but not non-tumorigenic MCF-12A cells to Taxol treatment.  

 

M-9 enhances Taxol-induced tumor growth suppression in animals 

   Next, we wanted to investigate whether M-9 enhances Taxol toxicity against 

tumors in mice. Mice with xenografts derived from HeLa cells were used and treated 

with vehicle, Taxol (10 mg/kg, every other day) and/or M-9 (30 mg/kg, daily), 

respectively for 10 days. The tumor volume was monitored twice a week. As shown in 

Fig. 2A, both Taxol and M-9 treatment slightly inhibited tumor growth in the mice. 

However, co-treatment of Taxol and M-9 significantly suppressed tumor growth 

(p<0.001, Fig. 2A). Interestingly, we observed that for some mice co-treated with Taxol 

and M-9, the tumor volume at Day 15 even decreased when compared to those at Day 1 

(Suppl. Table1, Taxol+M-9 row, animals #1, 3, 4 and 7). However, all tumors from mice 

treated with vehicle, Taxol or M-9 alone grew 2 to 7 times larger from Day 1 to 15 

(Suppl. Table1). Mice were euthanized 15 days after treatment and tumors were obtained 

and weighed. Results in Fig. 2B showed that tumors from mice co-administrated with 

Taxol and M-9 weighed 75% less than those from vehicle or M-9 treated mice 

(p<0.00001). Even comparing with Taxol alone, co-treatment of M-9 and Taxol also 

remarkably reduced the average tumor weight by 66% (p<0.0001, Fig. 2B). It is of note 

that we did not observe lethality and mice tolerated Taxol and M-9 well (Fig. 2C). Thus, 

M-9 enhanced Taxol toxicity against tumors in mice, while being well tolerated by the 

animals. 
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Figure 1A-C. M-9 inhibits MCF-7 and HeLa cell growth. A. The chemical structure of 

M-9. B&C. MCF-7 and HeLa cells were treated with or without M-9 at the indicated 

concentration for 72 hours. The inhibitory effects were shown by the result from MTT 

assay (B) or as phase-contrast microscopy images (C).  
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Figure 1D&E. M-9 enhances Taxol cytotoxicity in HeLa and HCT15 cells. HeLa and 

HCT15 cells were treated with Taxol (5 nM for HeLa and 20 nM for HCT15 cells) and/or 

M-9 (1 µM for HeLa and 5 µM for HCT15 cells) for 72 hours. Then, either the 

photographs were taken under the microscope (D) or the MTT assay was performed (E).  
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Figure 1F. M-9 does not enhance Taxol cytotoxicity in non-tumorigenic cells. MCF-

12A cells were treated with Taxol and/or M-9 at the indicated concentrations for 72 

hours. Then, MTT assay was performed.  



73 

 

 

Figure 2A. M-9 enhances Taxol-induced tumor growth inhibition in xenografts 

generated from HeLa cells. Tumor-bearing mice were treated with vehicle, Taxol (10 

mg/kg, every other day from day 1 to day 9, i.p.), M-9 (30 mg/kg, daily from day 1 to day 

10, i.p.), or the combination of Taxol and M-9, respectively. Tumor volume was 

monitored for 15 days as described in Materials and Methods. Results are expressed as 

means ± SEM. 
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Figure 2B. M-9 enhances Taxol-induced tumor growth inhibition in xenografts 

generated from HeLa cells. Tumor-bearing mice were treated with vehicle, Taxol (10 

mg/kg, every other day from day 1 to day 9, i.p.), M-9 (30 mg/kg, daily from day 1 to day 

10, i.p.), or the combination of Taxol and M-9, respectively. After 15 days, mice were 

sacrificed and tumors were stripped and weighed. Photography shows the actual tumors 

extracted from the mice. Tumor weight is expressed as mean ± SEM. 
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Figure 2C.  The effect of vehicle, Taxol and M-9 alone or in combination on the 

body weight of mice. Tumor-bearing mice were treated with vehicle, Taxol (10 mg/kg, 

every other day from day 1 to day 9, i.p.), M-9 (30 mg/kg, daily from day 1 to day 10, 

i.p.), or the combination of Taxol and M-9, respectively. The body weight of mice was 

monitored every other day for 15 days. Results are expressed as mean ± SEM. 
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M-9 inhibits P-gp-mediated Taxol efflux in HeLa and HCT15 cells. 

Overexpression of P-gp is one of the mechanisms via which cancer develops 

resistance to Taxol treatment (33). Because we observed that M-9 enhanced Taxol 

cytotoxicity in HeLa and HCT15 cells but not in MCF-7 cells (Suppl. Fig. 2A), we 

screened the differences between these cells. We found that a high level of endogenous 

P-gp expression was reported in HCT15 and HeLa cells (34, 35) but not in MCF-7 cells. 

Thus, we first determined the expression of P-gp in these cells. As shown in Suppl. Fig. 

2B, extremely high expression of P-gp was detected in HCT15 cells. Though P-gp 

expression in HeLa cells is not very high, it is still detectable compared to that in MCF-7 

cells (Suppl. Fig. 2B).  

Next, we sought to find out whether M-9 sensitized HeLa and HCT15 cells to 

Taxol treatment by overcoming P-gp-mediated Taxol efflux. P-gp modulators inhibit 

drug efflux through either down-regulating P-gp (36, 37) or inhibiting P-gp-mediated 

drug transporting (11, 12). In our study, M-9 was not shown to regulate the expression of 

P-gp (Suppl. Fig. 3B). Then, we wanted to explore whether M-9 inhibited transporting 

activity of P-gp and therefore increased Taxol accumulation inside the cell. To test this 

possibility, multidrug resistance assay was performed, in which the measured relative 

strong fluorescent intensity suggested either low expression or low transporting activity 

of P-gp (27, 28). As shown in Suppl. Fig. 2C, contribution of the drugs themselves to the 

fluorescence change was excluded. Because, without Calcein-AM, the measured 

fluorescence intensity remained unchanged when HeLa cells were treated with vehicle 

(DMSO), M-9 or verapamil (as a positive control). Results in Fig. 3 indicated that M-9 

treatment increased the relative fluorescence in both HeLa and HCT15 cells and the 
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increment was comparable to that by verapamil. However, neither M-9 nor verapamil 

obviously increased the fluorescence intensity in MCF-7 cells (Suppl. Fig. 2D). The 

above results implied that M-9 sensitized HeLa and HCT15 cells to Taxol treatment, at 

least partially, through inhibiting P-gp-mediated drug efflux. 

