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ABSTRACT 

Colorectal cancer (CRC) is one of the devastating malignant cancers over the world, it 

causes around 2-3 million new patients and 700,000 deaths every year. Indeed, CRC 

ranks as the fourth most common cause of cancer-related death. 

CRC is a highly heterogeneous disease with combination of gene mutations and 

malfunctions of a complex array of molecular signaling. Genome-wide sequencing has 

identified nearly 80 mutated genes in CRC, including adenomatous polyposis coli (APC) 

mutation that occupies 70-80 % of all the CRC cases, and Kirsten rat sarcoma 2 viral 

oncogene homolog (KRAS) gene mutation that accounts for 30-50 % of all the CRC 

cases. Currently, no therapeutic agent targeting APC or KRAS has been approved for 

CRC treatment. More importantly, KRAS is considered as an undruggable target 

because of the lack of binding sites for small molecule inhibitor binding onto the KRAS 

protein surface. 

To overcome this clinical challenge, our study aims to develop novel combination 

treatment that possess potent anti-CRC effect by targeting multiple signaling pathways 

including the KRAS. 

Porcupine (PORCN) is a Wnt-specific acyltransferase. WNT974 (also known as 

LGK974) is a selective and orally bioavailable PORCN inhibitor, it shows significant 

inhibitory effects in many cancer types. Indeed, WNT974 is in clinical trial phase I and 
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phase II (NCT01351103, NCT02278133) for CRC treatment. 

Artemisia annua L. is a medicinal plant used to treat fever and chills. Artemisinin, is an 

active constituent of Artemisia annua L. Artesunate (ART) is a water-soluble semi- 

synthetic derivative of artemisinin, which is approved for the treatment of severe 

malaria cases. 

Given both WNT974 and ART are safe for human consumption, WNT974 is known to 

target the APC/Wnt signaling pathway and ART possess anti-cancer effect, we explored 

whether the combination of WNT974 and ART would exhibit a potent anti-CRC effect 

and reveal the underlying mechanism of action. 

Our study shows that the combination of WNT974 and ART synergistically reduces 

CRC cell viability as demonstrated in 8 CRC cell lines, and CI values of all the 

combination ratios are less than 1. The inhibitory effect of the combination treatment is 

also demonstrated in 3D culture model. These CRC cell lines habour different gene 

mutations such as APC, KRAS, P53 and BRAF gene mutations. Our data suggest that 

the combination treatment can be used to treat CRC regardless of its genetic 

backgrounds. 

In CRC-bearing xenograft mouse models, our data also show that the combination 

treatment significantly inhibits tumor growth and reduces tumor weight. The inhibitory 

effect is more potent than 5-Fu, indicating that the combination treatment may be a 
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better therapeutic than 5-Fu for CRC treatment. 

Furthermore, we examined the underlying mechanism of the syngertistic effect of the 

combination treatment. The data indicate that the combination treatment induces cell 

cycle arrest at G0/G1 phase by upregulating p21, p27 expressions and AKT activity, 

and hence inhibits CDK2 activity in the CRC. 

More importantly, the combination treatment also reduces the protein level and activity 

of KRAS in CRC by upregulating beta-TrCP, GSK-3β and ANAPC2 expressions and 

hence promotes KRAS degradation through ubiquitin–proteasome pathway. Our study 

has explored an alternative approach to inhibit the KRAS signal by promoting KRAS 

protein degradation. Our study is the first time to report E3 ligase ANACP2 promotes 

KRAS protein degradation. The substrate specificity of E3 ligase may suggest a reduced 

side effect during treatment, which deserves further investigation. 

Therefore, in the future, we will investigate the acute and chronic toxicity of the 

combination treatment and also perform pharmacokinetics and pharmacodynamics 

studies with animal models. 

Our study is the first report demonstrating the combination of WNT974 and ART has 

synergistic effect in reducing CRC cell viability and it exhibits a potent anti-CRC effect. 

This study has provided strong scientific evidence to support the translation of the 

combination of WNT974 and ART as novel KRAS-targeted therapeutics for CRC 

treatment. The combination of WNT974 and ART for cancer treatment has been filed 

for patent (Chinese patent Application No. CN201910876006.8). After we have 
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completed the toxicity tests and obtained the patent, we will apply for clinical trials 

from IND, FDA or CFD. 
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Chapter Ⅰ General Introduction 

1.1 Colorectal Cancer 

Colorectal cancer (CRC) is a malignant tumor that develops in the colon or rectum. 

Globally, in 2020, approximately 150,000 people were diagnosed with CRC and 53,200 

died from it. Among these, 17,930 cases and 3,640 deaths were aged below 50 years 

(Siegel RL et al., 2021). And the people diagnosed with CRC in males is higher than 

females (World Health Organization database). Australia, New Zealand, Europe, and 

North America are the highest incidence rates countries, and Africa and South-Central 

Asia are lowest rate (Global Burden of Disease Cancer Collaboration). The differences 

between areas may due to dietary and enviroment they lived as well as genetic 

differences. (Menha Swellam et al., 2016). In China, the incidence of CRC has been 

consistently increasing, and it casts a heavy burden on the healthcare system especially 

in the developed regions. In Hong Kong, CRC is also a common cancer, with 5634 new 

cases in 2018. The death rate for males were 37 and 22.2 for females per 100,000 

(Centre for Health Protection 2020). 

It appears that CRC is not due to a single genetic mutation but rather to a combination 

of mutations and malfunctions of a complex array of molecular signaling pathways. 

The gradual development in morphology from adenoma to carcinoma and ultimately to 

metastatic disease occurs through a number of steps that involve gene mutations and 

abnormal pathways (Markowitz & Bertagnolli, 2009). Genome-wide sequencing 
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recently has identified nearly 80 mutated genes in CRC such as adenomatous polyposis 

coli (APC), Kirsten rat sarcoma 2 viral oncogene homolog (KRAS) and p53 (Bagaert 

& Prenen, 2014). Among them, APC mutation is the most common in CRC patients 

with 70-80%, and APC plays a crucial role in the Wnt/beta-catenin signaling pathway. 

(Hankey W et al., 2018). RAS is the other common mutation gene in CRC. In the RAS 

gene family, KRAS is the most frequently mutated oncogene and 30-50% CRC patients 

found KRAS mutation (Dinu D et al., 2014). p53 is a tumor suppressor gene; it plays a 

role in cell cycle, apoptosis, genetic stability and regulation of angiogenesis (Vogelstein 

et al., 2000). And p53 is mutated in 40-50 % of all CRC cases (Iacopetta B et al., 2003). 

Only a few mutations are thought to be drivers of tumourigenesis, tumour development 

and progression requires the action of multiple genes. (Vogelstein B et al., 2013). In 

addition, epigenetics, DNA methylation, histone modifications, chromatin remodellers 

and non-coding RNAs have been identified as key players in CRC development and 

progression. (Bardhan K & Liu K 2013) 

 
 

1.2 APC mutation in CRC 
 

APC is widely considered to be a highly mutated tumour suppressor gene in CRC. 

(Fearon ER 2011). The APC is a gene on chromosome 5q21-q22, including 8535 

nucleotides and 21 exons. The APC gene encodes a 310 kDa protein with 2843 amino 

acids. Exon 15 is the location which 75% coding sequence are in for both germline and 

somatic mutations of APC (Béroud C & Soussi T, 1996). 
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APC plays a key role in regulate the Wnt pathway which affects gastrointestinal tract 

cells proliferation and differentiation. (Klaus A and Birchmeier W, 2008). The 

mechanism is that APC inhibits β-catenin/T-cell factor (TCF)-dependent transcription 

by destrucion of complex and stimulateting phosphorylation and subsequent ubiquitin- 

dependent degradation of β-catenin. (Rubinfeld B et al., 1996). APC increases the 

efficiency of this destruction machinery by promoting Axin multimerization and 

stabilizing the Axin complex (Pronobis MI et al., 2015). Other regulatory mechanisms 

include reducing nuclear β-catenin levels by promoting export of β-catenin, blocking 

interactions with TCF by directly binding to β-catenin (Neufeld KL et al., 2000), and 

facilitating C terminal binding protein (CtBP)-mediated repression of Wnt-target genes 

through direct interaction with a repression complex (Hamada F and Bienz M, 2004; 

Sierra J et al., 2006). Due to alteration of APC, β-catenin/TCF transcriptional activity 

activates by β-catenin accumulating attenuating CtBP-mediated inhibition of the 

repression complex. This activation leads to upregulate level of cyclin D1 and c-myc 

which are downstream targets and play key role in tumor cell proliferation, apoptosis 

and cell cycle. (Figure 1.1) (He TC et al., 1998; Tetsu O & McCormick F, 1999). It is 

clear that APC is involved in many crucial signaling pathways and biological processes 

implicated in CRC carcinogenesis. (Fearon, E. R. & Vogelstein, B. A, 1990). More 

recent work shows that APC restoration drives tumor regression and reestablishes crypt 

homeostasis in CRC, validating the Wnt pathway as a therapeutic target for CRC 

treatment (Dow LE et al., 2015). 
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Figure 1.1 Models of the Wnt-signaling pathway in a normal cell and a cancer cell 

with an APC mutation. 

(Reproduced from (Satya Narayan and Deodutta Roy, 2003)) 
 
 
 

1.3 KRAS mutation in CRC 
 

KRAS is one of the most common mutation gene in human cancer. Different mutation 

forms of KRAS are now discovered, which are divided into three broad categories 

based on the mutated codon: G12 (mutation at codon 12), G13 (mutation at codon 13), 

and Q61 (mutation at codon 61) (Uprety D & Adjei AA, 2020). In CRC, KRAS 

mutations occur in about 30–50% of cases (Dinu D et al., 2014). G12 is the most 

important type, which contains 15 point mutations, namely G12A, G12D, G12F, G12K, 

G12N, G12S, G12V, G12Y, G12C, G12E, G12I, G12L, G12R, G12T, and G12W. 
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Among these, G12D and G12V are the two most common mutation subtypes, 

accounting for about 41% and 28%, respectively, of all mutations of G12 (Hobbs GA 

et al., 2016). Clinical studies have found that CRC patients harboring KRAS mutations 

have a shorter survival rate than non-KRAS mutated patients (Pang XL et al., 2017). 

Moreover, studies demonstrate that the worst prognoses are for of CRC patients with 

G12D and G12V mutations (W. Li et al., 2019). In addition, other studies have showed 

that CRC patients with G13 mutations have a significantly lower survival rate than 

patients with with wild type KRAS, when diagnosed at stages I or II (J. Chen et al., 

2014; D. Dinu et al., 2014). It is also found that the CRC patients who harbor codon 12 

mutations, the 5-year overall survival rate is significantly less than those with codon 13 

mutations and wild type KRAS (Abubaker J et al., 2009). 

