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ABSTRACT 

Cell metabolism disorder is considered as both direct and indirect consequence 

of oncogenic mutations for tumoigenesis. Autophagy is a metabolic stress response 

and a mechanism of natural cellular degradation. It is believed that autophagy, as well 

as metabolism, is a crucial process for the adaptation of cancer cells to changes in 

nutrient availability. Understanding the relationship between metabolism and 

autophagy and targeting on the key steps are regarded as a promising strategy to treat 

cancer. 

Halofuginone (HF), a semisynthetic quinazolinone alkaloid originally derived 

from the plant Dichroa febrifuga Lour., has gained attention for its potential 

therapeutic effects in a variety of cancers. We hypothesize that HF may inhibit cancer 

cell proliferation by inducing changes in glucose metabolism and modulating related 

autophagy. A series of studies, from in vitro to in vivo, were designed to approve this 

concept in colorectal cancer (CRC). 

Firstly, we found that HF inhibited human CRC cell proliferation and induced 

the generation of reactive oxygen species (ROS) and apoptosis. As expected, a 

reduced level of NADPH was also observed, at least in part due to inactivation of 

glucose-6-phosphate dehydrogenase (G6PD) in pentose phosphate pathway (PPP) 

upon HF treatment. Given these findings, we further investigated metabolic regulation 

of HF through Akt/mTORC1-mediated aerobic glycolysis and found that HF 

downregulated the Akt/mTORC1 signaling pathway. Moreover, metabolomics found 
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slower rates in both glycolytic flux and glucose-derived tricarboxylic acid cycle flux. 

Meanwhile, both glucose transporter GLUT1 and hexokinase-2 in glycolysis were 

suppressed in CRC cells by HF. These findings support our notion that HF regulates 

the Akt/mTORC1 signaling pathway to dampen glucose uptake and glycolysis in 

CRC cells. Furthermore, HF retarded tumor growth in nude mice inoculated with 

HCT116 cells and reduced the viability of primary cells from the tissues of CRC 

patients. This finding further confirmed our hypothesis that HF inhibits CRC cell 

growth through metabolic regulation of Akt/mTORC1.  

Because mTORC1 can inhibit autophagy through phosphorylation and 

inactivation of the initiating kinase ULK1 in cancer cells, we further studied the HF 

effects on CRC in different nutritional conditions. The results showed that HF in 

nutrient-rich conditions could reduce SQSTM1/p62 through mTORC1-mediated 

phosphorylation at Ser757 of ULK1. More interestingly, HF elevated SQSTM1 

protein level in low nutrient condition through AMPK-mediated phosphorylation at 

Ser317/777 of ULK1. It showed that HF could regulate nutrient-sensing 

mTORC1-ULK1 or AMPK-ULK1 to dually modulate autophagy in CRC cells. 

Further study by using a variety of methods, including mRFP-GFP-LC3 puncta 

formation, transmission electron microscope (TEM) analysis and 

monodansylcadaverine (MDC) staining, found that HF could induce autophagosome 

formation and inhibit autophagosome membrane elongation, depending on 

nutrient-sensing pathways. Furthermore, we found HF pronouncedly enhanced 

expression level of Atg7 under nutrient-rich conditions while it decreased Atg7 in 
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CRC cells under nutrient-poor conditions. These two findings imply that Atg7 is 

required in dual regulation of autophagic flux depending on nutrient conditions. This 

conclusion was then validated by comparing with autophagy-related proteins in Atg7 

knockout (KO) MEFs and Wild-type (WT) MEFs upon HF treatment. Importantly, 

through analysis of metabolome and metabolic enzymes, we found that HF inhibited 

glycolysis under nutrient-rich conditions while it inhibited gluconeogenesis under 

nutrient-poor conditions in an Atg7-dependent manner. In subsequent studies, we 

found that caloric restriction (CR) in a xenograft mouse model, which mimics low 

nutrition in vitro, enhanced the anticancer activity of HF. Further analysis of the 

expression of TQTSM1 and LC3 in tumor tissues demonstrated that HF is an 

autophagic inducer in xenograft-bearing nude mice with ad libitum feeding, whereas 

it is an autophagic inhibitor when using CR.  

In summary, this study explains how HF controls CRC cell growth through its 

influences on glucose metabolism and autophagy regulation. HF not only dually 

regulates autophagy in vitro and in vivo to inhibit cancer cell growth and proliferation 

through nutrient-sensing pathways under different conditions, but also modulates 

glycolysis/gluconeogenesis through an autophagic pathway. These results suggest that 

HF could turn out to be a potent therapeutic drug for treating CRC. 
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Chapter I   General Introduction 

1.1  Colorectal cancer 

Colorectal cancer (CRC) is one of the most devastating malignant cancers in the 

world. With roughly 1-2 million new cases per year and roughly 600,000 deaths per 

year, CRC ranks as the fourth most common cause of cancer death globally. The high 

incidence of CRC is mainly in some European and North American countries; 

however, as a result of the changes in lifestyles and dietary patterns, there has been a 

rapid increase in the low risk countries of south and central Asia and Africa (Brenner, 

Kloor, & Pox, 2014). In China, CRC is the fifth and fourth most commonly diagnosed 

cancers among men and women, respectively. Occurrence has increased rapidly in 

recent years and creating a huge burden for the Chinese health care system, especially 

in the more developed regions (W. Chen et al., 2016). In Hong Kong, CRC is 

the commonest cause of cancer, accounting for 16.4 % of all new cancer cases in 2012. 

In 2013, there were 1981 deaths were caused by CRC in Hong Kong, accounting for 

14.6 % of all cancer deaths. The crude death rates were 32.6 for males and 23.2 for 

females per 100000 (Centre for Health Protection, 2015). 

We now know that CRC is not a single disease but rather a complex of diseases 

involving many different molecular pathways and a variety of genetic and epigenetic 

events. The stepwise change in morphology from adenoma to carcinoma and 

eventually to metastatic disease happens through a multi-step genetic model with 

abnormalities in key regulatory genes and pathways (Markowitz & Bertagnolli, 2009). 
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Genome-wide sequencing recently has found as many as 80 mutated genes in CRC, 

including Adenomatous polyposis coli (APC), KRAS and p53 (Bogaert & Prenen, 

2014). APC is a key regulator in the Wnt signaling pathway. It is the most commonly 

mutated gene in familial adenomatous polyposis and is present in 70-80 % of all 

sporadic colorectal adenomas and carcinomas (Fearon, 2011). KRAS is a 

proto-oncogene belonging to the RAS gene family, and it is mutated in 30-50 % of all 

CRC cases (Ogino et al., 2009). As a tumor suppressor gene, p53 plays a role in cell 

cycle, apoptosis, genetic stability and regulation of angiogenesis (Vogelstein, Lane, & 

Levine, 2000). Mutations in the p53 gene have been found in approximately 40-50 % 

of all CRC cases (Iacopetta, 2003). Although a smaller number of mutations are 

regarded as drivers of tumorigenesis, tumor onset and progression need from multiple 

genetic hits. In addition, epigenetic inheritance, including DNA methylation, histone 

modifications and chromatin remodelers and non-coding RNAs, has also been 

regarded as playing a major role in the evolution and progression of CRC (Vaiopoulos, 

Athanasoula, & Papavassiliou, 2014). 