 

M-9 restores Taxol-induced cytotoxicity in Taxol-resistant cells through inhibiting P-

gp-mediated drug efflux.  

To verify that M-9 functions as a P-gp modulator, we further explored the effect 

of M-9 on the reversal of Taxol resistance in two Taxol-resistant cell lines. MCF-7 

Taxol-resistant cells (MCF-7/TaxR) and HeLa Taxol-resistant cells (HeLa/TaxR) were 

developed in our lab by gradually increasing Taxol concentration in the cell culture 

medium up to 250 nM (Suppl. Fig. 3A). The results from Western blotting analysis 

showed that, compared to parental MCF-7 and HeLa cells, an excessively high level of P-

gp was expressed in MCF-7/TaxR cells and HeLa/TaxR cells (Suppl. Fig. 3B). Further, 

the expression of another ABC family protein, MRP1, was not detectable in either 

parental or Taxol resistant cells (data not shown). Thus, overexpression of P-gp accounts 

for, at least to some degree, Taxol resistance in MCF-7/TaxR and HeLa/TaxR cells. As 

expected, M-9 had a remarkable effect on reversing Taxol resistance in MCF-7/TaxR and 

HeLa/TaxR cells (Fig. 4A-D). M-9 and Taxol induced multinuclear and dead cells in 

MCF-7/TaxR and HeLa/TaxR cells, which is comparable to that in Taxol treated parental 

cells (Fig. 4A&C). On the other hand, co-treatment of M-9 and Taxol inhibited cell 

growth in HeLa/TaxR and MCF-7/TaxR cells, and the inhibitory effect was also 
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comparable to that of Taxol on parental HeLa and MCF-7 cells (Fig. 4B&D). Taken 

together, M-9 reverses Taxol resistance in HeLa/TaxR and MCF-7/TaxR cells. 

We further examined whether M-9 restored Taxol sensitivity in these Taxol-

resistant cells through modulating P-gp. Results from multidrug resistance assay 

indicated that, when untreated, MCF-7/TaxR cells showed lower fluorescence intensity 

compared to MCF-7 cells (Fig. 4E). This can be explained by the fact that P-gp is 

overexpressed in MCF-7/TaxR cells (Suppl. Fig. 3B). Like verapamil, M-9 treatment 

increased the fluorescence intensity in MCF-7/TaxR cells (Fig. 4E). Furthermore, the 

inhibitory effect of M-9 on P-gp-mediated Calcein-AM efflux was dose-dependent and 

comparable to that of verapamil (Fig. 4 F). Thus, M-9 may also function as a P-gp 

modulator in Taxol-resistant MCF-7/TaxR and HeLa/TaxR cells.  

Altogether, the results suggested that, like verapamil, M-9 reverses Taxol 

resistance in MCF-7/TaxR and HeLa/TaxR cells, at least in part, by inhibiting P-gp-

mediated Taxol efflux. 
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Figure 3. M-9 inhibits P-gp-mediated Calcein-AM efflux in HeLa and HCT15 cells. 

HeLa and HCT15 cells were treated with vehicle (DMSO) or M-9 at the indicated 

concentration for 15 minutes. Then, the multidrug-resistance assay was performed.  

Verapamil (Vera) was used as a positive control. 
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Figure 4A&B. M-9 restores Taxol sensitivity in MCF-7/TaxR cells. M-9 restores the 

sensitivities of MCF-7/TaxR cells to Taxol shown under a phase-contrast microscopy (A) 

or demonstrated by MTT results (B). Results are from cells treated with Taxol (20 nM) 

and/or M-9 (5 µM) for 72 hours.  
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Figure 4C&D. M-9 restores Taxol sensitivity of HeLa/TaxR cells. M-9 restores the 

sensitivities of HeLa/TaxR cells to Taxol shown under phase-contrast microscopy (C) or 

demonstrated by MTT results (D). Results were from HeLa and HeLa/TaxR cells treated 

with Taxol (10 nM) and/or M-9 (5 µM) for 72 hours. 
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Figure 4E&F. M-9 inhibits P-gp-mediated Calcein-AM efflux in MCF-7/TaxR cells. 

MCF-7 and MCF-7/TaxR cells were treated with vehicle (DMSO) or M-9 at the indicated 

concentration for 15 minutes. Results from the multidrug-resistance assay show that M-9 

inhibited P-gp-mediated Calcein-AM efflux in MCF-7/TaxR cells (E), and that the 

inhibition is dose-dependent (F). Verapamil (Vera) was used as a positive control. 
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 M-9 restores cell sensitivity to other drugs that are the substrates of P-gp.  

In order to further validate M-9’s inhibitory effect on P-gp transporting activity, 

we sought to test whether M-9 sensitizes several multidrug-resistant cells to a variety of 

chemotherapeutics that are the substrates of P-gp. Doxorubicin and colchicine are two 

constituents that can be pumped out of the cell by P-gp (6). MCF-7/TaxR and 

HeLa/TaxR cells were shown to be resistant not only to Taxol but also to doxorubicin 

and colchicine, as indicated in Fig. 5A-D. Yet, M-9 effectively reversed doxorubicin or 

colchicine resistance in MCF-7/TaxR and HeLa/TaxR cells (Fig. 5A-D). KB-V1 is 

another multidrug-resistant cell line that has increased P-gp expression compared to 

parental KB-3-1 cells (38). KB-V1 was developed by gradually increasing the 

concentration of vinblastine, which is also the substrate of P-gp, in cell culture medium 

(38). We then investigated whether M-9 restores vinblastine cytotoxicity in KB-V1 cells. 