 
 

KRAS is a front-line sensor that initiates the activation of a series signalling molecules 

that allow transduction signals from the cell surface to the nucleus and affect a range of 

important cellular processes such as cell differentiation, growth, chemotaxis and 

apoptosis.. For example, KRAS regulates PI3K-Akt and RAS-RAF-MAPK signaling 

pathways which are involved in cell proliferation (R. Yoshizawa et al., 2013; Kolch W 

2000; Castellano E et al., 2013). Specifically, KRAS is downstream of epidermal 

growth factor receptor (EGFR). Upon EGFR activation, the tyrosine kinase in the 

intracellular region phosphorylates and activates KRAS and hence activates the RAS- 

RAF-MAPK signaling pathway. The activated KRAS-GTP will then be hydrolyzed by 

GTPase and switches back to the inactivate KRAS-GDP state. In this way, KRAS 
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switches between the active (KRAS-GTP) and inactive (KRAS-GDP) states. However, 

mutations in KRAS result in aberrant activation of the downstream RAS-RAF-MAPK 

or phosphoinositide 3-kinase (PI3K) pathways, regardless of the EGFR activation state 

(Figure 1.2) (Yokota T, 2012; Domagała P et al., 2012). The constitutively active KRAS 

causes aberrant and uncontrollable cell growth and cell transformation, promotes 

cancer metastasis, and also increases resistance to chemotherapy and EGFR targeted 

therapy in many cancer types including CRC (Shingu T et al., 2016; Van Schaeybroeck 

S et al., 2014). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 1.2 KRAS mutation resulting in constitutively activated downstream 

signaling pathways 

(Reproduced from (Tew BY et al., 2020)) 
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1.4 Clinical challenges 
 

Surgery is the mainstay curative treatment for patients with non-metastasized CRC. 

Chemotherapy is another therapeutic approach. The most commonly used drugs for 

CRC treatment are 5-fluorouracil (5Fu), capecitabine, irinotecan, oxaliplatin, 

cetuximab and panitumumab (Hammond W.A et al., 2016). In addition to these 

chemotherapy regimens, targeted agents are used for metastatic CRC treatment. The 

first FDA-approved targeted drugs for CRC are cetuximab that targets EGFR and 

bevacizumab that targets VEGF. Since then, other target drugs have been approved for 

CRC treatment including panitumumab, regorafenib, ramucirumab that also target 

VEGF/VEGFR. Pembrolizumab, nivolumab and ipilimumab are immune checkpoint 

inhibitors that have also been approved in recent years (Xie YH et al., 2020). However, 

CRC involves multiple and complex events, with a series of genetic changes (Lahouel 

K. et al., 2020). Tumor heterogeneity is particularly evident in CRC, caused by 

chromosome (CIN) or microsatellite instability (Maria S. Pino & Daniel C. Chung, 

2010). All these impact the efficacy of any targeted therapy. 

 
 

Although APC and KRAS are the most common mutations in CRC and, consequently, 

the ideal therapeutic targets for treatment, and while drugs targeting the 

APC/WNT/beta-catenin signaling pathways are in the preclinical stages (Anastas J& 

Moon R 2013), no drugs targeting APC and/or KRAS have yet been approved by the 

FDA. 

 
In the past decade, intensive efforts have been focused on the development of 
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therapeutic strategies targeting the APC/WNT/beta-catenin signaling pathway in CRC 

and various small molecules have been shown to effectively inhibit the signaling 

pathway by targeting different signaling molecules (Anastas J & Moon R, 2013; Huang 

SM et al., 2007; Thorne CA et al., 2010). Phase 1 and 2 clinical trials have also been 

done for these inhibitors, which include WNT974, ETC-1922159, RXC004 and 

CGX1321, all of which are PORCN inhibitors; OTSA101-DTPA-90Y, a FZD10 

antagonist; OMP-18R5, a monoclonal antibody against FZD receptors and PRI-721, a 

CEB/beta-catenin antagonist (Jung YS & Park JI, 2020). Nevertheless, up to the present, 

none of these compounds have been approved by the FDA for CRC treatment. One 

reason is because the APC/WNT/beta-catenin pathway is extraordinarily complex. On 

top of the APC mutations, beta-catenin can be further activated by other signaling 

pathways (Jung YS et al., 2018; Voloshanenko O. et al., 2013; Hao HX et al., 2012; 

Horst D et al., 2012; Jung YS et al., 2018). Many studies suggest that these additional 

regulatory processes lead to failures of these inhibitors and antibodies to achieve 

satisfactory clinical efficacies. Furthermore, the potential toxicity of these inhibitors on 

the intestinal epithelium as well as off-target effects may have hindered their clinical 

applications (Kahn M, 2014). 

 
 

Currently, no KRAS-targeting drug has been approved for CRC treatment; only 

inhibitors of the downstream signaling cascade such as the RAF and MEK pathways 

have been approved (Moore A.R et al., 2020). For example, selumetinib (AZD6244), a 

MEK 1/2 inhibitor, is designed to inhibit the MEK enzyme in the RAS/MAPK pathway 
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(Cheng Y & Tian H, 2017). Trametinib is a potent, selective, ATP-uncompetitive 

inhibitor of MEK1/2 kinases (Cheng Y & Tian H, 2017). GDC-0623, an MEK inhibitor 

which up-regulates BIM expression, is currently being studied in a phase I clinical trial 

(Zaanan A et al., 2015). However, targeting a single downstream cascade that does not 

involved KRAS may not be able to achieve a satisfactory efficacy in cancer treatment. 

The difficulty here could be that KRAS is undruggable (Khan I, 2020). Based on 

various biochemical and structural features, studies have identified a number of 

challenges in targeting KRAS for treatment.  Three of these challenges are:  a) the  

fact that the GTPase catalytic domain on KRAS proteins is highly conserved; b) small 

molecule drugs have difficulty in binding competitively to the substrates; and c) the 

lack of sites for small molecule inhibitors to bind to the KRAS protein surface 

(Zimmerli D et al., 2018; Li H et al., 2015; Kahlert UD et al., 2015; Cox AD et al., 2014; 

Ledford H, 2015; Lu SSM et al., 2021). Nevertheless, interrupting KRAS-membrane 

interaction and disrupting KRAS subcellular localization remain attractive therapeutic 

strategies. Recent discoveries of functionally relevant post-translational modifications 

of KRAS protein such as phosphorylation and ubiquitylation also suggest new 

opportunities to inhibit the KRAS activity. 

 
 

1.5 WNT974 (LGK974) 
WNT974 (also known as LGK974) (Figure 1.3) is a selective and orally bioavailable 

porcupine (PORCN) inhibitor. PORCN is a membrane-bound O-acyltransferase in the 

endoplasmic reticulum (ER) that adds the palmitoyl group to Wnt ligands, which is a 

necessary  step  for  processing Wnt  ligand  secretion  (Ho  SY and  Keller  TH, 2015). 



10 
 

WNT974 inhibits PORCN and the secretion of Wnt ligands, thereby interfering with 

Wnt-mediated signaling. WNT974 is being developed as an anti-cancer drug to treat 

Wnt-driven cancers (Liu J et al., 2013). It shows significant inhibitory effects in ovarian 

cancer (Boone JD et al., 2016), lung cancer (Guimaraes PPG et al., 2018) squamous 

cell carcinoma (Zimmerli D et al., 2018; Li H et al., 2015), glioblastoma (Kahlert U.D 

et al., 2015; Suwala A.K et al., 2018) and colon cancer (Picco G et al., 2017). Indeed, 

WNT974 is in clinical phase I and phase II trials (NCT01351103, NCT02278133) for 

treating CRC (Pai SG et al., 2017; Jung YS et al., 2020). 

 
 
 
 
 
 
 

 
 
 
 
 
 
 

Figure 1.3 Chemical structure of WNT974 
 
 
 

1.6 Artesunate (ART) 
Medicinal herbs are rich sources of bioactive compounds (Tan W et al., 2011). 

Artemisia annua L. is a medicinal plant used to treat fever and chills. Artemisinin, is an 

active constituent of A. annua. Artesunate (ART) (Figure 1.4) is a water-soluble semi- 
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synthetic derivative of artemisinin; it is currently being used to treat severe malaria 

cases (Weathers PJ et al., 2014). Nowadays, increasing experimental evidence suggests 

that the potential clinical applications of ART extend beyond malaria treatment. ART 

reported to affect cell cycle progression and apoptosis, and to suppress angiogenesis 

and metastasis (Zhao Y et al., 2020; Yin S, 2020; Chan H, 2011; Zhang L et al., 2016) 

of many cancer types (T. Efferth et al., 2003). Interestingly, ART selectively inhibits 

cancer cell growth but is relatively less toxic to healthy cells (Hou J et al., 2008; Mercer 

AE et al., 2007). The National Cancer Institute has conducted a study with 55 cancer 

cell lines to evaluate their responses to in vitro treatment with ART. In this study, 

several cancer cells demonstrated susceptibility to the compound, including CRC cells. 

Clinical trials of using artesunate to treat patients with high-grade anal intraepithelial 

neoplasia and solid tumour are ongoing (National Cancer Institute). 

 

 
 

Figure 1.4 Chemical structure of ART 
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1.7 Development of novel drug combination for CRC treatment 
 

Single drug therapy may have limited efficacy, and it can lead to the development of 

drug resistance (Huang L et al., 2014). Indeed, nearly half of CRC patients are resistant 

to 5-FU treatment (Doullard JY et al., 2001). Recently, drug combinations with 

synergistic interaction have received great attention. Combination treatment has two 

major advantages. First, the dosages of the drugs can be reduced thereby reducing the 

likelihood of off-target side effects (Mokhtari RB et al., 2021). Secondly because, the 

combination treatments have multiple targets, drug resistance is reduced (Saputra EC 

et al., 2018). These characteristics are advantages for treating highly heterogeneous 

cancer such as CRC (Meacham CE & Morrison SJ, 2013). It is well known that CRC 

is intrinsically heterogenic; that is, the same tumor in different patients may involve 

different genes, or to different cells within the same tumor may have different genetic 

mutations. Usually, the intrinsic or acquired drug resistances to a single 

chemotherapeutic are due to apoptosis suppression, or enhancement of DNA repair, 

which leads to cancer relapse or incurability. Therefore, combination therapy is 

particularly beneficial as different drugs will target different pathways or genes that can 

greatly reduce the number of cancer cells that survive the treatment and significantly 

delay cancer recurrence or, ideally, can eradicate the cancer. 

 
 

In this study, we first examined whether the combination of WNT974 and artesunate 

exhibited synergistic effect in treating CRC. Having found a positive effect, we then 

explored the underlying mechanism of action. The development of the combination of 
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WNT974 and artesunate as an effective therapeutic strategy for CRC treatment could 

benefit literally thousands of patients. 
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Chapter Ⅱ Combination of Artesunate and WNT974 has 

synergistic effect in reducing colorectal cancer growth both in vitro and 

in vivo 

 
 

2.1 Introduction 

The outcome of CRC treatment is often related to the genetic and clinical characteristics 

of the patient. (Schell MJ et al., 2016). APC gene mutation is the dominant mutation in 

CRC, accounting for 80% of all CRC cases (Kwong L and Dov W, 208). APC mutations 

switch on the Wnt/β-catenin signalling pathway that promotes tumorigenesis. Basic 

research studies are screening for small molecules or natural compounds that switch off 

the Wnt/β-catenin signalling pathway (Cheng X et al., 2019). Meanwhile, a study on 

the exome-sequencing of 1,300 cancer genes in 400 CRC samples reveals that APC 

mutation usually company with KRAS or TP53 mutations or both KRAS and TP53 

mutations (Schell MJ et al., 2016). Clinical data also suggest that the co-occurrence of 

these two mutations in CRC patients confers a poorer survival (Schell MJ et al., 2016). 