In addition to surgery, chemotherapy is the most common treatment for CRC, 

which shows a survival benefit in various randomized studies. The most commonly 

used drugs in clinic are 5-Fluorouracil (5-Fu), Capecitabine, Irinotecan, Oxaliplatin, 

Cetuximab and Panitumumab (Society, 2016). 5-Fu can inhibit thymidilate synthase, 

which combines with folinic acid (FA) as a standard practice of adjuvant 

chemotherapy after surgical resection of node-positive CRC. Although controversy 

still exists about whether administration of 5-FU/FA is the optimal regimen, it has 
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been used for over 40 years as the prop of chemotherapy for metastatic CRC (Goyle 

& Maraveyas, 2005). Capecitabine, a fluoropyrimidine carbamate with antineoplastic 

activity, is a prodrug which can convert to 5-Fu in the liver or within the tumor itself 

(Malet-Martino & Martino, 2002). As an inhibitor of topoisomerase1, Irinotecan 

inhibits the DNA from unwinding and is mainly used in CRC, in particular, in 

combination with other chemotherapy agents (Pommier, Leo, Zhang, & Marchand, 

2010). Oxaliplatin is a platinum-based antineoplastic agent having a 

diaminocyclohexane (DACH) ring (Becouarn et al., 1998). Cetuximab is an IgG1 

chimeric monoclonal antibody, which can inhibit epidermal growth factor 

receptor (EGFR); it is used to treat metastatic CRC (Van Cutsem et al., 2009). 

Another EGFR inhibitor used in treating CRC in clinics is Panitumumab, an IgG2  

monoclonal antibody (Gibson, Ranganathan, & Grothey, 2006). 

1.2  Cancer metabolism 

Carcinogenesis in humans is a multistep process involving essential genomic 

instability that leads to the progressive transformation of normal human cells into 

malignant derivatives. Six hallmarks have previously been identified as foundational 

characteristics that enable tumor growth and metastasis. The hallmarks exhibit the 

complexities of neoplastic disease, including resisting cell death, inducing 

angiogenesis, enabling replicative immortality, sustaining proliferative signaling, 

evading growth suppressors and activating invasion and metastasis (Hanahan & 

Weinberg, 2000). In the last decade, four physiological features--namely, 
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reprogramming of energy metabolism, evading immune destruction, genomic 

instability and mutation, and tumor-promoting inflammation-- have been added to the 

list (Fig.1.1) (Hanahan & Weinberg, 2011).  

 

 

Figure 1.1 Hallmarks of cancer and targeting therapies 

(Cited from (Hanahan & Weinberg, 2011)) 

Among these hallmarks of cancer, cell metabolism is a common feature which 

acquires and utilizes necessary nutrients from environments to maintain viability and 

establish new biomass. To meet energy demand, cells in differentiated tissues can 

produce ATP through oxidative phosphorylation in mitochondria for macromolecule 

biosynthesis, DNA replication, cell structure maintenance and the other vital 
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processed. Generally, normal cells first metabolize glucose to pyruvate. When there is 

enough oxygen, pyruvate will be oxidized into carbon dioxide to produce 

acetyl-coenzyme A (Acetyl-CoA) which then enters the mitochondria. When oxygen 

is limited, cells will initiate the process of anaerobic glycolysis, redirecting the 

pyruvate generated into lactate, bypassing mitochondrial metabolism. In contrast, 

cancer cells avidly consume glucose for lactate overproduction whether or not oxygen 

is present (Fig.1.2). This phenomenon in cancer cells is called the “Warburg effect” or 

aerobic glycolysis (Warburg, 1956; Warburg, Wind, & Negelein, 1927).  

 

Figure1.2 Differences between oxidative phosphorylation, anaerobic glycolysis, 

and aerobic glycolysis 
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Warburg’s seminal finding has been observed in various cancers, and the 

Warburg effect has been regarded as one of the most basic changes in the metabolism 

of malignant tumor cells; it is the key change that enables them to proliferate rapidly 

(Warburg et al., 1927). In the early days of cancer research, it was hypothesized that 

aerobic glycolysis increased in cancer cells instead of mitochondrial respiration 

because the mitochondria were damaged. The metabolic process of one molecule 

glucose turning into lactate generates only 2 ATPs; however the complete oxidation of 

one molecule of glucose generates 36 ATPs when oxidative phosphorylation activates 

its normal function (Vander Heiden, Cantley, & Thompson, 2009). Why do cancer 

cells prefer high aerobic glycolysis even though it produces less ATP than 

mitochodiral oxidative phosphorylation? So far, there are three explanations or 

hypotheses to describe this phenomenon. One is that an hypoxic environment helps 

cancer cells proliferate; this is the condition prevailing inside solid tumors (Gatenby 

& Gillies, 2004). The second explanation is that reduced oxidative metabolism in 

cancer cells can enable these cells to escape apoptosis (Gogvadze, Zhivotovsky, & 

Orrenius, 2010; Schlisio, 2009; Tomiyama et al., 2006). The third explanation is that 

there is a relationship between the tumor invasiveness and glycolytic phenotype 

(Weinhouse, 1972). 

Accumulating evidence, however, shows that most cancer cells prefer aerobic 

glycolysis which does not arise from damaged mitochondria (Moreno-Sanchez, 

Rodriguez-Enriquez, Marin-Hernandez, & Saavedra, 2007). Most cancer 

mitochondria still have the ability to execute oxidative phosphorylation because many 
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cancers exhibit the Warburg effect while retaining mitochondrial respiration. It has 

been proved that functional mitochondria can appear in some cancer cells, such as 

some hepatoma, glioma, and breast cancer cells, where oxidative phosphorylation is 

the main source of ATP (Guppy, Leedman, Zu, & Russell, 2002; Martin et al., 1998; 

Pasdois et al., 2003; Rodriguez-Enriquez et al., 2006). Furthermore, some cancer cells 

can reversibly switch between glycolysis and oxidative metabolism according to the 

extracellular environment (Rodriguez-Enriquez et al., 2008; Rossignol et al., 2004; 

Smolkova et al., 2010). An interesting model has been proposed that there is a 

metabolic symbiosis between the "glycolytic" cells and "oxidative" cells through 

lactate shuttling (Sonveaux et al., 2008). According to this model, the observed in 

vitro metabolic plasticity may affect the physiology of tumors in vivo. Therefore, for 

understanding cancer, it is pivotal to know the mechanisms by which cancer cells 

regulate their energy metabolism and then affect cancer physiology through energy 

metabolism. 

The molecular mechanisms that regulate metabolic reprogramming of cancer 

cells are complex, because many factors can affect metabolic alterations during of 

carcinogenesis, including the microenvironment and oncogenic signaling pathways. 

Altered metabolism conversely regulates apoptosis, biosynthetic pathways and the 

tumor’s microenvironment to facilitate cancer cell proliferation. Thus, altered energy 

metabolism in cancer cells is considered as comprehensive as the many others 

characteristics which have been regarded as hallmarks of cancer (Fig.1.3) (Lewis & 

Abdel-Haleem, 2013). A question raised by this consideration is whether deregulating 
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energy metabolism in cancer cells is one of the core hallmarks in cancer formation. In 

actuality, the redirected activity of energy metabolism in cancer is largely controlled 

by certain proteins which are related to certain signaling pathways. The relationship 

of foundational hallmarks and different metabolic alterations of cancer have been 

depicted (Kroemer & Pouyssegur, 2008; Lewis & Abdel-Haleem, 2013). Among these 

signaling pathways, the PI3K/Akt/mTOR is a very crucial one because it regulates a 

wide range of cellular processes including metabolism and cancer cell proliferation. 