As shown in Fig. 5E, while KB-3-1 cells being sensitive to vinblastine treatment, KB-V1 

cells were resistant to it. Nevertheless, M-9 successfully sensitized KB-V1 cells to 

vinblastine treatment (Fig. 5E). All these results suggested that M-9 acts, most likely, as a 

P-gp modulator to reverse chemotherapeutic resistance in several multidrug-resistant 

cancer cells. 
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Figure 5A&B. M-9 re-sensitizes MCF-7/TaxR cells to the treatment of doxorubicin 

and colchicine. MCF-7 and MCF-7/TaxR cells were treated with doxorubicin (Doxo) 

(A) or colchicine (Colc) (B) and/or M-9 for 72 hours. Then, MTT assay was performed. 
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Figure 5C&D. M-9 re-sensitizes HeLa/TaxR cells to the treatment of doxorubicin 

and colchicine. HeLa and HeLa/TaxR cells were treated with doxorubicin (Doxo) (A) or 

colchicine (Colc) (B) and/or M-9 for 72 hours. Then, MTT assay was performed. 
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Figure 5E. M-9 re-sensitizes KB-V1 cells to the treatment of vinblastine. KB-V1 cells 

were treated with Vinblastine (Vinb) and/or M-9 for 72 hours. Then, MTT assay was 

performed. 
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M-9 increases the ATPase activity of P-gp.  

The ATPase activation of P-gp is essential for P-gp-mediated drug efflux (39). To 

determine how M-9 regulates ATPase activity of P-gp, we performed ATPase activity 

assay using system with recombinant human P-gp in a cell membrane fraction. As shown 

in Fig. 6, luminescence from the untreated sample indicated the leftover of ATP after 

being consumed by basal P-gp ATPase. Na3VO4 treatment increased luminescence 

because it completely inhibited P-gp ATPase activity, then no ATP was used. On the 

other hand, M-9 decreased luminescence (Fig. 6, left), which revealed that more ATP 

was consumed by M-9 treated P-gp than that by untreated P-gp. Therefore, like 

verapamil, M-9 treatment increased P-gp ATPase activity. The effect of M-9 on 

increasing P-gp ATPase activity was also illustrated by the change in luminescence, 

which was obtained by subtracting luminescence of M-9 treated sample by that of 

Na3VO4 treated sample (Fig. 6, right). Thus, most likely, M-9 functions as a competitive 

P-gp modulator. 

 

Overall, our studies indicated that M-9 sensitizes cancers to chemotherapy, at 

least in part, via inhibiting P-gp-mediated drug efflux and may serve as a competitive P-

gp modulator. 
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Figure 6. M-9 functions through increasing ATPase activity of P-gp. Recombinant 

human P-gp in a cell membrane fraction was used to measure the ATPase activity as 

indicated in Materials and Methods. Na3VO4 was used as a P-gp ATPase inhibitor while 

verapamil (Vera) was used as a control.  
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Discussion 

P-gp was found over-expressed in tumors located in organs that are usually drug 

resistant, such as colon (40, 41). Meanwhile, tumors that were posttreated had also been 

reported to express higher levels of P-gp compared to those pretreated; and increased 

expression of P-gp were strongly associated with MDR (42, 43). For example, Chevillard 

et al. found that patients with breast cancers having positive or acquired expression of P-

gp were always resistant to the treatment with doxorubicin, whereas those having 

undetectable P-gp expression were not (43). Thus, P-gp modulators may function as 

chemosensitizers for these tumors. In our study, we observed that M-9 inhibited P-gp-

mediated Calcein-AM efflux (Fig. 3 and Fig. 4E&F) and is likely to act as a P-gp 

modulator. Moreover, our results showed that M-9 enhanced Taxol cytotoxicity in 

cervical cancer HeLa and colon cancer HCT15 cells (Fig. 1C&D) and two Taxol-resistant 

MCF-7/TaxR and HeLa/TaxR cells (Fig. 4A-D). Furthermore, M-9 was found to reverse 

resistance of MCF-7/TaxR, HeLa/TaxR and KB-V1 cells to a variety of 

chemotherapeutics, including doxorubicin, colchicine and vinblastine (Fig. 5A-E). All 

these data suggested that M-9 is a potential P-gp modulator that can reverse 

chemotherapeutic resistance in cancer cells either with pre-existing P-gp expression 

(HeLa and HCT15 cells) or with adaptive or increased P-gp expression (MCF-7/TaxR, 

HeLa/TaxR and KB-V1 cells). And results from animal studies using xenografts 

generated from HeLa cells further confirmed that M-9 functions as a chemosensitizer in 

vivo (Fig. 2A&B). Importantly, compared to vehicle, Taxol or M-9 alone, co-treatment of 

Taxol and M-9 decreased tumor sizes and caused tumor regression in some mice (Suppl. 

Table 1), which is clinically significant. Animal studies using tumors generated from 
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Taxol-resistant cells are still in the process to test the effect of M-9 on the reversal of P-

gp-mediated multidrug resistance. 

More than 100 P-gp modulators have been discovered and developed since the 

discovery of verapamil. However, the achievements of most of these P-gp modulators in 

clinical trials have not shown to be encouraging (8). High toxicity either from P-gp 

modulator itself or from co-administrated drugs is one of the reasons (8). For example, 

verapamil was shown to be neurotoxic and hematotoxic in patients with 

advanced/refractory breast cancer at the concentration to overcome P-gp-mediated drug 

efflux (44). And valspodar, which is more potent and less toxic compared to the 

modulator it derived from (cyclosporine A), had been reported to interact 

pharmacokinetically with co-administrated doxorubicin and Taxol, thus increasing the 

concentration of these drugs in patients’ body (45). Because the interaction between P-pg 

modulators and chemotherapeutic agents was not predictable, it led to either unacceptable 

toxicity or underdose. In our case, though whether M-9 affects the pharmacokinetics of 

co-treated chemotherapeutics, such as Taxol, needs to be investigated in future animal 

tests and clinical trials, our results have already suggested that M-9, at the concentration 

to overcome P-gp-mediated drug resistance, did not increase Taxol-induced cytotoxicity 

in MCF-12A cells (Fig. 1E), while it enhancing Taxol-induced cytotoxicity to tumor cells 