Therefore, targeting the Wnt/β-catenin signaling pathway alone not be an effective 

therapeutic strategy for CRC treatment, but a combination treatment that targets 

multiple signaling pathways may work. Indeed, in the clinical setting, combination 

treatments that can achieve synergistic therapeutic effects and reduce drug resistance 

are commonly used. Examples include small molecule chemotherapy-based 

combinations, endocrine therapy-based combinations, monoclonal antibody-based 

combinations, and combinations based on small molecules interfering with RNA, 

namely (siRNA)-based combinations (Desale SS, 2014; Wang Y, 2014; Sun TM, 2011). 
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2.2 Hypothesis and objectives 
 

Currently, two clinical trials are investigating the efficacy of the combination therapy 

of WNT974 with other drugs. WNT974 combined with spartalizumab is being 

investigated in a Phase I clinical trial for CRC treatment, while WNT974 combined of 

LGX818 and cetuximab is being checked in a Phase II clinical trial(National Institute 

of Health (NIH)) . Besides, the synergistic effects of ART and other chemotherapy drugs 

have also been reported in many cancer types including CRC (Efferth T, 2017). 

 
 

In this study, our hypothesis was that the combination of ART and WNT974 has 

synergistic beneficial effects in treating CRC. We tested this hypothesis with cellular, 

in vitro and in vivo experiments. Specifically, aims of this study were (1) to test whether, 

in fact, the combination of ART and WNT974 has synergistic effect in reducing CRC 

cell viability; (2) to examine whether the combination of ART and WNT974 

significantly reduces CRC growth in a 3D cell culture model; and (3) to test whether 

the combination of ART and WNT974 had potent anti-CRC effect in vivo. 

 
 

2.3 Materials and methods 
 

2.3.1 Chemicals and reagents 

 
WNT974 was purchased from MedChemExpress. Artesunate (ART) was provided by 

Kunming Pharmaceutical Co Ltd. 5-Fu was purchased from Sigma. Dulbecco’s 

Modified Eagle’s Medium and fetal bovine serum were purchased from ThermoFisher 

Scientific. 
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2.3.2 Cell cultures 

 
HCT116, SW480, SW620, RKO, HT29, Colo205, Colo325, and HCT15 cells 

 
purchased from ATCC (Manassas, VA, USA). Cells were cultured in Dulbecco’s 

Modified Eagle’s Medium with 10% FBS in a humidified atmosphere containing 5% 

CO2 and 95% air at 37 °C. Cells were passaged using 0.05% trypsin/EDTA. 

 
2.3.3 3D cell culture and image analysis 

 
96-well plates were pre-coated with 2% (w/v) low melting point agarose in serum-free 

Dulbecco’s Modified Eagle’s Medium. After the agarose was solidified, 1 × 103 

HCT116 cells were seeded into each well and incubated for 7 days to form spheroids. 

Images were analysed using the open-source software ImageJ (Fiji package), and a 

macro was written to automate the process. Spheroid volume increase was calculated 

by dividing the difference in spheroid volume between day 7 and day 1 by the volume 

on day 1 (Vincrease% = (Vday7−Vday1)*100/Vday1) (Ivanov DP et al., 2014). 

 
 

2.3.4 MTT assay 
 

CRC cell viability was determined by the 3-(4,5-dimethylthiazol-2-yl)-2,5- 

diphenyltetrazolium bromide (MTT) uptake method. Firstly, the cells (2,000-5,000 per 

well) were seeded in 96-well plates overnight prior to treatment. The optical density 

(O.D.) values for the control group were set as 100% viability. Independent experiments 

were performed in triplicate. 
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2.3.5 Xenograft studies 
 
The mice were purchased from Animal center of the chinese university of hong kong, and fed in the 

Laboratory Animal House of Hong Kong Baptist University. The animal house is temperature-controlled 

with a 12 h light/dark cycle. Food and water were available ad libitum. The mice were fed for one week 

before starting experiment as requiring for adaptation. The procedures of all in vivo studies were 

approved by the Animal Experimentation Ethics Committee of the Hong Kong Baptist University. Six- 

week-old male BALB/c nude mice were subcutaneously inoculated with 1 × 106 HCT116 cells in the left 

armpit. Once tumors were palpable, (~100 mm3), the tumor- bearing nude mice were randomly divided 

into groups with five mice in each group. The groups were (1) Vehicle group (daily i.p. saline), (2) ART 

group (daily i.p. 30mg/kg of Artesunate), (3) WNT974 group (daily i.p. 5mg/kg of WNT974), (4) ART 

combined with WNT974 group (daily i.p. 30mg/kg Artesunate and 5mg/kg WNT974), (5) 5Fu group 

(daily i.p. 10mg/kg of 5Fu). The tumors were measured with calipers every day, and tumor 

volumes were calculated by the following formula: a2×b×0.4, where “a” is the smallest diameter 

and “b” is the diameter perpendicular to “a”. At the end of the experiment, the mice were 

sacrificed and the tumor weights of each animal were analyzed. 

 

 
 

2.3.6 Statistical analysis 
 

Combination index (CI) was calculated by CompuSyn software 2.0. Each experiment 

was performed at least three times. GraphPad Prism 8.0 software was used for statistical 

analysis. 
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2.4 Results 
 

2.4.1 Combination of ART and WNT974 synergistically reduces CRC cell viability 

Eight CRC cell lines were used for the study. Cells were cultured in 96-well plates and 

treated with increasing concentrations of ART (5 μM to 40 μM), or WNT974 (5 μM to 

40 μM) or a combination of both. Cell viability was assessed by MTT assay. We then 

used the CompuSyn program to calculate the CI value. CI is based on the theory of the 

Chou-Talalay Method, the resulting CI theorem offers quantitative definition for 

additive effect (CI = 1), synergism (CI < 1), and antagonism (CI > 1) in drug 

combinations (Chao CT, 2010). As shown in Table 1, all the CIs of different ratios in 8 

cell lines were < 1, indicating a synergism between ART and WNT974. Among these 

combinations, 20 μM ART combined with 20 μM WNT974 exhibited the lowest CI, 

indicating that this ratio of ART-WNT974 combination exerted the strongest synergism 

in reducing cancer cell viability. As shown in Figure 2.1, the combination of 20 μM 

ART and 20 μM WNT974 significantly reduced the cell viability in different CRC cell 

lines when compared with the control and the monotreatments (Figure. 2.1). Our results 

strongly support our hypothesis that the combination of ART and WNT974 exerts a 

synergistic anti-CRC effect. 
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Table 1 
 

ART 

(μM) 

WNT974 

(μM) 

HCT116 COLO325 RKO SW480 HCT15 HT29 SW620 COLO205 

5 5 0.90±0.012 0.81±0.021 0.52±0.021 0.63±0.034 0.82±0.024 0.76±0.031 0.94±0.019 0.54±0.010 

10 10 0.82±0.023 0.97±0.013 0.51±0.012 0.95±0.021 0.97±0.011 0.58±0.021 0.86±0.036 0.44±0.013 

20 20 0.39±0.018 0.91±0.031 0.51±0.015 0.58±0.019 0.89±0.017 0.61±0.016 0.40±0.026 0.40±0.025 

40 40 0.53±0.025 0.89±0.017 0.38±0.027 0.58±0.013 0.92±0.031 0.62±0.012 0.34±0.027 0.45±0.032 

Table 1. CI values for ART and WNT974 combination treatments of CRC cells 
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Figure 2.1 
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Figure 2.1 Viability of 8 CRC cell lines after treatment with various rations of ART 

and WNT974. Cell viability of different ratio combination treatment in 8 CRC cell 

lines. The data are shown as the means ± SEM, n = 3 independent experiments. a P<0.05, 

aa P<0.01, aaa P<0.001 compared with ART; b P<0.05, bb P<0.01, bbb P<0.001 

compared with WNT974. 
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2.4.2 Combination of ART and WNT974 inhibits CRC growth in 3D spheroid 

culture model 

Although a two-dimensional homotypic tumor cell culture system is commonly used 

for drug screening, it does not mimic human tumors. A three-dimensional (3D) in vitro 

cell culture model provides a microenvironment similar to human tumors and thus is a 

better choice (Imamura Y et al., 2015). We employed 3D culture to examine the effects 

of combination treatment on CRC cell growth. The images of the spheroids on day 1 

and day 7 are shown in Figure 2.2A. Although the spheroid volumes on day 7 in the 

two monotreatment groups were smaller than that in the control group, the spheroid 

volume in the combination group was the smallest. The % increase in the spheroid 

volume was also the smallest in the combination group (Figure 2.2B). These results 

indicated that the combination treatment group exhibited more potent effect in reducing 

CRC growth than the monotreatments. 
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Figure 2.2 
 

Figure 2.2 Effects of ART-WNT974 combination treatment on spheroid volume. 
 

(A) HCT116 spheroids were treated with WNT974, ART and both for 7 days, images 

were obtained by Leica image reader. (B) Analysis of the spheroid volume and rate of 

increase. Data shown are means ± SEM, n = 3 independent experiments. aa P < 0.01, 

compared with ART; bbb P < 0.001, compared with WNT974. ART, artesunate (20µM); 

WNT974, WNT974 (20µM); ART+WNT974, ART (20µM) and WNT974 (20µM). 
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2.4.3 Combination of ART and WNT974 exerts a more potent anti-CRC effect 
 

than monotreatments in xenograft mouse model 

To determine the synergistic anticancer activity of the ART-WNT974 combination in 

vivo, nude mice were subcutaneously injected with HCT116 cells. After tumors were 

grown to 100 mm3 in volume, the mice were randomly divided into five groups, and 

treated with either vehicle, ART (30mg/kg), WNT974 (5mg/kg), combination of ART 

and WNT974, or 5Fu (10mg/kg) for 12 days. Our results showed that the tumors in the 

combination treatment group were significantly smaller than those in the vehicle and 

monotreatment groups (Figure 2.3A, B, C). Interestingly, the combination treatment 

also exhibited a more potent anti-CRC effect than 5Fu, one of the commonly used 

CRC chemotherapy drugs (Figure 2.3A, B, C). Furthermore, the body weight of the 

mice was not significantly changed (Figure 2.3D), suggesting the combination 

treatments do not have apparent toxicity to the mice. 
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Figure 2.3 
 

A 
 

B 
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D 
 

 
 
 

Figure 2.3 Combination of ART and WNT974 exerts a more potent anti-CRC 

effect than monotreatments in xenograft mouse model. (A) Macroscopic views of 

the xenografted tumors after 12 days of treatments. (B) Analysis of tumor volume, (C) 

tumor weight and (D) body weight of the mice after 12 days of the treatments. ** 

P<0.01 compared with vehicle; aa P<0.01 compared with ART; bb P<0.01 compared 

with WNT974.Data shown are the means ± SEM, n = 5 mice in each group. 
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ART, artesunate (30mg/kg); WNT974, WNT974 (5mg/kg); ART+WNT974, ART 

(30mg/kg) and WNT974 (5mg/kg); 5Fu, 5-Fluorouracil (10mg/kg). 
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2.5 Discussion 
In this study, the synergistic effect of the combination treatment in reducing CRC 

growth has been demonstrated in 8 CRC cell lines. These cell lines were HCT116, 

SW480, SW620, RKO, HT29, Colo205, Colo325, and HCT15. These CRC cells have 

different genetic backgrounds. For example, HCT116, HCT15, RKO, SW620 and 

SW480 cells harbor KRAS mutation, RKO and HT29 cells harbor BRAF mutation, 

Colo205 and HT29 cells harbour APC mutation. Our results suggest that the 

combination treatment is effective in treating CRC regardless of the gene mutations in 

the cancer. Currently, in the clinical setting, selection of targeted agents for treatment is 

determined by the tumor’s gene mutations. There are targeted drugs which have been 

integrated into clinical practice, such as panitumumab and cetuximab which are anti- 

EGFR agents for EGFR mutation-driven cancers (Bignucolo A et al., 2017). However, 

cancers, including CRC, normally have more than one gene mutation. Thus, the drug 

targeting a single gene mutation may not be effective (Carethers JM and Jung BH, 2015). 