 

 

T 

Figure 1.3 Hallmarks of cancer and their links to tumor metabolism 

(Cited from (Lewis & Abdel-Haleem, 2013)). 
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1.3  PI3K/Akt/mTOR signaling pathway 

The phosphoinositide 3-kinase (PI3K)/serine-theronine protein kinase Akt 

(protein kinase B (PKB))/mammalian target of rapamycin (mTOR) pathway is a vital 

transduction cascade which is frequently found in human cancer cells because of a 

variety of genetic aberrations. The PI3K/Akt/mTOR pathway relates to many 

important physiological functions in cancer cells, including protein synthesis, survival, 

proliferation, glucose metabolism and other processes in the development of cancer 

cells. It can promote the malignant phenotype through regulating the hallmarks of 

cancer, including altered energy metabolism (Cantley, 2002; Kobayashi et al., 1999; 

Philp et al., 2001; Roy et al., 2002). PI3K, Akt, mTOR, 4EBP1 and P70S6K are five 

key nodes in this pathway. 

The PI3Ks are a family of related intracellular signal transducer enzymes that 

share the primary biochemical function of phosphorylatingthe 3-hydroxyl group of 

phosphoinositides. There are three different classes in the PI3K family: Class I, Class 

II, and Class III, which differ in structure and substrate preference. Class I PI3Ks are 

heterodimers which consist of modulatory and catalytic subunits. A Src homology-2 

domain-containing regulatory subunit (p85) and a 110-kDa catalytic subunit (p110) 

make up heterodimeric class I PI3Ks (Cantley, 2002).  PI3K is thought to mediate its 

downstream effectors Akt by generating D3-phosphorylated phosphoinositides which 

bind to the pleckstrin homology (PH) domain of both phosphoinositide-dependent 

kinase-1 (PDK-1) and Akt and induce their translocation to the plasma membrane. 
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The Akt induction requires phosphorylation at two critical residues, threonine 308 in 

the activation loop and serine 473 near the carboxyl terminus. The phosphorylation of 

Akt can be activated by PDK-1 at threonine 308 and mTORC2 at serine 473.  

Akt, also known as Protein Kinase B (PKB), is a serine/threonine-specific 

protein kinase that is the central mediator of the PI3K pathway with multiple 

downstream effectors. It plays a key role in multiple cellular processes such as 

glucose metabolism, apoptosis, cell proliferation, transcription and cell migration. It 

has been established that Akt is over-expressed in a number of cancers, including 

colorectal, pancreatic, ovarian, and some steroid hormone-insensitive breast cancers. 

The Akt kinase family comprises three members: Akt1, Akt2 and Akt3, all of which 

are structurally homologous and share similar mechanisms of activation but have 

distinctly different functions (Koseoglu, Lu, Kumar, Kirschmeier, & Zou, 2007). Akt 

activates an array of downstream factors through phosphorylation and then regulates 

cell survival, cell growth, cell cycle progression and cellular metabolism (Shaw & 

Cantley, 2006). A number of physiological events involve signaling through Akt, but 

mostly, focusing on the PI3K/Akt/mTOR pathway. Of the several downstream 

molecules of Akt, mTOR is particularly important one for CRC because it is activated 

when Akt abrogates the suppressive action of tumor suppressor tuberin (also known as 

tuberous sclerosis complex 1, TSC1) on mTOR (Manning & Cantley, 2003; Shaw & 

Cantley, 2006). 

mTOR, also known as the mammalian target of rapamycin, FRAP 
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(FKBP12-rapamcyin-associated protein), SEP (sirolimus effector protein), RAPT 1 

(rapamycin target 1) or RAFT1 (rapamycin and FKBP12 target), is a 289 kDa 

serine/threonine protein kinase (Brown et al., 1994). mTOR constitutes the core of an 

evolutionarily conserved pathway which regulates cell growth and proliferation by 

integrating signals arising from growth factors, nutrients and energy status (Keith & 

Schreiber, 1995; Kunz et al., 1993; Tsang & Zheng, 2007; Wullschleger, Loewith, & 

Hall, 2006). mTOR was found in the two catalytic subunits with distinct structures 

known as mTORC1 and mTORC2 (Loewith et al., 2002; Sarbassov et al., 2004).  

mTORC1 is sensitive to rapamycin and can be inhibited by it, while mTORC2 is 

resistant to it (Jacinto et al., 2004; D. H. Kim et al., 2002). Akt is the main upstream 

direct/indirect activator of the mammalian target of mTORC1. mTORC1 has two 

downstream factors: S6 kinase (S6K) and 4E-binding protein 1 (4EBP1). Through 

mediated the two factor mTORC1 regulates processes such as ribosomal biogenesis, 

cap-dependent translation, and lysosomal biogenesis. It had been reported that the 

PI3K/Akt/mTOR signaling components, including mTORC1, S6K and 4EBP1 are 

highly activated in glandular elements of CRC and colorectal adenomas with 

high-grade intraepithelial neoplasia (HIN) (Y. J. Zhang et al., 2009). For this reason, 

inhibitors of PI3K/Akt/mTOR signaling are regarded as potential anti-CRC agents. 

S6K is a mitogen-activated Ser/Thr protein kinase that controls lipid/sterol 

synthesis and switches glucose metabolism from glycolysis to the pentose phosphate 

pathway (PPP) in cancer cells (Duvel et al., 2010). It is well known that the oxidative 

arm of PPP is one of the major pathways for NADPH production. NADPH is a strong 
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reducing agent which can react with reactive oxygen species (ROS) and enable cancer 

cells to escape apoptosis (Yalcin et al., 2010). Thus activated S6K activates energy 

metabolism of cancer cells and promotes cancer cells growth. 4EBP1 is another 

well-characterized mTORC1 downstream factor which inhibits the initiation of 

protein translation by binding and inactivating eIF4E (eukaryotic translation initiation 

factor 4E).  Active mTOR regulates 4EBP1 inhibition which increases glucose uptake 

and glycolysis (Maiese, Chong, Shang, & Wang, 2013). Therefore, the 

PI3K/Akt/mTOR signaling pathway is thought to be very important to glucose and 

lipid metabolism in cancer cells, including CRC.  

1.4  Metabolomics application 

For a better understanding metabolism, it would be necessary to develop a high 

throughput tool for measurement of endogenous metabolites in cells, tissues or 

organisms. Metabolomics as the downstream of systems biology represents the 

emerging promising technique for delineating metabolic changes. Another term 

“metabonomics” was coined by Prof. Jeremy Nicholson and his colleagues, and is 

defined as "the quantitative measurement of the dynamic multiparametric metabolic 

response of living systems to pathophysiological stimuli or genetic modification" 

(Nicholson, Lindon, & Holmes, 1999). Currently, metabolomics and metabonomics 

have been interchanged used. Metabolomics can construct a ‘fingerprint’ which is 

unique to the individual states through capitalizing on the unique presence and 

concentration of small molecules in the metabolism of cancer cells or tissues (A. 
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Zhang et al., 2012). These compounds are end or intermediary products of cellular 

processes, and also regarded as the amplified output of a biological system. So the 

applications of metabolomics would be useful to classify and search useful biological 

information of disease which can be used as new prognostic and predictive markers 

and to discover new targets for future therapeutic interventions. 