(Fig. 1C&D, Fig. 4A-D, Fig. 5A-E). Furthermore, M-9, either used alone or in 

combination with Taxol, has already been shown to be well tolerated in the mice tested 

(Fig. 2C). All these results indicated that M-9 is relatively safe to either non-tumorigenic 

cells or mice and has a big potential to be further developed as a P-gp modulator.  
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Another key factor that accounts for the disappointment of P-gp modulators 

comes from the inconsistent results in clinical trials. For instance, in the study by Miller 

et al, 72% (13 of 18 patients) of drug-refractory lymphoma patients responded well to 

verapamil plus doxorubicin/vincristine/dexamethasone (VAD) treatment with 28% of 

complete remissions (46). However, no favorable effect was obtained from the addition 

of verapamil to the VAD treatment in patients with refractory myeloma regardless of the 

expression of P-gp (47). Similarly, tariquidar was shown to effectively (in 13 of 17 

patients) increase the accumulation of 99mTc-sestamibi in metastatic tumors (48), 

whereas, study by Pusztai et al showed that tariquidar had limited effect on restoring the 

sensitivity to either doxorubicin or Taxol in patients with advanced breast cancer (49). 

The heterogeneity of cancer may be the major reason for the inconsistence. For instance, 

in the study by Pusztai et al, patients with positive P-gp was found only 36% of the total 

patients in the clinical trials and among them, only 29% showed increased drug uptake 

(49). As discussed in Chapter 1, cancer is not a homogeneous cell collection. Thus, in 

patients with advanced or refractory tumors, the (multi)drug resistance could come from 

P-gp overexpression, drug target missing or mutation, changed drug metabolism and so 

on (50). For example, several factors account for Taxol-resistance in cancer cells, 

including β-tubulin mutation (51-52), switching from apoptotic to autophagic death (53), 

or over-expression of P-gp (54). Even for the same patient, the individual cells in the 

given tumor could have different mechanisms of action to be drug resistant. Therefore, 

carefully selecting patients with tumors overexpressing P-gp is one of the critical steps 

before testing P-gp modulators in clinical trials. Another approach is to use multi-target 

drugs instead of single-target drugs to treat patients with advanced tumors (55). For 



92 

example, curcumin was reported not only inhibiting P-gp activity (18, 19) but also 

inhibiting several signals, including NFκB and JNK-mediated pathways (56). The results 

from clinical trials have already shown that curcumin was well tolerated by patients and 

had shown positive responses in advanced pancreatic cancer and breast cancer when used 

alone or combined with docetaxel (23-24, 57). In our study, we found that besides 

inhibiting P-gp-mediated drug efflux, M-9 also significantly inhibited cancer cell growth 

(Fig. 1A&B) through suppression of several growth/survival signals, including caspases, 

Erk, Akt, c-Jun and JNK-mediated pathways (Suppl. Fig. 4). Thus, M-9 is likely to 

inhibit the growth of advanced/refractory tumors through targeting not only P-gp but also 

growth/survival signals, which will be further investigated in our future studies.  

Taken together, in this chapter, we have isolated and identified a novel compound 

M-9 from the stem of a traditional Chinese medicinal plant M. tenacissima. We found 

that M-9, as one of the effective anti-cancer components in M. tenacissima, restored drug 

sensitivity in tumor cells but not in non-tumorigenic cells. M-9 functions, at least 

partially, through competitively inhibiting P-gp pumping activity. In animal studies, M-9 

effectively enhanced Taxol-induced tumor suppression and was well tolerated by mice. 

Though, other mechanisms of action for M-9 need to be further explored, our data has 

already shown that M-9 is a novel, potential P-gp modulator that can be developed as a 

chemosensitizer to conquer multidrug resistance. 
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Supplementary Figures of Chapter 3 

 

 

 

 

Supplementary Figure 1. The growth inhibitory effect of M-9 on MCF-12A non-

tumorigenic cells. MTT assay was performed after MCF-12A cells were treated with 0, 

5, 25 and 50 µM M-9 for 72 hours.  
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Supplementary Figure 2A. M-9 does not sensitize MCF-7 cells to Taxol treatment. 

MCF-7 cells were treated with Taxol and/or M-9 at the indicated concentration for 72 

hours. Then, MTT assay was performed.  
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Supplementary Figure 2B. Expression of P-gp in MCF-7, HeLa and HCT15 cells. 

MCF-7, HeLa and HCT15 cells were harvested and western blotting analysis was 

performed to show the expression level of P-gp as indicated by the arrow. Actin was used 

as a loading control.  
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Figure 2C&D. M-9 does not inhibit P-gp-mediated Calcein-AM efflux in MCF-7 

cells. HeLa cells (C) or MCF-7 cells (D) were treated with vehicle (DMSO) or M-9 at the 

indicated concentration for 15 minutes. Then Calcein-AM was added (D) or not added 

(C) into the treated cells for another 15 minutes. The multidrug-resistance assay was 

performed.  Verapamil (Vera) was used as a positive control. 
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Supplementary Figure 3A. MCF-7/TaxR and HeLa/TaxR cells are resistant to Taxol 

treatment compared to the parental MCF-7 and HeLa cells. MCF-7 (∆∆∆∆), MCF-

7/TaxR (▲), HeLa (����) and HeLa/TaxR (■) cells were treated with 0-80 nM Taxol for 72 

hours and MTT assay was performed.  
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Supplementary Figure 3B. Expression of P-gp in MCF-7, MCF-7/TaxR, HeLa and 

HeLa/TaxR cells. MCF-7, HeLa, MCF-7/TaxR and HeLa/TaxR cells were treated with 

Taxol and/or M-9 at the indicated concentration for 40 hours. Western blotting analysis 

was performed to show the expression level of P-gp.  
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Supplementary Figure 4. M-9 suppresses cell growth through inhibiting several 

survival/growth signals and activating apoptosis. MCF-7 and HeLa cells were treated 

with DMSO (C) or M-9 (50 µM) at the indicated time. Then, Western blotting analysis 

was used to detect the expression of different proteins involved in cell growth/survival 

and apoptosis. 
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Supplementary Table 1. Measured tumor volumes and tumor weights for mice treated 

with vehicle, Taxol/M-9 alone or in combination.  