Therefore, a combination treatment should have an advantage in treating CRC, 

especially those with multiple genetic mutations and those that cannot be treated by the 

current frontline drugs. 

 
 

Furthermore, our in vivo data showed that the combination treatment has a more potent 

anti-CRC effect than 5-Fu. 5-Fu is a front-line drug for chemotherapy for CRC patients. 

The main mechanisms of action for 5-Fu including interfering RNA synthesis and 

function by fluorouracil triphosphate, inhibition of thymidylate synthase, embedding 

fluorodeoxyuridine triphosphate and deoxyuridine triphosphate into DNA and 

activating programmed cell death pathways (Zhang L et al., 2017). Nevertheless, drug 

resistance is emerging, reducing the effectiveness of 5-Fu. Our data show that the 
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combination of ART and WNT974 is more effective than 5-Fu in inhibiting CRC 

growth. Furthermore, because ART and WNT974 not only target multiple genes but 

also have different biochemical modes of action, it is reasonable to expect that drug 

resistance would be slower, or less likely, to develop. 
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Chapter Ⅲ Combination  of  Artesunate  and  WNT974  has  a 

potent effect in inducing colorectal cancer cell cycle arrest at G0/G1 

phase 

 
 

3.1 Introduction 
 

The cell cycle is the entire process of cell replication and reproduction, which results in 

the production of two daughter cells. There are many regulators involves in cell cycle, 

which are essential in cell growth and reproduction including cyclin-dependent kinases 

(CDKs) families, tumor promotor genes and tumor inhibition genes. These regulators 

control the cell cycle to be proceed or stopped. Abnormal expression of thesed genes 

and proteinsin the cell cycle process will lead to cancer (Evan GI & Vousden KH, 

2001). 

 
 

The cell cycle comprises the interphase, which consists of the G1, S, and G2 phases, 

and the mitotic (M) phase. During interphase, a cell prepares for its division by 

replicating its DNA (Hartwell LH & Kastan MB, 1994). The G1 phase is the first 

stage of a cell cycle. In this phase, a cell will be decided whether it is deviding or 

resting phase G0. Removal of growth factors in early G1 will send the cell into G0, but 

the removal of the protein after the restriction checkpoint in G1 will allow the cell cycle 

to continue in the S phase. The S phase is the DNA synthesis phase. After the G1 phase 

the cell is prepared in all respects for the initiation of DNA replication. During this 

phase, DNA synthesis and replication occurs and each chromosome is duplicated, 
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becoming two sister cells. G2 marks the gap between the end of S phase and the start 

of mitosis. By this time the DNA content of the nucleus has doubled and the other 

structural material and associated subcellular structures are ready to enter the M phase. 

The M phase begins with mitosis, which is subdivided into five phases, namely 

prophase, prometaphase, metaphase, anaphase and telophase, and ends in cytokinesis. 

Reproduction through the cell cycle results in genetically identical daughter cells 

(Wenzel ES & Singh ATK, 2018). 

 
 

As shown in Figure 3.1, there are many CDK-cyclin complexes that play specific roles 

in different phases of the cell cycle. For example, three interphase CDKs (CDK2, CDK4, 

and CDK6), a mitotic CDK1, and ten cyclins belonging to four different classes (A-, 

B-, D-, and E-type cyclins). At the beginning, cyclin D binds with CDK4 and CDK6 

lead to activate mitogenic sinals. Then it activates the kinases during G1 and results in 

the initiation of the cell cycle when the cell prepares for DNA synthesis. CDK2 is a 

checkpoint of G1 to S phase, it controls the onset of S phase. The increasing levels of 

cyclin E-CDK2 will proceed cell cycle from G1 phase to S phase. Moreover, cyclin A- 

CDK2 and cyclin A-CDK1 regulates the completion of S phase and entry into G2 phase 

At the end of M phase, mitosis and diminishes will start and the level of cyclin B will 

increase. At the end of cell cycle, CDK1 level reduces due to decreasing of cyclin B. 

Overall, the life cycle of a cell is orchestrated based on the presence of various CDK- 

cyclin complexes, which can affect the progression of cellular proliferation depending 

on their presence and levels. This selectivity within the cell cycle offers potential targets 
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for clinical therapuetics for cancers (Malumbres M & Barbacid M, 2009). 
 
 

Figure 3.1 Regulation of CDK-cyclin complexs and different phases in the cell 

cycle 

(Reproduced from (Malumbres M & Barbacid M, 2009)) 
 
 
 

3.2 Hypothesis and objectives 
 

In our previous study, we demonstrated that the combination of ART and WNT974 

synergistically reduced CRC cell viability. One of the effective ways to inhibit cell 

growth is by inducing cell cycle arrest. Cell growth depends on progression through 

four distinct phases of the cell cycle (G0/G1, S, G2 and M), which are regulated by 

several cyclin-dependent kinases (CDKs), such as CDK2. It is well known that CDK2 

inhibition will induce cell cycle arrest in the G0/G1 phase. Based on the above, we 

explored whether the combination of ART and WNT974 induced cell cycle arrest in 

CRC by inhibition of CDK2. 
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The aims of this study were (1) to determine whether the combination of WNT974 and 

ART induced cell cycle arrest in CRC; and (2) if so, then to reveal the underlying 

mechanism of action. 

 
 

3.3 Materials and methods 
 

3.3.1 Chemicals and reagents 
 

Artesunate (ART) was provided by Kuming Pharmaceutical Co. Ltd. WNT974 was 

purchased from MedChemExpress. Dulbecco's Modified Eagle's Medium and fetal 

bovine serum were purchased from Thermofisher Scientific. Antibodies against p21, 

p27, phospho-CDK2, phospho-AKT and β-Actin were purchased form Cell Signaling 

Technology (Danvers, MA). Mouse anti-rabbit IgG-HRP secondary antibody was 

purchased from San Cruz Biotechnology (Santa Cruz, CA). AKT activator (SC79) was 

purchased from MedChemExpress. 

 
 

3.3.2 Cell culture 
 

HCT116 and HT29were purchased from ATCC (Manassas, VA, USA). Cells were 

cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 10% FBS in a 

humidified atmosphere containing 5% CO2 and 95% air at 37 °C. Cells were passaged 

using 0.05% trypsin/EDTA. 

 
 

3.3.3 Cell cycle analysis 
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The cell cycle phase distribution was determined by FACS analysis of the cellular DNA 

content following the company instruction (Propidium Iodide Flow Cytometry Kit, 

abcam, ab139418). HCT116 and HT29 cells were treated with ART, or WNT974, or 

ART-WNT974 combination for 48 h, then harvested, fixed in 80% ethanol and stored 

at −20 °C overnight. Cells were washed with PBS and stained with PI and RNase A (0.5 

mg/mL) (in the dark) for 1 h before the FACS analysis. 

 
 

3.3.4 Western blot analysis 
 

After the treatments, the whole-cell lysates of the CRC cells were collected by 

suspending the cells in RIPA lysis buffer, then centrifuged samples at 14,000 rpm for 

10 min at 4 °C. The protein concentration was measured and calculated by using BCA 

Protein Assay Kit. Depending on detection marker, loading 10 to 25 μg of proteins into 

10% SDS-PAGE and then transferred to PVDF membranes. After transfer, incubate 

membranes in blocking solution (5% skim milk powder in TBS containing Tween 20) 

for 1 hour at room temperature.and then the membrane was incubated with primary 

antibody overnight at 4 °C. After that, the membrane was incubated with secondary 

antibody for 1 h at room temperature. All antibodies solutions were diluted in TBS 

containing Tween 20 and 5% dry milk. To expose the membranes by using enhanced 

X-ray film and ECL reagent. 

 
 

3.3.5 Real time PCR 
 

Total RNA was extracted from HCT116 cells or HT29 cells by using TRIzol reagent 
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(Invitrogen)and following the RNA extraction protocol of Thermofisher Scientific 

company. cDNAs were subsequently prepared by using One Step PrimeScript™ III RT- 

PCR Kit (RR600A, TaKaRa). Real time polymerase chain reaction (PCR) was 

performed using the Quantitect SYBR Green PCR Master Mix (Qiagen, Valencia, CA) 

with 1 μL cDNA in a final volume of 10 μL and the following primers at a final 

concentration of 1000 nM. Primers for p21 were 5′- 

AGGTGGACCTGGAGACTCTCAG-3’ (forward) and 5′- 

TCCTCTTGGAGAAGATCAGCCG-3’ (reverse). Primers for TRAF3 were 5′- 

ATAAGGAAGCGACCTGCAACCG-3’ (forward) and 5′- 

TTCTTGGGCGTCTGCTCCACAG-3’   (reverse).    Amplification    of    p21 and 

p27 cDNAs was performed using the LightCycler 2000 instrument (Roche, 

Indianapolis, IN). The cycling conditions comprised a denaturation step for 15 minutes 

at 95 °C, followed by 40 cycles of denaturation (95 °C for 15 seconds), annealing (59 °C 

for 20 seconds), and extension (72 °C for 15 seconds). After amplification, a melting 

curve analysis was performed with denaturation at 95 °C for 5 seconds, then continuous 

fluorescence measurement was made from 70 °C to 95 °C at 0.1 °C/second. 

 
 

3.3.6 siRNA transfection 
 

HCT116 cells or HT29 cells were seeded in 6 well plates. p21 or p27 siRNA ws diluted 

to 10μM working concentration for transfection. Then, 5μL RNAiMax transfection 

reagent was added to 150μL medium without serum in a tube. The prepared siRNA of 

3μL was added to 150μL medium without serum in another tube. The RNAiMax and 
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siRNA were then mixed and incubated for 20 min at room temperature before being 

added to the cell cultures, which were then incubated for 24h. 

 
 

3.3.7 Immunohistochemical staining 
 

Paraffin sections of tumors were deparaffinized using xylene and then rehydrated by 

immersing in alcohol at a series of concentrations. Endogenous peroxidase was 

quenched by 10 min incubation with 3% hydrogen peroxide. Serum of 1:10 

concentration was used for blocking the non-specific bindings of epitopes. The sections 

were incubated with p21, p27, pAKT or pCDK2antibody at a concentration of 1:100 at 

4 °C . overnight. The slides were washed three times, incubated with a biotinylated 

secondary antibody for 30 min and then with peroxidase substrate for 10 min. The 

sections were finally washed, incubated in deionized water for 5 min, counterstained 

with hematoxylin before microscopic analysis (NIKON Eclipse ci, NIKON digital sight 

DS-FI2, Japan). 

 
 

3.3.8 Statistical analysis 
 

Combination Index was calculated by CompuSyn software 2.0. Each experiment was 

performed at least three times. GraphPad Prism 8.0 software was used for statistical 

analysis. 