To achieve a comprehensive coverage of metabolism in cells or tissues, multiple 

analytical approaches, such as mass spectrometry (MS) and nuclear magnetic 

resonance (NMR) spectroscopy should be combinational application (Gartland et al., 

1990; Jobard et al., 2014; A. H. Zhang, Sun, Qiu, & Wang, 2013). At the same time, 

obtained complex data should be interpreted using multivariate statistics. 

Pre-separation of the metabolic components using chromatography (GC) after 

chemical derivatization, liquid chromatography (LC) and ultrahigh-pressure LC 

(UPLC) is coupled with MS analytical technique. The use of capillary electrophoresis 

(CE) coupled to MS has also shown some promise. NMR spectroscopy provides 

detailed information on molecular structure, for pure compounds and in complex 

mixtures, but it can also be used to probe metabolite molecular dynamics and mobility 

through the interpretation of NMR spin-relaxation times and by the determination of 

molecular diffusion coefficients. 

Different from transcriptomics and proteomics which just provide some 

information about sole genes and proteins which are not sufficient to explain the 

whole story happened in a cell or diseases, metabolomics can achieve this aim 
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because the genetic information of cells is transferred from gene transcription to 

functional protein and ultimately performed by metabolites which are the clues of 

physiology and can be discovered by high throughput analysis of metabolomics. So 

metabolomics can conversely respond to the results of the upstream regulation and 

provide a new way to explain the function of genes and proteins (Bu, Huang, Yan, 

Cen, & Zhao, 2012; Nicholson et al., 1999; Tweeddale, Notley-McRobb, & Ferenci, 

1998). Based on these advantages, metabolomics have a major impact in many 

application areas, such as diagnosis and biomarker discovery and new drug 

development of cancer (Nishiumi et al., 2012; A. Zhang et al., 2014). 

Lipidomics, referring to the totality of lipids in cells with a diverse group of 

molecules, also joined “omics” evolution. The lipidome can be subdivided primarily 

into neutral lipids, such as fatty acids, mono-di and tri-glycerides (MG, DG and TG), 

phospholipids, including classes such as phosphatidylcholine (PtdCho) and the 

phosphoinositides, sphingolipids, such as sphingomyelin, ceramide and 

sphingosine-1-phosphate (S1P) and steroids, including cholesterol, the cholesterol 

esters and hormones such as progesterone, additionally cells contain prenol lipids, 

polyketides and saccharolipids, the nature of these classes has been defined by the 

International Committee for the Classification and Nomenclature of Lipids (ICCNL) 

(Fahy et al., 2005; Fahy et al., 2009). Distinct classes of lipids contain many 

molecular species, which are difference with the increasing acryl chains. So the total 

number of lipids is significantly increasing with increasing number of acyl chains, as 

a reflection of the range of carbon chain lengths and position and number of double 
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bonds in these. Theoretically, an individual mammalian cell could contain more than 

10,000 different lipid species. However the actual number in most likelihood may be 

most likely to be about 1500. Nevertheless, lipidomics is one important part of 

metabolomics which determinate individual lipid molecular species of cells and 

tissues rather than changes in an overall lipid class. 

Because so many intersecting pathways are involved in metabolism, it may be 

impossible to infer which pathway(s) are altered when abnormal levels of a metabolite 

are observed. The total abundance of these metabolites would be measured using a 

high throughput metabolomic platform as mentioned above, and then a subset of the 

most informative metabolites would be analyzed by mass spectrometry to determine 

the level changes and positions of isotopic label within each molecule. This technique 

was so-called metabolic flux analysis (MFA). Metabolic flux, typically expressed as a 

rate per unit amount of cell or tissue, measures the degree of turnover of molecules 

through various metabolic pathways in the intact cell or tissue. Compared to gene 

expression levels or enzyme amounts which are rarely available in the absence of 

detailed knowledge of genes and enzyme kinetics, steady-state MFA provides a more 

immediate description of cellular activity and useful quantitative snapshots of cellular 

metabolism. It was thought that an examination of metabolic fluxes could provide 

insights into more subtle impacts of a drug before onset of outright toxicity. So in the 

context of engineering microbial cells, MFA is already an established methodology. 

There have been a number of excellent reviews about MFA (Dandekar, Fieselmann, 

Majeed, & Ahmed, 2014; Mueller & Heinzle, 2013). Cell lines and primary cells from 
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animal and human all can be established to study the metabolic effect of diseases and 

drugs (Niklas, Noor, & Heinzle, 2009).  

1.5  Autophagy 

Autophagy (from the Greek, “auto”, meaning oneself and “phagy”, meanign to 

eat) is the natural cellular degradative mechanism in mammalian cells (De Duve & 

Wattiaux, 1966). It involves the delivery of unnecessary or dysfunctional cellular 

components to the lysosome for degradation (Degenhardt et al., 2006). Depending on 

the different types of cargo and the physiological functions, there are three forms of 

autophagy: macroautophagy, microautophagy, and chaperone-mediated autophagy 

(Yen & Klionsky, 2008). The most widely studied form of autophagy is 

macroautophagy because it is by far the most common, being the way which 

eukaryotic cells degrade long-lived proteins and organelles. This is the form studied in 

our research. Hereafter, the term “autophagy” refers to macroautophagy. In this 

autophagy, the isolated cytoplasmic components are transported to the lysosome by 

double membrane vesicles (Klionsky & Emr, 2000). In general, there are five basic 

stages of autophagy: initiation, elongation, closure, maturation, and degradation 

(Fig.1.4). In the initiation stage, a phagophore is formed. This is a cup-shaped 

sequestering membrane and can be used to degrade long-lived proteins and organelles 

in eukaryotic cells. Next, the edges of the phagophore fuse to create a 

double-membraned vesicle, called the autophagosome. This structure swallows the 

cytoplasm components such as macromolecules, misfolded proteins or damaged 
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organelles. After the autophagosome formed, the autophagosome with its cargo then 

fuses with the lysosome to become an autolysosome and the process goes into 

degardation. At this point, the sequestered substances are digested by lysosomal 

enzymes producing amino acids or fatty acids for cellular homeostasis (Z. Yang & 

Klionsky, 2010a). 

 

Figure 1.4 Process of autophagy formation 

 (Cited from (Z. Yang & Klionsky, 2010a)). 

Autophagy occurs at low basal levels in all cells as a means of carrying out 

homeostatic functions such as re-purposing aging organelles and proteins. When cells 

encounter certain circumstances, including starvation, growth factor withdrawal or 

high bioenergetic demands, autophagy is rapidly upregulated to generate intracellular 

nutrients and energy to meet cells demands. It is also unregulated when cells suffer 

from oxidative stress, infection, or protein aggregate accumulation; all of these 

conditions prompt cells to get rid of damaged cytoplasmic components. Besides these, 



18 
 

some other cues such as temperature, oxygen concentration and cell density are 

important factors related to the control of autophagy (Klionsky, 2007; Levine & 

Kroemer, 2008). 

As described above autophagy has a dual role in cytoprotection and cell death 

(White, 2012). On one hand, autophagy plays a cytoprotective role in that it enables 

cells to deal with most forms of stress. This has been proved by experiments in which 

knockout/knockdown of ATG genes accelerated cell death (Komatsu et al., 2005; 

Kuma et al., 2004). On the other hand, uncontrolled upregulation of autophagy leads 

to cell death. For example, autophagy by atg1 over-expression in Drosophila can 

inhibit cell growth and induce apoptotic cell death (Scott, Juhasz, & Neufeld, 2007). 