Group No.

Measured Volume Weight

Day 1 Day 15 Day 15

V(mm^3) V(mm^3) (gram)

vehicle

1 292.97 1767.08 1.14

2 167.94 744.83 1.04

3 323.44 1988.32 1.33

4 469.63 965.00 0.53

5 409.91 1869.68 1.24

6 433.20 1830.19 0.95

7 339.58 1568.00 1.23

Mean 348.09 1533.30 1.06

SEM 41.50 197.82 0.11

Taxol

1 406.56 1198.64 0.78

2 203.73 1512.68 0.88

3 273.78 1185.16 0.94

4 383.32 1019.81 0.66

5 357.64 861.37 0.58

6 395.14 1163.26 0.80

7 502.98 1421.88 0.99

Mean 360.45 1194.69 0.80

SEM 39.53 90.60 0.06

M-9 

1 295.25 1072.80 1.13

2 475.15 1883.74 1.00

3 530.16 2281.05 1.39

4 469.75 1902.76 1.57

5 544.89 1341.65 1.01

6 311.90 1717.36 0.76

Mean 437.85 1488.76 1.14

SEM 48.41 305.88 0.13

Taxol + M-9

1 639.45 486.00 0.36

2 455.46 473.85 0.40

3 359.53 287.49 0.19

4 461.29 364.80 0.13

5 499.23 955.60 0.07

6 557.57 1458.74 0.39

7 499.85 445.50 0.20

Mean 496.05 638.85 0.25

SEM 35.69 171.52 0.05
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Chapter 4  

General discussion 

 

Cancer drug discovery and preclinical research have already and will continue to 

provide solid support for further drug development and cancer treatment. In this 

dissertation, we identified two compounds with anti-cancer properties, which were 

separately extracted from two plants used in Traditional Chinese Medicine, Actium Lappa 

L. and Marsdenia tenacissima (M. tenacissima). Although the mechanisms of action for 

these two compounds could not be covered completely in this dissertation, some parts of 

them were described in Chapters 2 and 3. Our studies in this dissertation and in the future 

will contribute to the development of these two compounds for cancer treatment, either as 

a single use drug or in combination with other drugs, and may provide prospective drug 

structures for other drugs’ development.  

 

Lappaol F, a potential chemotherapeutic targeting cell cycle 

Usually, there are two types of chemotherapy in clinical practice (1): DNA-

damaging drugs and microtubule modulators. Drugs such as etoposide, doxorubicin, 

cisplatin, and 5-fluorouracil (5-FU) function by targeting chromosome duplication during 

cell division. After being treated with DNA-damaging drugs, cancer cells either enter cell 

cycle arrest for DNA repair or go to cell death. However, in addition to their toxicity to 

normal cells that divide quickly, some drugs have severe side effects. Etoposide, 

doxorubicin, and their derivatives have been found to induce secondary tumors after 

treating primary cancers (2-4). Cisplatin has been reported to induce severe renal 
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dysfunction (5) and 5-FU is cardiotoxic (6). Microtubules are dynamic polymers with α- 

and β-tubulin heterodimers and play an extremely important role in mitotic checkpoint of 

cell division (7, 8). Therefore, drugs targeting microtubule polymerization or 

depolymerization are another key chemotherapy in cancer treatment. Examples of these 

include paclitaxel and vinblastine (9). However, neurological and hematological 

toxicities (10, 11) and drug resistance (12) have limited the use of these microtubule-

targeting drugs.  

Besides the mitotic checkpoint, there are two other checkpoints that function to 

hold cell cycle progression until an earlier process is completed (13). They are check 

points at the G1-S transition and at the G2-M transition, which are often defective in 

cancer cells (14). As a result, cyclin-dependent kinases (CDKs) and CDK inhibitors 

(CKIs), which are essential in these transitions, are attractive targets for cancer treatment 

(15-17). However, drugs targeting CDKs have seldom shown positive effects in clinical 

trials throughout nearly 20 years of development (18, 19). The main failure of drugs 

targeting CDKs comes from their low efficacy, toxicity, and narrow dose window (20). In 

2012, two CDK inhibitors, MK-7965 by Merck and PD-0332991 by Pfizer, moved to 

phase III trial, providing hope for CDK inhibitors (20).  

In this dissertation, we have indentified and examined Lappaol F from several 

compounds extracted from the seeds of the plant Arctium Lappa L. Lappaol F was shown 

to arrest cells at G1 and/or G2 phase in a number of cancer cells through not only 

targeting CDK1, CDK2 and cyclin B1, which are critical in the G1-S and G2-M transition, 

but also up-regulating p21 and p27, two important CKIs in cell cycle control. p21 and 

p27 play a central role in G1-S transition by inhibiting cyclin E-, cyclin A-, and cyclin D-
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CDK complexes and were found loss of expression in several cancers (21). Thus, their 

upregulation may contribute to Lappaol F-induced G1 arrest. Meanwhile, an increasing 

number of studies (22-24) have shown that p21 also regulates cyclin B1-CDK1 complex 

and further has an effect on G2-M transition. In our study, p21 plays a vital role in 

Lappaol F-mediated G2 phase arrest through down-regulating cyclin B1 and CDK1. So, 

p21 may be an important target of Lappaol F that needs additional investigation. 