 
 

3.4 Results 
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3.4.1 Combination of ART and WNT974 induces CRC cell cycle arrest by 

inhibiting CDK2 activity 

Since ART-WNT974 combination exhibits a synergistic effect in inhibiting CRC cell 

growth, we investigated whether the combination treatment would induce cell cycle 

arrest. HCT116 and HT29 cells were treated with 20μM ART, 20μM WNT974, or the 

combination of both for 48h. Flow cytometry analysis showed that the mono-treatments 

induced G0/G1 cell cycle arrest when compared to control. The induction of the cell 

cycle arrest was more prominent after the combination treatment (Figure 3.2A and 

3.2B). 

 
 

Furthermore, our data showed that mono-treatments reduced CKD2 phosphorylation in 

both the HCT116 and HT29 cells, while the reduction of CDK2 phosphorylation was 

more prominent after the combination treatment (Figure 3.2C). These results suggest 

that the combination treatment is more potent than the mono-treatments in inducing cell 

cycle arrest at G0–G1 phase by reducing CDK2 phosphorylation. 
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Figure 3.2 
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Fig 3.2 Combination of ART and WNT974 induces G0/G1 cell cycle arrest of 

HCT116 and HT29 cells through CDK2 inhibition. HCT116 and HT29 were treated 

with 20μM WNT974, 20μM ART or a combination of both for 48 h. Cell cycle arrest 

was determined by (A) flow cytometry, and the (B) statistical analysis of the cell cycle 

distribution. (C) Expression levels of p-CDK2 in the CRC cells after treatments, right 

panel is the quantitative analysis. Shown is the mean ± SE, n = 3 independent 

experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared with control group; a P < 

0.05, aa P < 0.01, aaa P < 0.001, compared with ART; b P < 0.05, bb P < 0.01, bbb P < 

0.001, compared with WNT974. 

ART, artesunate (20µM); WNT974, WNT974 (20µM); ART+WNT974, ART (20µM) 

and WNT974 (20µM). 
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3.4.2 Combination of ART and WNT974 inhibits CDK2 activity by regulating p21, 

p27 expressions and AKT activity 

To investigate the mechanism of action underlying the induction of cell cycle arrest 

after the combination treatment, we used PCR array (gene layout in Table 2) to explore 

whether the treatments affected the expressions of the genes that are involved in the 

cell cycle process. As shown in Figure 3.3A, the heat map indicated that the treatments 

affected gene expressions; the numbers of up- or down-regulated genes are presented 

in Figure 3.3B. The results showed that, compared to control, ART treatment 

upregulated 32 genes and downregulated 21 genes; WNT974 treatment upregulated 21 

genes and downregulated 14 genes; and the combination treatment upregulated 41 

genes and downregulated 20 genes. Compared to ART treatment, the combination 

treatment upregulated 23 genes and downregulated 10 genes. Compared to WNT974 

treatment, the combination treatment upregulated 11 genes and downregulated 9 genes. 

 
Among all these changes, we found that ART treatment significantly increased p21 and 

p27 expression levels, but not WNT974, which was also validated at both gene level 

by qPCR (Figure 3.3C) and at protein level by Western blot analysis (Figure 3.3D). 

Since WNT974 did not significantly affect the expressions of p21 and p27, it is 

reasonable to postulate that the combination treatment could not further increase their 

expressions as shown in Figures 3.3C and 3.3D. Our data suggest that ART treatment 

increases both p21 and p27 expressions, which may inhibit the CDK2 activity in the 

CRC cells. 
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Because AKT is another crucial factor regulating CDK2, we also examined the effects 

of the treatments on AKT phosphorylation. Our data showed that ART or WNT974 

treatment reduced the phosphorylation of AKT, which was more prominent after the 

combination treatment (Figure 3.3D). 

 
 

Taken together, our results suggest that the combination of WNT974 and ART 

significantly inhibits AKT activity, and ART per se increases p21 and p27 expressions, 

hence leading to the inhibition of CDK2 activity in CRC cells. 
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Table 2 
 

 1 2 3 4 5 6 7 8 9 10 11 12 

A ABL1 ANAPC2 ATM ATR AURKA AURKB BCCIP BCL2 BIRC5 BRCA1 BRCA2 CASP3 

B CCNA2 CCNB1 CCNB2 CCNC CCND1 CCND2 CCND3 CCNE1 CCNF CCNG1 CCNG2 CCNH 

C CCNT1 CDC`16 CDC20 CDC25A CDC25C CDC34 CDC6 CDK1 CDK2 CDK4 CDK5R1 CDK5RAP1 

D CDK6 CDK7 CDK8 CDKN1A CDKN1B CDKN2A CDKN2B CDKN3 CHEK1 CHEK2 CKS1B CKS2 

E CUL1 CUL2 CUL3 E2F1 E2F4 GADD45A GTSE1 HUS1 KNTC1 KPNA2 MAD2L1 MAD2L2 

F MCM2 MCM3 MCM4 MCM5 MDM2 MKI67 MNAT1 MRE11A NBN RAD1 RAD17 RAD51 

G RAD9A RB1 RBBP8 RBL1 RBL2 SERTAD1 SKP2 STMN1 TFDP1 TFDP2 TP53 WEE1 

H ACTB B2M GAPDH HPRT1 RPLPO HGDC RTC RTC RTC PPC PPC PPC 

Table 2. PCR array genes layout of cell cycle pathway 



44 
 

 
 

Figure 3.3 
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Figure 3.3 Combination of ART and WNT974 inhibits CDK2 activity by 

regulating p21, p27 expressions and AKT activity (A) Heat map of PCR array results. 

(B) The numbers of up- or down-regulated genes in different comparison groups. (C) 

mRNA level of p21 and p27 in CRC cells after the treatments for 48h. (D) Protein 

expressions of p21, p27, p-Akt in the CRC cells after the treatments for 48h, right panel 

is the quantitative analysis. Data shown are means ± SEM, n = 3 independent 

experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared with control group; a P < 

0.05, aa P < 0.01, aaa P < 0.001, compared with ART; b P < 0.05, bb P < 0.01, bbb P < 

0.001, compared with WNT974. 

ART, artesunate (20µM); WNT974, WNT974 (20µM); ART+WNT974, ART (20µM) 

and WNT974 (20µM). 



48 
 

3.4.3 Combination of ART and WNT974 fails to induce cell cycle arrest in p21/ 

p27-knockdown and AKT-overexpressed CRC cells 

To further explore the involvement of p21 and p27 in mediating the cell cycle arrest 

under the combination treatment, we used siRNA to mediate the knockdown of p21 and 

p27 in HCT116 and HT29 cells. The knockdown efficiencies were first confirmed by 

RT-PCR (Figure 3.4A) and Western blot (Figure 3.4B), respectively. We also used 

AKT activator to activate AKT in these cells. Our results showed that neither the mono- 

treatments nor the combination treatment affected p21, p27 expressions, nor the 

phosphorylation of AKT and CDK2 in these cells (Figure 3.4C); the treatments also 

failed to induce cell cycle arrest (Figure 3.4D). Our data strongly suggest that 

knockdown of p21 and p27 and activation of AKT abolish the cell cycle arrest induced 

by the combination treatment. 
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Figure 3.4 
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Figure 3.4 Combination of ART and WNT974 fails to induce cell cycle arrest in 

p21 and p27-knockdown and AKT-activated CRC cells. (A) mRNA levels of p21 

and p27 after siRNA-mediated knockdown in HCT116 and HT29 cells. (B) Protein 

expression levels of p21 and p27 after siRNA-mediated knockdown in HCT116 and 

HT29 cells. (C) Protein expression levels of p21, p27, p-CDK2 and p-Akt in the 

p21/p27-knockdown cells after treatments in the presence of AKT activator, right panel 

is the quantitative analysis. (D) Cell cycle arrest examined by flow cytometery in the 

p21/p27-knockdown cells after treatments in the presence of AKT activator, the right 

panel is the statistical analysis of the cell cycle distribution. Data shown are means ± 

SEM, n = 3 independent experiments. *P < 0.05, **P < 0.01, ***P < 0.001 compared 

with control group; a P < 0.05, aa P < 0.01, aaa P < 0.001, compared with ART; b P < 

0.05, bb P < 0.01, bbb P < 0.001, compared with WNT974. 

ART, artesunate (20µM); WNT974, WNT974 (20µM); ART+WNT974, ART (20µM) 

and WNT974 (20µM). 
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3.4.4 Combination of ART and WNT974 regulates the expressions of p21 and p27 

and the activities of CDK and AKT in the tumors of HCT116-bearing xenograft 

mouse models 

In parallel with the in vitro data, Western blot analysis and IHC staining of the tumor 

tissues showed that, ART treatment increased p21 and p27 expression levels, and the 

combination treatment reduced AKT and CDK2 phosphorylation (Figures 3.5A and 3.5B). 
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Figure 3.5 
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Figure 3.5 Combination of ART and WNT974 regulates the expressions of p21 and 

p27 and the activities of CDK and AKT in the tumors of HCT116-bearing 

xenograft mouse models. (A) Western blots showing the expressions of p21, p27, p- 

AKT, p-CDK2 in xenograft tumor tissues. (B) IHC analysis of the tumor tissues for p21, 

p27, p-AKT, p-CDK2 (magnification x 200). Data shown are means ± SEM, n = 3. 

***P < 0.001 compared with control group; a P < 0.05 compared with ART; b P < 0.05, 

bbb P < 0.001, compared with WNT974. 

ART, artesunate (30mg/kg); WNT974, WNT974 (5mg/kg); ART+WNT974, ART 

(30mg/kg) and WNT974 (30mg/kg). 
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3.5 Discussion 
 

Our study demonstrates that the induction of cell cycle arrest after the combination 

treatment is mediated by the inhibition of CDK2 (Figure 3.6). CDKs are a family of 

multifunctional enzymes that can modify various protein substrates involved in cell 

cycle progression (Morgan DO, 1995). Specifically, CDK2 is an essential protein 

kinase responsible for cell cycle G1/S transition (Chenette E, 2010). Nowadays, CDK2 

inhibitors emerge as a therapeutic approach for cancer treatment (Wadler S, 2001). p27 

and p21 are two inhibitors that suppress tumor growth and prevent cell cycle 

progression by inhibiting CDK2. They bind to and inhibit the activity of cyclin-CDK2 

complexes and thus function as regulators of cell cycle progression at the G1 and S 

phases (Martín A, et al., 2005). According to some studies, esides p21 and p27, Akt 

phosphorylates CDK2 during cell cycle progression, particularly at the G1-S phases. 

The Akt-mediated CDK2 phosphorylation is vital for regulating the subcellular 

distribution of CDK2 (Maddika S et al., 2008). In this study, our results showed that 

ART and WNT974 individual treatments inhibited CDK2 activity, and while the 

combination of the two significantly inhibited CDK2, as demonstrated both in vitro and 

in vivo. The inhibition of CDK2 may due to the elevated expressions of p21 and p27 

and to the inhibition of AKT activity. Indeed, in p21 and p27 knockdown cells, with the 

activation of AKT, the treatment failed to induce cell cycle arrest at the G1/G0 phases. 

Cancer cells are in uncontrolled proliferation due to the disordered cell cycle (Evan  

GI & Vousden KH, 2001).  Therefore,  induction  of  cell  cycle  arrest  is  a 

therapeutic strategy for cancer treatment (Kohn KW et al., 1994). 