Many human diseases and degenerative conditions, including cancer, myopathy 

and neurodegeneration, have been associated with autophagy. In cancers, autophagy is 

regarded as a double-edged sword because it can be a mechanism of cell survival 

facilitating the growth of established tumors, or it can be a tumor suppressor by 

eliminating damaged proteins (Z. J. Yang, Chee, Huang, & Sinicrope, 2011). In 

previous report, lack of the essential autophagy regulator beclin 1 (atg6) promoted 

tumorigenesis in mice, indicating that in this case autophagy serves as a tumor 

suppressor (Liang et al., 1999). Further support from clear-cell renal cell carcinoma 

(ccRCC), both of ATG7 and beclin 1 are reduced in ccRCC, and induction of 

autophagy can cause HIF-2alpha degradation to suppress ccRCC (X. D. Liu et al., 

2015). Similarly, in liver-specific ATG7-deficient mice, premalignant liver tumors 
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were also observed with nearly 100 % penetrance after 12 months (Takamura et al., 

2011). In most models, autophagy has its dark side. Because cancer cells must 

overcome the challenges of an adverse microenvironment, they can use autophagy to 

supply the biomolecules they need for survival. Indeed, autophagy is upregulated in 

RAS-transformed cancer cells, and it promotes their growth, survival, tumorigenesis 

by maintaining oxidative metabolism (Guo et al., 2011) or by facilitating glycolysis 

(Lock et al., 2011). Oncogenic RAS-driven invasion is also dependent on an 

autophagic pathway (Lock, Kenific, Leidal, Salas, & Debnath, 2014). The 

accumulating evidence suggests a dual role of autophagy in cancer and further 

suggests that the nature of its role is context-dependent. Nonetheless, therapeutic 

modulation of autophagy has been regarded as a potential target for cancer treatment. 

Understanding of the autophagic machinery is growing rapidly. Genetic research 

has found that the ATG1 kinase, which forms a complex with ATG13 and ATG17, is a 

key regulator in autophagy initiationin Saccharomyces cerevisiae. In mammals, ATG1 

homologuesULK1 and ULK2, which are the most closely related members of the 

family, share 78 % homology within their protein kinase domains. It has been 

demonstrated that ULK1, but not ULK2, is critical to induction of the autophagic 

response in serum-free conditions (He & Klionsky, 2009; Mizushima, 2010). So 

ULK1 is an essential component of the autophagic signaling pathway. 

The inhibitory function of mTORC1 in autophagy has been well established by 

phosphorylating ULK1 (Chan, 2009). Of note, mTORC1 activity reflects the 
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nutritional status of the cell. Therefore, understanding how mTORC1 regulates 

autophagy is of great importance because it may link nutrient signals to regulation of 

autophagy (Demetriades, Doumpas, & Teleman, 2014; Kenific & Debnath, 2015). 

Interestingly, not only does mTOR serve as a brake on autophagy, but AMP-activated 

protein kinase (AMPK) also has been established to be a key positive regulator of 

autophagy (Sengupta, Peterson, & Sabatini, 2010; Yuan, Xiong, & Guan, 2013). 

AMPK can promote autophagy by directly activating ULK1 through phosphorylation 

of Ser 317 and Ser 777. High mTOR activity prevents ULK1 activation by 

phosphorylating ULK1 Ser 757; and ULK1 dissociates from mTORC1 to trigger 

autophagy (D. F. Egan et al., 2011; J. Kim, Kundu, Viollet, & Guan, 2011; Russell et 

al., 2013). In summary, the coordination of mTOR and AMPK on autophagy is mainly 

mediated through ULK1. 

Autophagy and metabolism in cancer cells are closely interlinked. During 

autophagy, degradation of proteins, lipids, carbohydrates and nucleic acids liberates 

amino acids, fatty acids, sugars, and nucleosides, all of which can be recycled 

(Rabinowitz & White, 2010; White, Mehnert, & Chan, 2015). In this regard, 

autophagy is considered to be a key aspect of cancer cell metabolism, rewiring 

metabolic pathways to meet the energy demands of cancer cells (K. H. Kim & Lee, 

2014). For example, in lung tumors, autophagy is required for glucose homeostasis to 

support cancer growth (Karsli-Uzunbas et al., 2014). When glucose is depleted, the 

induction of autophagy and metabolic rewiring can be promoted by protein kinase A, 

supporting cancer cell survival (Palorini et al., 2016). Therefore, the metabolic 
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functions of autophagy in cancer also should be considered as therapeutic targets (X. 

Jiang, Overholtzer, & Thompson, 2015). 

1.6  Halofuginone 

Halofuginone (HF) (Fig. 1.5) is a synthetic halogenated derivative of febrifugine, 

a natural quinazolinone alkaloid which can be found in the Chinese traditional herb 

Dichroa febrifuga Lour. (Chang Shan). D.febrifuga Lour. belongs to the Saxifragaceae 

family has been used to treat malarial fever in Chinese medicine for many years. 

Febrifugine is isolated from the plant and exhibits anti-malarial activity against 

chloroquine-sensitive and chloroquine-resistant Plasmodium. falciparum (Koepfli, 

Mead, & Brockman, 1947, 1949). However, febrifugine is also toxic to the 

gastrointestinal tract and liver; thus scientists synthesized a series of febrifugine 

derivatives, of which HF was found to be potent yet safe.  

 

Figure 1.5 Chemical structure of (A) febrifugine and (B) halofuginone 
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HF has been used as an anti-coccidial drug in animal husbandry for many years 

(de Figueiredo-Pontes et al., 2011). In the last two decades, HF has gained attention 

for its potential therapeutic effects in fibrotic disease and cancer, such as bone cancer, 

acute promyelocytic leukemia (APL), and breast cancer. The mechanism of its action 

is associated with reduced collagen and suppressed TGF-beta (de Jonge et al., 2006; 

Elkin et al., 1999; Gavish et al., 2002; Juarez et al., 2012; Leiba et al., 2012). 

Moreover, HF treatment can prevent cancer metastasis through inhibiting the 

angiogenic cascade, basement membrane invasion, capillary tube formation, and 

vascular sprouting. Collgard Biopharmaceuticals Company has developed HF as the 

anti-liver fibrosis drug Tempostatin. Tempostatin can be used in clinical application 

which was 0.5 mg administered orally once daily through phase I study (de Jonge et 

al., 2006). Another phase II study of topically administered HF in patients with 

AIDS-related Kaposi sarcoma found a significant decrease in type-I collagen only in 

HF-treated lesions (Koon et al., 2011). It showed HF has clinical applications; 

however, there has been no report of the anti-CRC activity of HF.  

Recently, HF was reported to inhibit TH17 cell differentiation by activating the 

amino acid response pathway, through inhibiting human prolyl-transfer RNA 

synthetase (ProRS) to cause intracellular accumulation of unchareged tRNA (Keller et 

al., 2012). Further studies showed that HF can block tRNA synthetase active sites, 

preventing proline from being added to the responding tRNA. In this process, ATP is 

needed to form the ProRS–halofuginone–ATP complex (Zhou, Sun, Yang, & 

Schimmel, 2013). ATP is a coenzyme mostly derived from glucose breakdown. It is 
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an energy carrier in the cells of all known organisms and plays important roles in 

autophagy. Thus, we hypothesize that HF could inhibit cancer cell proliferation by 

inducing changes in the glucose metabolism and autophagy in cancer cells. 