 It is well known that p21 can be regulated in p53-dependent (25) and -

independent manners (26). Our results showed that Lappaol F-mediated p21 upregulation 

is p53-independent. Furthermore, Lappaol F mediates its growth-inhibitory effects on 

cancer cells regardless of their p53 patterns, which is supported by our observation that 

Lappaol F inhibits cell growth in cancers with wild type p53 (MCF-7and RKO cells), 

mutant p53 (MDA-MB-231 cells) and nonfunctional p53 (HeLa cells). p53 is a tumor 

suppresser found mutant or deleted in more than half of cancers. Thus, Lappaol F 

mediating its growth suppression independent on the p53 statues of cancer will benefit its 

application in numerous cancers.   

Yet, to further develop Lappaol F as an anti-cancer drug, a number of studies are 

still needed. For example, pharmacokinetic/pharmacodynamic studies, especially the 

absorption, distribution, metabolism, and excretion of Lappaol F are needed.  Moreover, 

Lappaol F has shown moderate effects on non-tumorigenic cells and was well tolerated in 

animals. Yet, the toxicity of Lappaol F to humans, as well as its effects on humans, needs 

to be tested in clinical trials. 

 

 



113 

M-9, a potential chemosensitizer for multidrug resistance 

As discussed, multidrug resistance is one of the most important reasons for poor 

clinical outcome in cancer treatment. P-glycoprotein (P-gp), one of the well-investigated 

multidrug transporters, together with multidrug resistance-associated protein 1 (MRP1) 

and breast cancer resistance protein (BCRP), was thought to confer the majority of 

multidrug resistance (27). P-gp was found expressed in a number of human normal 

tissues, such as liver, pancreas, kidney, colon and small intestine (28), functioning to 

protect these tissues from toxic drugs and metabolites. However, the overexpression of P-

gp also accounts for the intrinsic multidrug resistance of cancers of these organs. The 

blood-brain barrier (BBB) is also fortified by P-gp, which, at least partially, renders 

chemotherapy ineffective for brain cancer and other brain diseases (29). Meanwhile, 

multidrug resistance acquired through overexpression of P-gp is also observed in clinical 

cancer treatment, including acute myelocytic leukemia, myeloma and breast cancer (30).  

Thus, efforts have been made to search the modulators targeting P-gp to restore 

drug sensitivity. Though antibodies targeting P-gp (31, 32) or modulators down-

regulating P-gp (33, 34) has been reported, the major focus is still on P-gp modulators. 

However, the most promising P-gp modulators are still in clinical trials (35, 36). The 

main reasons for the clinical failure of P-gp inhibitors are low efficiency and high 

toxicity. Thus, new P-gp inhibitors from natural products have been proposed (37, 38).   

In this dissertation, we have identified a novel compound, M-9, from the stem of 

the plant M. tenacissima. Our studies showed that M-9 restored drug sensitivities in 

several cancer cells in which P-gp was found overexpressed. Further studies showed that 

M-9 competitively binds to P-gp and prevents other drugs from efflux. Thus, M-9 
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functions as a competitive P-gp inhibitor, which is very similar to verapamil -- the first 

generation of P-gp inhibitor (27). Though the clinical trial on verapamil is still ongoing 

(39), the big problem for verapamil is its cytotoxicity. In contrast, results from our studies 

showed that at the dose that sufficiently restored drug sensitivity, M-9 did not further 

enhance Paclitaxel (Taxol) cytotoxicity in non-tumorigenic MCF-12A cells. More 

importantly, our animal studies had already shown that M-9 is well-tolerated by the 

animals, while significantly enhancing the growth inhibitory effect of Taxol on 

xenografts generated from HeLa cells. Right now, researchers in our cooperating lab are 

performing animal tests to determine the tumor inhibitory effect of M-9 on xenografts 

generated from multidrug resistant cells. 

One problem for P-gp modulator is low efficiency, which mainly comes from the 

heterogeneity of cancer. Thus, targeting advanced/refractory tumors through using multi-

target drugs may provide promising outcome (40). Our results had shown that M-9 

inhibited several growth/survival signals in addition to modulating P-gp. Thus, M-9 has 

the possibility to target multiple signaling pathways in tumors, including P-gp-mediated 

drug efflux and Erk, c-Jun and JNK-mediated signaling pathways. The potential multi-

targeting property of M-9 will be explored in our future studies.  

Another bottleneck in clinical trials for P-gp inhibitors arises from the side effects 

of resistant chemotherapies, whose concentration may increase in normal tissue, such as 

kidney, colon and brain when P-gp activity is inhibited (32). Thus, ultimately, there is a 

need to combine the specific and potent P-gp inhibitors with targeted therapy. 

Meanwhile, we can also take advantage of P-gp inhibition in those tissues, for example, 
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to increase central nervous system (CNS) penetration of drugs to effectively target brain 

cancer (41) and to influence the oral bioavailability of drugs (42, 43).   

 

Other cancer features that are targets for drug discovery and development   

As we have discussed, cancer cells have deregulated proliferation, evaded growth 

suppression, and are resistant to cell death. In addition, cancer cells hold other features 

that are the targets for cancer treatment. A brief introduction to the development of drugs 

targeting those features, including cancer metabolism, angiogenesis, metastatic processes, 

and immune system responses, will be provided here for added understanding of cancer 

treatment.  

The concept that tumor cells have different metabolism than normal cells was 

proposed as early as 90 years ago by Warburg, through the observation that increased 

aerobic glycolysis is found in most human cancers (44). Further studies showed that 

altered metabolism is linked to cancer development and progression as well as poor 

prognosis (44). Thus, targeting cancer metabolism has provided one therapeutic direction 

for cancer treatment. Several strategies have been used to target cancer metabolism. 