 
 

While basic cell cycle regulators were discovered over 30 years ago, in the last decade, 

novel treatments modalities capable of targeting multiple components of the cell cycle 
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pathway, such as microRNAs, have emerged. MicroRNAs (miRNAs) are small single- 

stranded non-coding RNA molecules. Many studies have demonstrated that they may 

contribute to tumor development by perturbing critical cell cycle regulators. The 

binding of miRNA–protein complexes to mRNAs may inhibit translation or destabilize 

target transcripts resulting in the downregulation of the protein encoded by the 

respective mRNAs (Fabian MR et al., 2010). For example, miR-15a and miR-16 may 

induce cell cycle arrest at the G1 phase by targeting critical cell cycle regulators such 

as CDK1, CDK2 and CDK6 as well as cyclins (D1, D3 and E1) (Takeshita F et al., 

2010; Liu Q et al., 2008; Linsley PS et al., 2007; Wang F et al., 2009). Interestingly, 

some reports found that ART regulated several miRNAs in different cancers. For 

example, ART exhibited an obvious cytotoxic effect on HL-60 and THP-1 myeloid 

leukemia cell lines by increasing miR-29c expression (Liu JL et al., 2007); ART 

promoted cell apoptosis of ovarian cancer cells by up-regulating miR-142 (Chen X et 

al., 2019); ART induced apoptosis of bladder cancer cells by up-regulating miR-16 (Zuo 

W et al., 2014); and ART stopped proliferation of breast cancer cells by up-regulating 

miR-34a (Hargraves KG et al., 2016). It is known that several miRNAs regulate cell 

cycle arrest proteins, and ART has been found to regulate some of these miRNAs. 

Therefore, whether the combination of ART and WNT974 affects the expressions of 

miRNAs that regulate the cell cycle deserves further investigation. 
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Figure 3.6 
 
 

 
 
 

Figure 3.6 Diagram summarizes the mechanism of action underlying the 

therapeutic effect of the combination treatment ART and WNT974. ART 

treatment increases p21 and p27 expressions and inhibits AKT activity, which 

subsequently inhibits CDK2 activity. WNT974 treatment inhibits AKT activity and 

subsequently inhibits CDK2 activity. Compared to the monotreatments, the 

combination of ART and WNT974 exhibits a more potent inhibitory effect on CDK2 
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activity and hence induces cell cycle thereby reducing cancer cell viability. 
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Chapter Ⅳ Combination of artesunate and WNT974 promotes 

KRAS protein degradation via ubiquitin–proteasome pathway by 

upregulating E3 ligase beta-TrCP and GSK-3β 

 
 

4.1 Introduction 
 

Ubiquitination is a sequential ATP-dependent process occurring in eukaryotic cells;it 

has three main steps: activation, conjugation, and ligation. The process requires three 

types of enzymes: ubiquitin-activating enzymes (E1s), ubiquitin-conjugating enzymes 

(E2s), and ubiquitin ligases (E3s). When ubiquitin (Ub) is activated by ATP, the C- 

terminal carboxyl group of Ub binds to the Cys residue of E1 enzyme (Ub-activating 

enzyme). Activated Ub, which is bound to E1, is transferred to the E2 enzyme (Ub- 

conjugating enzyme). The Ub attached to E2 binds with E3 enzyme (Ub ligase enzyme), 

which in turn binds to the damaged, abnormal or unnecessary substrate protein. In  

this way, Ub becomes attached to the protein (Figure 4.1). Particularly, E3 has substrate 

specificity (Kolch W et al., 2010). 

 
 

Recently, evidence indicates that ubiquitination plays a crucial role in cancer 

development (Cadena C et al., 2019; Koren I et al., 2018). Genetic alterations, abnormal 

expression or dysfunction of the ubiquitin-proteasome system (UPS) often lead to 

human cancers. Depending on the nature of the substrate, a single Ub ligase can act as 

oncogene or tumor suppressor (Hoeller, D & Dikic, I, 2009). For example, E3 ligase 

MDM2 ubiquitinates tumor suppressor p53 (Wade M et al., 2013). SKP1/CUL-1/F-box 
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protein (SCF) and anaphase-promoting complex/cyclosome (APC/C) ligase complexes 

controls the stability of CDK and p27 and then regulates cell cycle progression (Frescas, 

D et al., 2008; Sheaff, R.J et al., 1997). And E3 ligase c-Cbl is most frequently linked 

to colorectal cancer development. Nowadays, Ub ligases became more attractive for 

drug development, as they are specifying in the ubiquitination process. Targeting Ub 

ligases allows a more selective and targeted effect than targeting other components in 

the Ub machinery. Indeed, some of proteasome, E3 ligases, E1 enzymes, E2 enzymes 

and DUBs have been developed as inhibitors for targeting specific UPS, and their 

therapeutic effects are being tested preclinically and clinically (Deng, L et al., 2020). 

 
Activated KRAS regulates many signaling pathways that finally determine cellular 

responses such as cell proliferation, survival, differentiation, and motility. Inhibition of 

KRAS membrane interaction and subcellular localization can turn off growth signal 

remains attractive targets for therapeutic intervention (Figure 4.2). Furthermore, recent 

discoveries of functionally relevant post-translational modifications of KRAS, such as 

phosphorylation and ubiquitylation, suggest new opportunities to block KRAS function. 

Given the high specificity and rapidity of KRAS protein degradation induced by 

ubiquitylation, increasing E3 ligase expression has been considered a potentially 

effective approach to degrade KRAS protein, hence inhibiting the KRAS signaling 

pathway (Yihui Ma et al., 2013). 
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Figure 4.1 Ubiquitin proteasome system 
 

(Reproduced from (Suresh B, et al., 2016)) 
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Figure 4.2 Diagram of mechanism by which KRAS protein turns off cell growth 

(Reproduced from (A. Siddiqui and B. Piperdi, 2009)) 

 
 

4.2 Hypothesis and objectives 
 

As KRAS protein plays an important role in cancer development, and mutated KRAS 

leads to abnormal cancer cell growth, developing a KRAS inhibitor may be a viable 

strategy for developing anti-cancer therapeutics. Compared with directly binding to the 

KRAS protein surface, degradation of KRAS by ubiquitination E3 ligase may be an 

effective way to inhibit the KRAS signal. Here, we explored whether the combination 
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of ART and WNT974 promotes KRAS protein degradation. 
 
 
 

The aims of this study are (1) to determine whether the combination of WNT974 and 

ART reduces KRAS protein level and promotes KRAS protein degradation; and (2), if 

so, to determine the underlying mechanism of action. 

 
 
 

4.3 Materials and methods 

 
4.3.1 Chemicals and reagents 

Artesunate (ART) was provided from Kuming Pharmaceutical Co. Ltd. WNT974 was 

purchased from MedChemExpress. Dulbecco's Modified Eagle's Medium, fetal bovine 

serum was purchased from Thermofisher Scientific Company. GSK-3β inhibitor 

(TDZD-8) was purchased from MedChemExpress. MG132 was purchased from Sigma. 

Antibodies against ANAPC2 and beta-TrCP were purchased from Thermofisher 

Scientific. Antibody against KRAS was purchased from Abcam. Antibody against 

GSK-3β was purchased from Cell Signaling Technology. Mouse anti-rabbit IgG-HRP 

secondary antibody was purchased from San Cruz Biotechnology (Santa Cruz, United 

States of America). 

 
 

4.3.2 Cell culture 
 

HCT116 and SW620 were purchased from ATCC (Manassas, VA, USA). Cells were 

cultured in Dulbecco’s Modified Eagle’s Medium supplemented with 10% FBS in a 

humidified atmosphere containing 5% CO2 and 95% air at 37 °C. Cells were passaged 
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using 0.05% trypsin/EDTA. 
 
 
 

4.3.3 Protein degradation analysis 
 

Ubiqitinated proteins were isolated using the UBIQAPTURE-Q® kit (UW8995, Enzo 

Life Sciences) following the company’s protocol. 

 
 

4.3.4 Western blot analysis 
 

After the treatments, the whole-cell lysates of the CRC cells were collected by 

suspending the cells in RIPA lysis buffer, then centrifuged samples at 14,000 rpm for 

10 min at 4 °C. The protein concentration was measured and calculated by using BCA 

Protein Assay Kit. Depending on detection marker, loading 10 to 25 μg of proteins into 

10% SDS-PAGE and then transferred to PVDF membranes. After transfer, incubate 

membranes in blocking solution (5% skim milk powder in TBS containing Tween 20) 

for 1 hour at room temperature.and then the membrane was incubated with primary 

antibody overnight at 4 °C. After that, the membrane was incubated with secondary 

antibody for 1 h at room temperature. All antibodies solutions were diluted in TBS 

containing Tween 20 and 5% dry milk. To expose the membranes by using enhanced 

X-ray film and ECL reagent. 

 
 

4.3.5 Real time PCR 
 

Total RNA was extracted from HCT116 cells or SW620 cells by using TRIzol reagent 

(Invitrogen)and following the RNA extraction protocol of Thermofisher Scientific 
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company. cDNAs were subsequently prepared by using One Step PrimeScript™ III RT- 

PCR Kit (RR600A, TaKaRa). Real time polymerase chain reaction (PCR) was 

performed using the Quantitect SYBR Green PCR Master Mix (Qiagen, Valencia, CA) 

with 1 μL cDNA in a final volume of 10 μL and the following primers at a final 

concentration of 1000 nM. Amplification of ANAPC2, CUL7, UBE2M, SYVN1, 

RNF123, PEAK, elF5A, RAK, NEDD4, SMURF-2, UBCH5, and β-Trcp cDNAs was 

performed using the LightCycler 2000 instrument (Roche, Indianapolis, IN). The 

cycling conditions comprised a denaturation step for 15 minutes at 95 °C, followed by 

40 cycles of denaturation (95 °C for 15 seconds), annealing (59 °C for 20 seconds), and 

extension (72 °C for 15 seconds). After amplification, a melting curve analysis was 

performed with denaturation at 95 °C for 5 seconds, then fluorescence was measured 

continuously from 70 °C to 95 °C at an increase of 0.1 °C/second. Each sample was 

amplified in duplicate. Primers for ANAPC2 were 5′- 

GGCAGCAAGGACCTCTTCAT-3’ (forward) and 5′- 

CTTGCTCAGTTCCTCCAGGG-3’ (reverse). Primers for CUL7 were 5′- 

GTGGCATTGATACGCGCATT-3’ (forward) and 5′- CTCCAGTCGTGGCTTCTGTT 

-3’ (reverse). Primers for UBE2M were 5′-GCAGCAGAAGAAGGAGGAGG-3’ 

(forward) and 5′-GTAGGTGGAGCCGATGTAGC-3’ (reverse). Primers for RNF123 

were 5′-ATCCAGGGTCACAGGCATTG-3’           (forward)  and 5′- 

CCACGCCTTGCCATAATTCG-3’ (reverse). Primers for SYVN1 were 5′- 

CTGCCTCCTTTTCCTCCAGG-3’ (forward) and  5′- 

TCTGAGCTAGGGATGCTGGT-3’    (reverse).    Primers    for    NEDD4    were   5′- 
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AGCCAGAGTTCTGCAGGCCCT-3’ (forward) and 5′- 
 

GCTGGGAAGTCCGGCATGCA-3’ (reverse). Primers for β-Trcp were 5′- 

AAGCGAATTCTCACAGGCCA -3’ (forward) and 5′- 

TCCATCATAGGCCCCACTGA -3’ (reverse). Primers for PEAK were 5′- 

ACCAGTCTCGCCTTGCCCCA -3’ (forward) and 5′- 

GGGGAGCGGAATGGGATGCG -3’ (reverse). Primers for elF5A were 5′- 

CCTGGTGGGGGAGAAGGGGG-3’ (forward) and 5′- 

CCTGAGGAGGGGGCAGGTCC-3’ (reverse). Primers for RAK were 5′- 

TCCCAGCTCCATTTGATTTGTC-3’ (forward) and 5′- 

TGACCAGATCCCAATCGCTTC-3’ (reverse). Primers for SMURF-2 were 5′- 

GTGGTTGATGGATCTGGGCA-3’ (forward) and 5′- 

ACTGTCCACATGTTGCACCA-3’ (reverse). Primers for UBCH5 were 5′- 

AGCGCATATCAAGGTGGAGT-3’ (forward) and 5′- 

AGCTGAAGATGCAGATGTCCA -3’ (reverse). 