1.7  Research aim and design 

In accordance with the above hypothesis, we investigated whether and how HF 

modulates glucose metabolism and autophagy to inhibit CRC cell proliferation. In 

order to achieve our research aim, we performed metabolomics combined with 

molecular biology experiments. 

Firstly, five CRC cell lines and two normal cell lines were used to show HF 

inhibits CRC cell proliferation in a dose-and/or time-dependent manner, and HF has 

lower toxicity to normal cells at the effective concentration. Next, we analyzed how 

HF regulating cell cycle and apoptosis in CRC cell. HF arrests cell cycle at G1/G0 

phase which linked with repressed glycolysis and HF induces apoptosis which is 

associated with elevated ROS through repressed PPP. We then studied the 

Akt/mTORC1 signaling pathway regulated by HF to demonstrate the metabolic 

reprogramming associated with glycolysis and PPP. Furthermore, xenograft-nude 

mice model and primary cells from the tissues of CRC patients were used to verify the 

activity and the regulation Akt/mTORC1signaling pathway of HF. 

Because mTORC1 activity leads to inhibition of autophagy while AMPK results 

in autophagy induction that is activated under starvation condition, whether HF dually 

modulates autophagy through nutrient-sensing mTORC1/AMPK was investigated 
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under different conditions. Studies of autophagic flux and autophagy-related genes 

modulated by HF under different conditions were also conducted. In order to 

determine whether Atg7 is dually required in HF-modulated autophagic flux, Atg7 

knockout (KO) MEFs and Wild-type (WT) MEFs were used to analyze change of 

metabolome and metabolic enzymes modulated by HF. Results demonstrated HF 

regulates glucose metabolism (glycolysis/gluconeogenesis) under different nutrient 

conditions in an Atg7-dependent manner. In subsequent studies, caloric restriction 

(CR) in xenograft mouse model was used to mimic low nutrition in vitro, and 

compared with ad libitum, to examine dual regulation of autophagy by HF in vivo. 
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Chapter II   Halofuginone Inhibits Glucose Metabolism 

through Suppression of Akt/mTORC1 in Colorectal Cancer 

2.1  Introduction 

Knowing that HF is an ATP-dependent inhibitor of tRNA synthetase (H. Zhou et 

al., 2013), and that ATP is a coenzyme mostly derived from glucose breakdown, we 

hypothesized that the anticancer activity of HF is associated with glucose metabolism 

in cancer cells. The cellular metabolism could be regulated by a variety of signaling 

pathways, including Akt/mTORC1 and the downstream effectors, which are activated 

in glandular elements of colorectal carcinoma and colorectal adenomas with 

high-grade intraepithelial neoplasia. As a central activator of the Warburg effect, 

mTORC1 can induce glycolytic enzymes in cancer cells (Sun et al., 2011). p70S6K 

controls lipid/sterol synthesis and switches glucose metabolism from glycolysis to the 

pentose phosphate pathway (PPP) in cancer cells (Duvel et al., 2010). It is well known 

that the oxidative arm of PPP is one of the major pathways for NADPH (the reduced 

form of nicotinamide adenine dinucleotide phosphate) production. NADPH is a strong 

reducing agent which can react with reactive oxygen species (ROS), allowing cancer 

cells to escape apoptosis (Yalcin et al., 2010). Thus, activated p70S6K regulates the 

redox state of cancer cells and promotes cancer cell growth. 4EBP1 is another well 

characterized mTORC1 downstream factor which inhibits the initiation of protein 

translation by binding and inactivating eIF4E (eukaryotic translation initiation factor 

4E). Active mTOR regulates 4EBP1 inhibition, increasing glucose uptake and 
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glycolysis (Maiese et al., 2013). Therefore, the PI3K/Akt/mTOR signaling pathway is 

thought to be very important for glucose and lipid metabolism in cancer cells. This 

pathway activates aerobic glycolysis (Warburg effect), leading to glucose being avidly 

consumed by cancer cells for energy demands, which enables them to survive. 

(Vander Heiden et al., 2009; Warburg, 1956). 

2.2  Materials and methods 

2.2.1  Chemicals and reagents 

Halofuginone hydrobromide (HF), DCFH-DA, Collagenase A, Dnase I, HP

LC-grade acetonitrile, HPLC-grade methanol, HPLC-grade isopropanol, MTBE, 

Ammonium acetate, N-Acetyl-L-cysteine, acetic acid, Dulbecco’s Modified Eagl

e’s Medium without glucose, L-glutamine, phenol red, DMEM and Pierce (R) 

BCA Protein Assay Kit and [NADP+]/[NADPH] Quantification Kit were obtain

ed from Sigma-Aldrich (Munich, Germany). Antibodies against VDAC (D73D1

2), phosphor-mTOR (Ser2448), phosphor-p70S6 Kinase (Thr389), phosphor-4EB

P1 (Thr37/46), phosphor-Akt (Ser473), Akt (pan) (C67E7), 4EBP1, p70S6 Kina

se (49D7), mTOR(7C10), cleaved-PARP, cleaved-caspase3, GLUT1 (D3J3A), fat

ty acid synthase (C20G5) and β-actin were purchased from Cell Signaling Tech

nology, Inc. (Danvers, MA). HRP-goat anti-rabbit secondary antibody was purch

ased from Invitrogen (Carlsbad, USA). Goat anti-mouse IgG-HRP secondary ant

ibody was purchased from San Cruz Biotechnology (Santa Cruz, USA). Rat E

GF was purchased from Pepro Tech (Rocky Hill, USA). [U-13C6]-glucose was 
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purchased from Cambridge Isotope Laboratories (Tewksbury, USA). FITC Anne

xin V Apoptosis Detection Kit I was obtained from BD Bioscience (USA). Di

alyzed Fetal Bovine Serum (US Origin SH30079.03) was purchased from HyCl

one(USA). In situ BrdU-red DNA fragmentation (TUNEL) assay kit (ab66110) 

was obtained from Abcam. 

2.2.2  Cell culture 

HCT116, SW480, SW620, HT29, DLD-1, IEC-6 and MIHA were purchased 

from American Type Culture Collection (Manassas, USA). Cells were cultured in 

DMEM supplemented with 10 % FBS in a humidified atmosphere containing 10 % 

CO2 and 90 % air at 37 °C. The medium was changed every three days, and cells were 

passaged using 0.05 % trypsin/EDTA. 

2.2.3  MTT assay 

The effect of HF on proliferation and viability of CRC cell lines and 

non-tumorigenic cell lines was determined by the MTT uptake method. Briefly, the 

cells (5,000 per well) were seeded in 96-well plates 24 h prior to HF treatment. The 

effect of HF on CRC cell line proliferation was determined for different dosages and 

at different time points. Independent experiments were performed in triplicate. 

2.2.4  Colony formation assay 

CRC cell lines were seeded in 6-well plates at a density of 1×105 cells per well in 

2 mL medium. Cells were treated with various concentrations of HF for 12 to 16 days 
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until individual cells formed distinctly visible colonies. Thereafter, cells were stained 

with 50 % methanol solution of 2 % Methylene Blue. After washing, plates were air 

dried and digital images were taken. Independent experiments were performed in 

triplicate. 

2.2.5  Cell cycle analysis 

The cell cycle phase distribution was determined by FACS analysis of cellular 

DNA content. The cells were treated with different concentrations of HF for 12 h and 

then harvested by trypsinization and re-suspended in 200 μL PBS. The cells were 

fixed in 800 μL cold 100 % ethanol, vortexed, and then stored at ‒20 °C overnight. 