These include the critical steps in cancer metabolism, such as nucleic acid synthesis, 

glycolysis, TCA cycle (45). Some cancer-metabolism targeting drugs have been approved 

for clinical use, such as 5-FU, which inhibits thymidylate synthase (46). Some of the 

agents are in the clinical trials, such as 2-deoxyglucose, which targets hexokinase -- a 

kinase in the first step of glycolysis (47). Still, a lot these drugs are in preclinical studies 

but have shown promising achievements, including those targeting pyruvate kinase M2 

(PKM2) (48) and lactate dehydrogenase A (LDHA) (49). 
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Angiogenesis is the process through which new blood vessels grow, usually from 

pre-existing vessels. Physiologically, angiogenesis occurs in the process of development, 

reproduction, and wound repair. During cancer growth and development, angiogenesis is 

required to provide nutrients and oxygen (50). Thus, a lot of approaches have been 

developed, including those targeting matrix breakdown and endothelial-cell proliferation 

and/or survival (51). Among these angiogenesis modulators, those targeting vascular 

endothelial growth factor (VEGF) family proteins and VEGF receptors (VEGFRs) have 

shown success in clinical practice (52). In fact, identifying VEGF, the key regulator in 

angiogenesis, was the major milestone in understanding tumor angiogenesis and led to 

the development of angiogenesis-targeting drugs. The most notable one is bevacizumab, 

a monoclonal antibody targeting VEGF which was approved by the FDA as a first-line 

therapy for metastatic colorectal cancer and others (52). Other FDA approved anti-

angiogenesis drugs include two kinase inhibitors sorafenib and sunitinib that target 

VEGFRs, and a number of others (53). Still, a lot of angiogenic modulators are being 

clinically evaluated (51, 54). Anti-angiogenesis therapy showed few side effects and was 

well-tolerated by patients because it mainly functions through impeding blood vessel 

formation (51). However, drug resistance, either intrinsic or acquired, has been found in 

both preclinical and clinical tests (55). Moreover, angiogenesis inhibition can induce 

tumor invasion and metastasis (56, 57). Thus, the combination of anti-angiogenesis drugs 

with other drugs, such as drugs targeting metastasis, will provide clinical promise (55). 

Another emerging approach is the combination of drugs targeting both VEGF and 

fibroblast growth factor (FGF), which is also an important player in angiogenesis (58).    
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Metastasis is a multistep process in which cancer cells invade the stroma in 

response to the surrounding environment, survive in the circulation, and seed and grow in 

a more tolerant secondary site (59). Metastasis accounts for almost all deaths from 

cancer. Thus, a great deal of effort has been put into targeting metastasis (60, 61). 

However, the understanding of how tumors metastasize is still fragmented. Though 

chemotherapy, targeted therapy, and combination therapy have been used for metastatic 

cancers (62), the main focus of cancer metastasis treatment is still on finding targeted 

genes, identifying the corresponding tumor-host crosstalk and setting up suitable animal 

models for preclinical drug testing (61). 

Cancer immunotherapy is a strategy that induces or boosts the patient’s immune 

response to kill cancers. It is not a new thought in cancer therapy. But, only until recently, 

a number of immunotherapy drugs were approved for metastatic melanoma, prostate 

cancer and other cancers (63). Vaccine is one of the strategies that usually targets virus- 

induced cancer. Cancer vaccines include those targeting human papilloma virus (HPV) 

and hepatitis B virus (HBV), which function to prevent virus-associated cervical and 

hepatocellular cancer (64, 65). Sipuleucel-T, however, is the first vaccine being used to 

treat metastatic castration-resistant prostate cancer (66). It is processed as getting 

dendritic cell (DC) precursors from the blood of the cancer patient, which is further 

incubated with recombinant fusion protein containing prostatic acid phosphatase (PAP) - 

an antigen expressed in most prostate cancers, and granulocyte-macrophage colony-

stimulating factor (GM-CSF) - a secreted protein functioning to promotes the growth of 

DCs. After incubation, the Sipuleucel-T product is infused back to the patient to activate 

PAP-specific CD4
+
 and CD8

+
 cells to kill tumor cells (66). More cancer vaccines are in 
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clinical trials right now to target tumor-specific antigens (67). Cytokines and immune-

targeted agents are another strategy for immunotherapy, which usually contains 

interleukin-2 (IL-2), interferon-α, and cytotoxic T lymphocyte-associated antigen 4 

(CTLA4) - a critical negative regulator of T-cell activation (68). While the effect of IL-2 

and interferon-α is controvertible (63), ipilimumab, the monoclonal antibody against 

CTLA4, has shown effective and durable responses (69) and was approved by the FDA 

for patients with metastatic melanoma.  

Different from cancer vaccines and CTLA4-specific antibody, adoptive cell 

transfer (ACT) strategy (70) directly uses T lymphocytes from patient cancers, which 

may be engineered with specific tumor antigens ex vivo. Then, the expanded T cells are 

infused back to patients to kill tumor cells. It has been successfully shown that 50% 

patients with metastatic melanoma that is resistant to all other treatments responded well 

to ACT therapy with cytotoxic T cells (71).  

Taken together, cancer immunotherapy has emerged as one of the most effective 

cancer treatments. However, several problems cannot be ignored, which include 

difficulty in the selection of an optimal dose and schedule, obscurity in evaluating the 

effect of the therapy, and high cost (63). Furthermore, tumor relapse has been observed 

after regression which comes from the acquired resistance (72). Thus, a lot of efforts are 

still needed in the area of cancer immunotherapy, for example to develop valid assays to 

evaluate the immune response, to develop new tumor specific antigens, and to combine 

with other treatments such as chemotherapy and targeted therapy. 
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The future of cancer treatment - personalized cancer treatment with combined 

targeted therapies 

As discussed in Chapter 1, cancer is a heterogeneous disease. Thus, drugs for one 

cancer do not fit other cancers. And drugs that worked for one patient do not 

automatically cure other patients with the same cancer. Furthermore, patients who 

respond well to a drug at the first treatment may eventually develop drug resistance. All 

these impediments call for personalized cancer treatment, which is the future of cancer 

treatment.   