 
 

4.3.6 siRNA transfection 
 

HCT116 cells or SW620 cells were seeded in 6 well plates. betaTrcp siRNA was 

dilulted to 10μM working concentration for transfection. RNAiMax (5μL) was added 

to the transfection reagent in 150μL medium without serum in a tube, and 3μL of the 

prepared siRNA was added to 150μL medium without serum to another tube. The 

RNAiMax and siRNA were then mixed and incubated for 20 min at room temperature 

before adding to the cell cultures and incubation for 24h. 
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4.3.7 Immunohistochemical staining 
 

Paraffin sections of tumors were deparaffinized using xylene and then rehydrated by 

immersing in alcohol at series of concentrations. Endogenous peroxidase was quenched 

by 10 min incubation with 3% hydrogen peroxide. Blocking serum of 1:10 was used 

for blocking the non-specific bindings of epitopes. The sections were incubated with 

KRAS, β-TrCP or GSK-3β antibody of 1:100 at 4 °C overnight. The slides were washed 

three times, incubated with a biotinylated secondary antibody (Santa Cruz) for 30 min 

and then with peroxidase substrate for 10 min. The sections were finally washed, 

incubated in deionized water for 5 min, counterstained with hematoxylin before 

analyzing by microscopy (NIKON Eclipse ci, NIKON digital sight DS-FI2, Japan). 

 
 

4.3.8 Statistical analysis 
 

Combination Index was calculated by CompuSyn software 2.0. Each experiment was 

performed at least three times. GraphPad Prism 8.0 software was used for statistical 

analysis. 

 
 

4.4 Results 
 

4.4.1 Combination of ART and WNT974 reduces KRAS protein level and activity 

in colorectal cancer cells 

We first tested the KRAS protein level and activity in the CRC cells after treatments. 

As shown in Figures 4.3A and 4.3B, we found that the ART and WNT974 mono- 

treatments did not affect KRAS protein level and activity when compared to the control 
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group. Interestingly, the combination treatment significantly reduced both KRAS 

protein level and activity (Figure 4.3A and 4.3B). It is well known that enhanced 

mRNA translation is a biological consequence after KRAS activation (Jancík S et al., 

2010). We further investigated whether KRAS mRNA level was downregulated after 

the combination treatment. Our data showed that combination treatment did not reduce 

KRAS mRNA level in the cells (Figure 4.3C). 
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Figure 4.3 
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Figure 4.3 Combination of ART and WNT974 reduces KRAS protein level and 

activity in CRC cells. (A) HCT116 and SW620 were treated with 20μM WNT974, 
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20μM ART or a combination of both for 48 h. The protein level and activity of KRAS 

were examined, (B) is the quantitative analysis. (C) mRNA level of KRAS in the CRC 

cells after the treatments. Data shown are means ± SEM, n = 3 indpeendent experiments. 

*P < 0.05, compared with control; a P < 0.05, compared with ART; b P < 0.05, 

compared with WNT974. 

ART, artesunate (20µM); WNT974, WNT974 (20µM); ART+WNT974, ART (20µM) 

and WNT974 (20µM). 
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4.4.2 Combination of ART and WNT974 promotes KRAS degradation 
 

We next examined how the combination treatment reduced KRAS protein in the CRC 

cells. As shown in Figure 4.4A, the combination treatment markedly enhanced 

ubiquitination of KRAS. Moreover, the combination treatment failed to reduce KRAS 

protein in the presence of MG132 (Figures 4.4B and 4.4C). MG132 is a specific, potent, 

reversible, and cell-permeable proteasome inhibitor that induces protein at 

ubquitination status (Lee DH and Goldberg AL, 1998). These results indicated that the 

combination treatment induced KRAS degradation via the ubquitination proteasome 

pathway. 
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Figure 4.4 
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Figure 4.4 Combination of ART and WNT974 induces KRAS degradation. (A) 

HCT116 and SW620 were treated with 20μM WNT974, 20μM ART or a combination 

of both for 48 h, MG132 (10 μM) was added to the medium for 6h before harvesting. 

Ubiquitinated KRAS was determined by Western blot. (B) KRAS protein level in the 

CRC cells in the presence or absence of MG132 (10 μM) and the (C) quantitative 

analysis. Data shown are means ± SEM, n = 3 independent experiments. *P < 0.05, *PP 

< 0.01 compared with combination of ART and WNT974 in the presence of MG132 

(ART+WNT974(MG132)). . 

ART, artesunate (20µM); WNT974, WNT974 (20µM); ART+WNT974, ART (20µM) 

and WNT974 (20µM). 
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4.4.3 E3 ligase ANAPC2 affects KRAS protein expression 
 

Next, we examined how the combination treatment induced KRAS degradation in the 

CRC cells. Firstly, we used PCR array for the Human Ubiquitination Pathway (gene 

layout is shown in Table 3) to explore whether the treatments affected the expressions 

of the genes that are involved in ubiquitination. As shown in Figure 4.5A, the heat map 

indicated that the treatments affected the gene expressions; the numbers of up- or down- 

regulated genes are presented in Figure 4.5B. The results showed that, compared to 

control, ART treatment upregulated 15 genes and downregulated 34 genes; WNT974 

treatment upregulated 13 genes and downregulated 20 genes; and the combination 

treatment upregulated 18 genes and downregulated 27 genes. Compared to ART 

treatment, the combination treatment upregulated 12 genes and downregulated 9 genes. 

Compared to WNT974 treatment, the combination treatment upregulated 12 genes and 

downregulated 10 genes. Among these results, we found that 5 genes were upregulated 

more than 2-fold after the combination treatment when compared with the 

monotreatments. These genes were Cullin 7 (CUL7), Anaphase Promoting Complex 

Subunit 2 (ANAPC2), Ubiquitin Conjugating Enzyme E2 M (UBE2M), Synoviolin 1 

(SYVN1), Ring Finger Protein 123 (RNF123) (Figure 4.5C). Next we investigated 

whether these genes were related to the expression of KRAS in the cells. We used 

siRNA to mediate the knockdown of CUL7, ANAPC2, UBE2M, SYVN1, RNF123 in 

the CRC cells. Knockdown efficiencies were first examined by RT-PCR (Figure 4.5D 

upper panel). As shown in Figure 4.5D, the combination treatment reduced the KRAS 

protein level after the siRNA-mediated knockdown of CUL7, UBE2M, SYVN1, 

RNF123; however, in the ANAPC2-knockdown cells, the combination treatment failed 

to reduce KRAS protein level. These data suggest that ANAPC2 is associated with 

KRAS protein expression. Indeed, we also found that, in the ANAPC2-knockdown 
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cells, the KRAS protein level was elevated, which was similar to the beta-TrCP siRNA 

knockdown cells. This is reasonable because beta-TrCP is known to degrade KRAS 

(Figure 4.5E) (Kim SE et al., 2009). We also established ANAPC2 overexpressed cells, 

examined the overexpression efficacies by Western blot (Figure 4.5F). In ANAPC2- 

overexpressed cells, KRAS protein level was reduced, but this reduction was abolished 

in the presence of MG132 (Figure 4.5G). These results suggest that ANAPC2 is 

involved in KRAS degradation. Furthermore, we found that the combination treatment 

increased ANAPC2 protein in the cells (Figure 4.5H). Our data strongly suggest that 

the combination treatment increases ANAPC2 expression, which promotes KRAS 

degradation in CRC cells. 
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Table 3 
 

Table 3. PCR array genes layout of ubiquitination pathway 
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Figure 4.5 
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Figure 4.5 E3 ligase ANAPC2 affects KRAS protein stability. (A) Heat map 

indicates the PCR array results and (B) numbers of up- or down-regulated genes in 

different comparison groups. (C) PCR array results of the highlighted genes. (D) 

Knockdown of the highlighted gene in the CRC cells, upper panel: mRNA levels of 



90 
 

CUL7, ANAPC2, UBE2M, SYVN1 or RNF123 after siRNA-medaiated knockdown; 

middle panel: KRAS protein expression in these cells; lower panel: the quantitative 

analysis. (E) Protein level of KRAS in the ANAPC2-knockdown CRC cells, the right 

panel is the quantitative analysis. (F) Protein level of ANAPC2 in ANAPC2- 

overexpressed CRC cells, the right panel is the quantitative analysis. (G) Protein level 

of KRAS in the ANAPC2-overexpressed CRC cells after the treatments, the right panel 

is the quantitative analysis. (H) Expression of ANAPC2 in the cells after treatment, and 

the quantitative analysis. Data shown are means ± SEM, n = 3 independent experiments. 

*P < 0.05, ***P < 0.001, compared with control; a P < 0.05, compared with ART; b P 
 

< 0.05, compared with WNT974. 
 

Cullin 7 (CUL7), Anaphase Promoting Complex Subunit 2 (ANAPC2), Ubiquitin 

Conjugating Enzyme E2 M (UBE2M), Synoviolin 1 (SYVN1), Ring Finger Protein 

123 (RNF123). 

ART, artesunate (20µM); WNT974, WNT974 (20µM); ART+WNT974, ART (20µM) 

and WNT974 (20µM). 
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4.4.4 Combination of ART and WNT974 promotes KRAS degradation by 

regulating beta-TrCP and GSK-3β expressions 

Other studies have reported that eukaryotic translation initiation factor 5A (elF5A) and 

pseudopodium enriched atypical kinase (PEAK) increase KRAS protein synthesis; that 

neuronal precursor cell-expressed developmentally down-regulate 4 (NEDD4) and β- 

transducin repeat-containing protein (β-TrCP), which are E3 ligases, promote KRAS 

degradation; that SMAD Specific E3 Ubiquitin Protein Ligase 2 (SMURF2) and 

ubiquitin conjugating enzyme E2 D1 (UBCH5) act as a critical E3:E2 complex 

maintaining KRAS protein stability (Fujimura K et al., 2018). In our study, we found 

that combination treatment did not significantly affect the mRNA expressions of elF5A, 

NEDD4, PEAK, SMURF2, and UBCH5 (Figure 4.6A), but significantly increased β- 

TrCP mRNA level and protein level (Figure 4.6B) in CRC cells. β-TrCP is an F-box 

ubiquitin ligase; it has been implicated in RAS (including KRAS) ubiquitination and 

degradation (Kim SE et al., 2009). β-TrCP degrades KRAS protein and, in this 

degradation process, glycogen synthase kinase-3 beta (GSK-3β) mediates the 

phosphorylation of KRAS for the priming of β-TrCP to the KRAS protein for 

degradation (Shukla S et al., 2014). Interestingly, the combination treatment increased 

not only β-TrCP expression but also GSK-3β expression (Figure 4.6C). 