The fixed cells were washed twice with PBS, re-suspended in 500 μL of PBS 

containing 5 μL RNase (10 µg/mL) and incubated for 30 min in 37 °C bath. The cells 

were stained with 50 μL propidiumiodide (PI, 1 mg/mL) for 5 to 10 min on ice in 

darkness. The fluorescent signal was detected through the FL2 channel and the 

proportion of DNA in different phases was analyzed using ModFit LT version 3.1 

(Verity Software House, Topsham). 

2.2.6  Annexin V/PI dye staining 

SW480 and HCT116 cells were seeded in 6-well plates 24 h prior to HF 

treatment at a density of 5×105 cells per well. After treatment with different 

concentrations of HF for 12 h, apoptotic cells were assessed using the 

Annexin V-FITC apoptosis detection kit I following the manufacturer’s instructions. 

Triplicate independent experiments were performed. 
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2.2.7  Western blot analysis 

After cells were treated with HF for 12 h, whole cell lysates were obtained by 

suspending the cells in lysis buffer. Following centrifugation at 13,500 rpm for 15 min 

at 4 °C, total protein concentration was measured using Pierce (R) BCA Protein Assay 

Kit. 10 to 25 μg of protein was then separated on 10 % SDS-PAGE and transferred 

onto polyvinylidene difluoride membranes. After blocking (5 % skim milk powder in 

TBST) for 1 h at room temperature, the membrane was then incubated with primary 

antibody overnight at 4 °C. The membrane was incubated with secondary antibody for 

1 h at room temperature. All antibodies were diluted in TBST containing 5 % dry milk. 

The immune-reactive proteins were detected by enhanced ECL using X-ray film and 

ECL reagent. 

2.2.8  Quantitative analysis of mRNA levels 

Total RNA was isolated from SW480 or HCT116 cells using the GenElute

 Mammalian Total RNA Miniprep Kit (Sigma-Aldrich, St Louis, MO). cDNAs 

were prepared by reverse transcription and quantitative PCR was performed usi

ng the Quantitect SYBR green PCR Master mix (Qiagen, Valencia, CA) with 2

 µL cDNA in a final volume of 20 µL and the following primers at a final c

oncentration of 500 nM. Primers for GLUT1 were 5’-TGGCATCAACGCTGTC

TTCT-3’ (forward) and 5’-CTAGCGCGATGGTCATGAGT-3’ (reverse). Primers f

or G6PD were 5’-TGCATGAGCCAGATAGGCTG-3’ (forward) and 5’-GGTAGT

GGTCGATGCGGTAG-3’ (reverse). Primers for HK-II were 5’-ACAAATTTCCG
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GGTCCTGCT-3’ (forward) and 5’-TGAGGAGGATGCTCTCGTCCA-3’ (reverse). 

Amplification of GLUT1, G6PD and HK-II 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 

from 70 °C to 95 °C at 0.1 °C/second. Each sample was amplified in duplicate. 

2.2.9  Measurement of cellular ROS levels 

Intracellular ROS levels were assayed using DCFH-DA as described previously 

(H. Wang & Joseph, 1999). Briefly, following exposure to different concentrations of 

HF for 12 h, CRC cells were counted to determine live cell concentration. Cells were 

then harvested by centrifugation at 250 g for 5 min and washed once with washing 

buffer. The cell pellet was then re-suspended in DMEM containing 20 µM DCFH-DA. 

Cell suspensions were then incubated for 30 min at 37 °C under constant agitation. 

After washing twice with washing buffer, the cells were re-suspended in 1 mL 

of washing buffer (PBS containing 10 mM dextrose). Fluorescence was recorded 

using a 96-well plate reader operating at an excitation/emission wavelength of 485 

nm/530 nm (EnVision 2104 Multilabel Reader, PerkinElmer). Mean fluorescence 

values of DCFH-DA-loaded cells were corrected by subtracting the autofluorescence 

background. 
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2.2.10  Measurement of [NADP+]/[NADPH] Ratio 

[NADP+]/[NADPH] ratios in CRC cell lines treated with HF were measured 

according to the protocol of the [NADP+]/[NADPH] Quantification Kit (MAK038, 

Sigma). According to the NADPH standards, the concentration of NADPtotal or 

NADPH can be expressed in pmole per 106 cells. The ratio of [NADP+]/[NADPH] 

was calculated by ([NADPtotal] – [NADPH])/[NADPH]. 

2.2.11  Xenograft studies 

BALB/c nude mice, female, 6-week old, were obtained from the Laboratory 

Animal Services Centre, The Chinese University of Hong Kong. Mice were kept at 

room temperature 23 ± 2 °C with an alternating 12 h light-dark cycle, and were 

allowed access to food and water ad libitum. All of the experimental protocols were 

carried out with the approval of the Committee on Use of Human and Animal 

Subjects in Teaching and Research of Hong Kong Baptist University and according to 

the Regulations of the Department of Health, Hong Kong SAR, China. HCT116 cells 

(3 × 106 cells/100 µL) were suspended in PBS and inoculated subcutaneously into the 

left flank of each mouse and tumor growth was monitored regularly. Once tumors 

were palpable, (~100 mm3), mice were divided at random into two groups within 6 

mice in each group: (i)Vehicle group, normally fed, receiving daily i.p. saline; (ii) HF 

group, normally fed, receiving daily i.p. HF (0.1 mg/kg/day) dissolved in 0.9 % 

sodium chloride solution. The tumors were measured with calipers every 2 days, and 

the tumor volumes were calculated by the following formula: a2×b×0.4，where “a” is 
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the smallest diameter and “b” is the diameter perpendicular to “a”. Other indicators of 

general health, such as body weight, feeding behavior, and motor activity of each 

animal were also monitored. After administration of HF or saline for two weeks, the 

mice were euthanized, and the tumor xenografts were immediately dissected, 

weighted, stored and fixed.   

2.2.12  Immunohistochemical staining 

Paraffin-embedded tumors were sectioned (4 µM) and mounted on glass slides, 

deparaffinizedin xylene and rehydrated in decreasing concentrations of ethanol (from 

100 % to 70 %). For antigen retrieval, slides were heated in sodium citrate buffer (10 

mM citric acid) for 15 min. Endogenous peroxidase was blocked by incubation with 

3 % H2O2 (Dako, Ely, Cambridgeshire, UK) at room temperature for 30 min before 

incubation with phosphor-Akt (Ser473), phosphor-mTOR (Ser2448), phosphor-p70S6 

Kinase (Thr389), and phosphor-4EBP1 (Thr37/46) antibodies overnight. After 

washing with PBS, the sections were incubated with horseradish 

peroxidase-conjugated secondary antibodies for 1 h; diaminobenzide (Dako) was used 

as the chromogen. 

2.2.13  Immunofluorescence staining 

Xenograft tumors were resected immediately and fixed in 10 % neutral buffered 

paraformaldehyde at 4 °C for 24 h. Selected samples were embedded in paraffin, 

sectioned and stained with phosphor-Akt (Ser473), phosphor-mTOR (Ser2448), 

phosphor-p70S6 Kinase (Thr389), phosphor-4EBP1 (Thr37/46). All primary 
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antibodies were used at a dilution of 1:100. After overnight incubation at 4 °C, the 

sections were incubated with flurochrome-conjugated secondary antibody for 1 h and 

stained with DAPI for 10 min. The sections were then mounted with DPX mountant 

(Sigma, 317616) for analysis. 