Though chemotherapy cannot be excluded from the future of cancer treatment, 

targeted cancer therapies, which discriminatingly target the distinctive features of cancer, 

comprise the basis of personalized cancer treatment. Usually, targeted therapies contain 

two types of strategy: small molecules and monoclonal antibodies (mAbs) (73). The first 

molecular target for cancer therapy is estrogen receptor (ER), which is found 

overexpressed in many breast cancers (74, 75). Several small molecules were developed 

and approved for the treatment of ER-positive breast cancer, including tamoxifen and 

fulvestrant that bind to ERs and prevent estrogen binding (75), and aromatase inhibitors 

that are used in postmenopausal women to inhibit the production of estrogen (76). In 

addition to those targeting ER, and sorafenib and sunitinib (mentioned above) which 

selectively targeting cancer angiogenesis, a great number of small molecules have been 

developed to target the cellular processes of tumors, such as specific enzymes and growth 

factor receptors. One well-known example is imatinib (Gleevec), which specifically 

targets Bcr-Abl positive chronic myeloid leukemia (CML) by binding to the ATP-binding 

site of Bcr-Abl and inhibiting its activity (77, 78). Gefitinib and erlotinib, the epidermal 
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growth factor receptor (EGFR) inhibitors, are good examples for targeted therapy using 

small molecules as well. EGFR is activated in more than 50% of cases of non-small-cell 

lung cancer (NSCLC) and has been associated with aggressive behavior and poor 

outcomes (79). Gefitinib and erlotinib function to bind to the ATP-binding site of EGFR 

and inhibit the catalytic activity of EGFR (79). As opposed to small molecules that 

function either inside the cell or on the cell membrane, monoclonal antibodies usually act 

on cell surface proteins or secrete proteins. In addition, monoclonal antibodies are usually 

more specific to antigens and have longer half lives, but are relatively more expensive 

and less convenient to administer (73). Two types of monoclonal antibodies have been 

developed for cancer treatment: naked mAbs or conjugated mAbs. Naked mAbs affix to 

antigens of cancer and function through either boosting the immune response (as in the 

case of ipilimumab mentioned above) or blocking the specific signaling pathways (as in 

the case of bevacizumab mentioned above). Other examples are cetuximab for head and 

neck or colorectal cancers, and trastuzumab for human epidermal growth factor receptor 

2 (HER-2)-positive breast cancer, which bind to EGFR or HER-2 from the outside of the 

cell membrane and inhibit their signal transductions (80). Conjugated monoclonal 

antibodies, however, are a conjugate comprised of a cytotoxic agent linked to a mAb or 

mAb fragment (81). Thus, conjugated mAbs function as vehicles to deliver cytotoxic 

agents to targeted cancer cells and selectively kill cancer cells. Conjugated mAbs show a 

higher clinical response rate than monoclonal antibodies only. Right now, brentuximab 

vedotin targeting CD30 has been approved for the treatment of Hodgkin lymphoma and 

anaplastic large-cell lymphoma (82). A lot of conjugated monoclonal antibodies are still 

in clinical trials (82, 83).  
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Though more than thirty targeted therapies are on the market and a large number 

of agents are in clinical trials for cancer treatment (84), the key challenge is still the 

selection of drug targets. Cancer targets come from receptors, enzymes, transporters, and 

others that have mutated, specially expressed or amplified in cancers. Bcr-Abl, EGFR, 

VEGFR, and HER-2, as discussed above, have been shown to be successful targets. Yet, 

a lot of new targets are needed for personalized treatment of diversified cancers. And, the 

big problem is how to validate the targets. A report by Arrowsmith showed that, from 

2008 to 2010, more than half of the failure in phase II trials for new drugs was due to 

insufficient efficacy (85). Several strategies have been proposed to validate emerging 

targets, including computational assessment (86). However, genetic screening plus cell- 

and animal-based research and clinical tests to validate the targets are still the basis in 

target development (87). Another problem is drug resistance from those cancer cells that 

did not show the target(s) and thus did not respond to the targeted therapy. For example, 

small deletions in exon 19 and the point mutation L858R in EGFR present sensitivity to 

gefitinib and erlotinib, while a second point mutation, T790M, increases the affinity of 

ATP to EGFR and causes the corresponding drug resistance (88). Thus, multi-target 

therapies, and the combination of targeted drugs with chemotherapies, are currently used 

for cancer treatment and will continue to be the direction for personalized therapy. 

To achieve individually tailored cancer treatment, cancer screening technologies, 

including pathology, fluorescence in situ hybridization (FISH), PCR assays, DNA 

sequencing, molecular imaging and a number of other techniques (89, 90), are needed to 

support targeted therapy. Also, development of new sequencing platforms and protein 

analysis in clinical tissues will accelerate the progress of cancer screening (91, 92). Good 
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cancer screening technologies must have a number of qualities that make them 

successful: they can predict the possibility that a person will have cancers during his or 

her lifetime; they can detect cancer in its very early stages, which could not be diagnosed 

by regular methods; and they can detect the genes or gene mutations that account for 

cancers to provide correct therapy targets. Inherited BRCA1 and/or BRCA2 mutations 

extensively raise the risk of breast and ovarian cancers in women (93). Thus, the BRCA1 

and BRCA2 gene mutation test has been used clinically to predict the cancer risk of 

people, usually those who have a family history of breast/ovarian cancer (94). However, 

while prophylactic surgery is available as a treatment option, drugs for preventing and 

treating cancers with BRCA1 and BRCA2 are not promising. Meanwhile, biomarkers for 

perceiving early stage cancer are still in the research process (95). 

To summarize, constant cancer screening and corresponding changes of drug 

combinations are necessary for personalized cancer therapy to effectively prevent or treat 

cancers, and to successfully prevent drug resistance and cancer relapse. High cost is a 

challenge today both for targeted drug discovery/development and for cancer screening. 

However, this can be overcome through increased understanding of the mechanisms of 

action of cancer, an increase of validated cancer biomarkers, and improved technologies 

of different screening methods. Hopefully, some day, cancer can be treated similarly to 

the way other diseases are treated. Cancer screening plus multi-targeted therapies for 

cancer patients will someday be as simple and easy as the combination of urine/blood 

screening plus the corresponding antibiotics are for patients today with bacterial 

infection. And cancer will not be known as a life-threatening disease any more. 
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