To further confirm the involvement of beta-TrCP and GSK-3β in mediating KRAS 

degradation under the combination treatment, we used siRNA to mediate the 

knockdown of beta-TrCP in the CRC cells, and we treated the cells with GSK-3β 

activator. The knockdown efficiencies were first confirmed by Western blot (Figure 

4.6D) and RT-PCR (Figure 4.6E). Our results showed that the combination treatment 

did not affect KRAS expressions (Figure 4.6F); the combination treatment also failed 



92 
 

to degrade KRAS protein (Figure 4.6G). Our data strongly suggest that knockdown of 

beta-TrCP and activation of GSK-3β abolish the combination treatment-mediated 

KRAS degradation. 
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Figure 4.6 
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Figure 4.6 Combination of ART and WNT974 promotes KRAS degradation by 
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regulating beta-TrCP and GSK-3β. (A) mRNA levels of elF5A, NEDD4, PEAK, 

SMURF2, UBCH5 in CRC cells after treatment. (B) mRNA level and protein level of 

beta-TrCP in CRC cells after treatments, (C) protein level of GSK-3β in CRC cells after 

treatments. (D) protein level of beta-TrCP after siRNA-mediated knockdown in the 

CRC cells. (E) mRNA level of beta-TrCP after siRNA-mediated knockdown in the 

CRC cells. (F) Protein expression of KRAS in the β-TrCP-knockdown CRC cells after 

treatment. (G) KRAS ubiquitination in the beta-TrCP-knockdown cells after the 

treatments and in the presence of GSK-3β activator. Data shown are means ± SEM, n 

= 3 independent experiments. *P < 0.05, **P < 0.01, compared with control; a P < 0.05, 

aa P < 0.01 compared with ART; b P < 0.05, bb P < 0.01 compared with WNT974. 

Eukaryotic translation initiation factor 5A (elF5A), pseudopodium enriched atypical 

kinase (PEAK), neuronal precursor cell-expressed developmentally down-regulated 4 

(NEDD4), β-transducin repeat-containing protein (β-TrCP), SMAD Specific E3 

Ubiquitin Protein Ligase 2 (SMURF2), ubiquitin Conjugating Enzyme E2 D1 

(UBCH5). 

ART, artesunate (20µM); WNT974, WN T974 (20µM); ART+WNT974, ART (20µM) 

and WNT974 (20µM). 
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4.4.5 Combination of ART and WNT974 affects beta-TrCP, GSK-3β and KRAS 
 

expressions in HCT116-bearing xenograft tumors 

Next, we examined whether the treatment would affect the expressions of beta-TrCP, 

GSK-3β and KRAS expression levels in vivo. We established a HCT116-bearing 

xenograft mouse model. We divided the mice into four groups, treated with (1) vehicle 

(daily i.p. saline), (2) ART (daily i.p. 30mg/kg of artesunate), (3) WNT974 (daily i.p. 

5mg/kg of WNT974), and (4) ART combined with WNT974 (daily i.p. 30mg/kg 

artesunate and 5mg/kg WNT974). As shown in Figures 4.7A and 4.7B, the 

combination treatment significantly enhanced the expressions of beta-TrCP, GSK-3β 

and KRAS. 
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Figure 4.7 
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Figure 4.7 Combination treatment of ART and WNT974 reduces KRAS protein 

level and KRAS degradation related protein expression level in the tumor tissues. 

(A) Western blot showing the protein expressions of KRAS, beta-TrCP and GSK-3β in 

the xenograft tumor tissues. (B) IHC analysis of the tumor tissues for KRAS, beta-TrCP 

and GSK-3β (magnification x 200). Data shown are means ± SEM, n = 3. *P < 0.05 

compared with control group; a P < 0.05, compared with ART; b P < 0.05 compared 

with WNT974. 
 

ART, artesunate (30mg/kg); WNT974, WNT974 (5mg/kg); ART+WNT974, ART 

(30mg/kg) and WNT974 (30mg/kg). 

 
 

 
4.5 Discussion 

 
Our study shows that the combination of ART and WNT974 significantly inhibits CRC 

growth. Further, our mechanistic studies suggest that the combination treatment reduces 
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KRAS protein expression by promoting KRAS protein degradation via the 

ubiquitination pathway, which may attribute to the elevated expressions of ANACP-2, 

beta-TrCP and GSK-3β (Figure 4.8). 

 
 

Ubiquitination is an important type of protein posttranslational modification (PTM), 

and it plays an important role in regulating target protein degradation, which serve to 

ensure cell proliferation and life activities (Deng L et al., 2020). For example, in tumor 

development, the ubiquitination of some key proteins such as RagA (Wang B et al., 

2017; Jin G et al., 2015), mTOR (Deng L et al., 2015), PTEN (Mao JH et al., 2008; 

Wang X et al., 2007), AKT (Yang WL et al., 2009; Chan CH et al., 2012), c-Myc (Mei 

Z et al., 2015; Paul I et al., 2013) and P53 (Brooks CL et al., 2006, Li M et al., 2002) 

significantly affects the activity of the mTORC1, AMPK and PTEN-AKT signaling 

pathways. Therefore, targeting ubiquitination and degradation of oncoproteins via the 

ubiquitin–proteasome pathway represents a viable therapeutic strategy. Nowadays, 

there are many molecular targeted drugs such as bortezomib, carfilzomib, oprozomib 

and ixazomib were developed to treat cancer (Veggiani G et al., 2019). As E3 ligases 

controls degradation with high specificity, targeting the active site of E3 enzymes or 

their interactions with substrates offers promising options for developing drugs with 

fewer side effects (Bernassola F, et al., 2008). Nedd4-1, a general E3 ubiquitin ligase, 

has been found to control the abundance of Ras, and it has been found that Nedd4-1 

plays a fundamental role in regulating Ras signaling. Importantly, the interplay between 

Ras signaling-regulated transcription of Nedd4-1 and Nedd4-1-mediated Ras 



105 
 

degradation comprises a negative feedback regulatory loop (Zeng T et al., 2014). 

Moreover, it has been found that KRAS is targeted for polyubiquitylation by E3 ligase 

β-TrCP and then subsequently degraded by the proteasomal degradation machinery 

(Kim SE et al., 2009; Shukla S et al., 2014). Our data suggest that combination of ART 

and WNT974 promotes KRAS protein degradation not only by increasing β-TrCP 

expression but also the expression of E3 ligase ANACP2. Out study is the first to 

demonstrate ANAPC2 is assoicated with KRAS protein degradation. In ANAPC2 

knockdown or overexpression CRC cells, the combination treatment failed to reduce 

the KRAS protein levels. Nevertheless, the mechanism of how ANAPC2 regulates 

KRAS protein degradation deserves further investigation. 
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Figure 4.8 
 

 

Figure 4.8 A proposed mechanism of how the combination treatment promotes 

KRAS protein degradation in CRC cells. Combination treatment increases ANAPC2, 

beta-TrCP and GSK-3β expression, which leads to the KRAS protein degradation 

through ubiquitination. 
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Chapter Ⅴ Conclusion 
 
 

5.1 Summary 
In the current work, we have investigated the synergistic effect of the combination of 

ART and WNT974 in reducing CRC growth and revealed the underlying mechanism 

of actions. Our results indicate that the combination treatment reduces CRC cell 

viability and significantly inhibits the tumor growth in xenograft mouse model. 

Mechanistic studies suggest that the combination treatment induces cell cycle arrest at 

G0/G1 phase by inhibiting CDK2 and regulating p21, p27 expressions and AKT activity. 

More importantly, the combination treatment reduces KRAS protein level and activity 

in CRC by upregulating beta-TrCP, ANACP2 and GSK-3β expressions and hence 

promotes KRAS degradation through the ubiquitin–proteasome pathway. It is the first 

time to report E3 ligase ANACP2 promotes KRAS protein degradation. This is also the 

first study demonstrates that combination of ART and WNT974 has synergistic effect 

in reducing CRC cell viability and exhibits a potent anti-CRC effect. 

 
 

We have also examined whether the combination of ART and WNT974 has synergistic 

effect in 8 CRC cell lines. The results indicate that the combination treatment 

synergistically reduces CRC cell viability as demonstrated in these cell lines, and CI 

values of all the combination ratios were less than 1. These CRC cell lines habour 

different gene mutations such as P53 mutation, APC mutation, KRAS mutation, BRAF 

mutation. Our data suggest that the combination treatment can be used to treat CRC 

regardless of its genetic backgrounds. 

 
 

In xenograft mouse model, our data also show that the combination treatment 
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significantly inhibits tumor growth and reduces tumor weight. The inhibitory effect is 

more potent than 5-FU. Our data strongly suggest that the combination treatment can 

be developed as alternative therapeutics for the CRC treatment. 

 
More importantly, our results show that the combination of ART and WNT974 

significantly reduces KRAS protein expressions by inducing KRAS protiein 

degradation via the ubiquitination pathway. KRAS has long been referred to as an 

undruggable target because of the lack of binding sites for small molecule inhibitor 

binding onto the KRAS protein surface (Zimmerli D et al., 2018; Li H et al., 2015; 

Kahlert UD et al., 2015; Cox AD et al., 2014; Ledford H., 2015; Lu S et al., 2016). Our 

study explores an alternative approach to inhibit the KRAS signal by promoting KRAS 

protein degradation. The data show that the combination of ART and WNT974 reduces 

KRAS protein by increasing the expressions of E3 ligases and hence promotes the 

KRAS protein degradation. The substrate specificity of E3 ligases (Watanaba M et al., 

2020) may suggest a reduced side effect druing the treatment, which deserve further 

investigation. 

 
 

Clinical studies suggested WNT974 has a manageable safety profile and possess 

antitumor activity (Filip Janku et al., 2015). ART has been approved for severe malaria 

treatment, clinical studies show that it is safe and well tolerated (John Benjamin et al., 

2012). The clincal safety of ART and WNT974 can greatly enhance the translation 

potential of this combination treatment for CRC. 

 

Our study has provided strong scientific evidence to support the translation of the 

combination of ART and WNT974 as novel KRAS-targeted therapeutics for CRC 
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treatment. 
 
 
 

5.2 Perspectives for future development 
 

In the future, we will investigate both the acute and chronic toxicity of the ART and 

WNT974 combination treatment in animal models. We will also perform the 

pharmacokinetics (PK) and pharmacodynamics (PD) testings. These are the 

prerequisites for the development of the combination treatment as therapetuics for 

clinical use. The combination of ART and WNT974 for cancer treatment has been filed 

for patent (Chinese patent Application No. CN201910876006.8). After we have 

completed the toxicity tests and obtained the patent, we will apply for clinical trials 

from IND, FDA or CFDA. Collaboration with biopharmaceutical and drug 

development industries can help to develop and industrialize the products for clinical 

application. 

 
 

Furthermore, it is the first report demonstrating the role of ANACP2 in promoting 

KRAS protein degradation. However, the detailed mechanism of action remains 

unknown, which deserves futher investigation. Understanding the role of ANACP2 in 

KRAS protein degradation can help us to develop more KRAS-targeted therapeutic 

agents for cancer treatment 
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