2.2.14  TUNEL assay 

Tissues were embedded in paraffin, then serial sections 5 microns thick were cut, 

placed onto slides, and stained with hematoxylin and eosin. For the TUNEL assay, 

sections were deparafinnized, and apoptotic cells were detected using the in TUNEL 

assay kit (Abcam) and counterstained with DAPI. 

2.2.15  Primary cells from CRC patients 

Adenocarcinoma tissues were obtained from patients with colorectal cancer (3 

cases) in the Shenzhen People’s Hospital. The study followed institutional guidelines 

and the Declaration of Helsinki principles. Excisions obtained straight after surgery 

were finely chopped and enzymatically dissociated for 45 min in HBSS containing 

300 units/mL Collagenase A and Dnase I. Samples were then mechanically 

dissociated by pipetting, filtered with a 70 mm strainer, and washed twice with PBS. 

Cells were counted. Then primary cells (10,000 per well) were seeded in 96-well 

plates and cultured in DMEM/F12 supplemented with 10 % heat-inactivated FBS and 

10 ng/mL EGF in a humidified atmosphere containing 10 % CO2 and 90 % air at 

37 °C.  
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2.2.16  Cell culture for metabolic flux analysis 

Human colorectal cancer cell line HCT116 was seeded into 10 cm dishes at a 

density of 5×106 cells per dish in 5 mL medium, and maintained in high-glucose 

DMEM supplemented with 10 % FBS and 100 unites/mL P/S. After culturing for 24 h, 

high glucose DMEM was removed and cells were briefly rinsed with PBS twice. Then 

cells were cultured in DMEM (without glucose, L-glutamine, phenol red, sodium 

pyruvate and sodium bicarbonate) with 4 mM label-free glutamine, 10 % dialyzed 

FBS and 100 unites/mL P/S and 25 mM [U-13C6]-glucose for 12 h. Meanwhile, 20 nM 

HF was added to the medium of the experimental group but not to the control group.  

2.2.17  Metabolite extraction 

After cancer cells had been treated for 12 h with HF, the culture medium was 

removed to a clean tube. Cells were rapidly rinsed with PBS twice. The residual PBS 

was removed by vacuum. Cells were then quenched using 1.5 mL cold HPLC-grade 

methanol. Next, cells were quickly detached from the culture dish using a cell lifter. 

The methanol solution containing the quenched cells was pipetted into a 2 mL 

centrifuge tube. Samples were then vortex-mixed for 30 sec and submerged for 1 min 

in liquid nitrogen. Samples were then thawed in ice. This process was repeated three 

times, and samples were centrifuged at 10,000 g for 10 min at 4 °C. The supernatant 

was removed into a new tube, and cold 0.5 mL 80 % methanol was added to the 

residue for vortex-mixing for 30 sec. Samples were then centrifuged at 10,000 g for 

10 min at 4 °C. Finally, the two extraction solutions were pooled in a tube for 
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evaporation till dryness under airflow and stored at ‒80 °C till analysis.   

2.2.18  UPLC-MS/MS analysis 

Two hundred microliter of cold solvent mixture (ACN: MeOH: H2O, 40:40:20, 

v/v/v) was added to the dried residue. The mixture was vigorously vortexed for 30 s 

and stored at ‒20 C for 1 h, then centrifuged at 14,000 g for 15 min at 4 °C. The 150 

L supernatant of each sample was transferred to a new glass tube for UPLC-MS/MS 

analysis. 

Analysis was performed on a TSQ Quantum Ultra triple quadrupole mass 

spectrometer (Thermo Fisher Scientific) via an ESI, operating in negative ionization 

mode and configuring in selective reaction monitoring (SRM) mode. The metabolite 

separation was performed using an ACQUITY UPLC® BEH Amide (1.7 μm, 100×2.1 

mm) column (Waters, Ireland). The mobile phases were consisted of acetonitrile (A) 

and 20 mM ammonium formate and 20 mM ammonium hydroxide in solvent mixture 

(water:acetonitrile, 95/5, v/v) (B) The gradient elution program initiated from 80 % A; 

decreased to 65 % A in 4 min; to 60 % A in 6 min; to 55 % A in 8 min; to 5 %A in 10 

min; and held for 13 min with a flow rate of 0.3 mL/min. 

Mass spectrometric conditions were optimized for each metabolite by using 

reference standard. Spray voltage, vaporizer temperature, sheath gas, auxiliary gas 

and capillary temperature were set 2800 V, 350 °C, 35 arb, 8 arb and 300 °C, 

respectively. The LC-MS/MS data were acquired and processed with LCquanTM 

software version 2.5.6 (Thermo Fisher Scientific). 
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2.2.19  GC/MS analysis 

An internal standard (10 μL L-4-chloro-phenylalanine in water, 5 μg/mL) was 

added to the residue, mixed and freeze-dried. Subsequently, 80 μL of methoxylamine 

solution (15 mg/mL in pyridine) was added to each vial. The resultant mixture was 

vortex-mixed for 1 min and reacted at 37 °C for 24 h in order to inhibit the cyclization 

of reducing sugars and the decarboxylation of R-keto acids. 80 μL BSTFA (with 1 % 

TMCS) were added into the mixture and derivatized at 70 °C for 60 min, and  

vortexed-mix for 30 sec and samples were centrifuged at 10,000 g for 10 min at room 

temperature. The supernatant was removed to a new glass tube prior to analysis.  

The derivatives were separated on a GC column DB-5MS fused-silica capillary 

column (30 m × 250 µm i.d., 0.25 um film thickness, Agilent J&W Scientific, Folsom, 

CA). Helium as a carrier gas was used at a constant flow rate of 1 mL/min. 1 μL of 

derivative was injected, and the solvent delay time was set to 5.5 min. The initial oven 

temperature was set at 60 °C for 2 min, ramped to 280 °C at a rate of 10 °C min‒1, and 

finally held at 280 °C for 6 min. The temperatures of injector, transfer line, and 

electron impact ion source were set at 250 °C, 280 °C and 230 °C, respectively. The 

initial inlet gas pressure was 8.2317 psi and electron energy was 70 eV. Mass data was 

collected in a full scan mode from 6.5 to 28 min and the m/z range was set at 50 to 

600. 

2.2.20  Cell culture for lipidomics analysis 

Human colorectal cancer cell line HCT116 was seeded into 10 cm dish at a 
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density of 5×106 cells per dish in 5 mL medium, which maintained in high-glucose 

DMEM supplemented 10 % FBS and 100 unites/mL penicillin-streptomycin. After 

cultured for 24 h, cells were treated with 20 nM HF for 12 h, and then removed the 

culture medium by vacuum. Cells were rapidly rinsed twice with PBS, then adding 1 

mL PBS to the dish and quickly detached from the dish using a cell lifter. Removed 

the liquid containing cells into a 2 mL tube and centrifuged at 10,000 g for 10 min. 

The supernatant were discarded and adding 400 μL cold 80 % methanol (20 % water) 

to mix cells. The mixing cells were cracked by ultrasonic extraction 2 min, and then 

added 1 mL MTBE into the tube. After shaking at room temperature for 1 h, added 

250 μL water and placed 10 min, then centrifuged at 10,000 g for 10 min. The organic 

phase is in the upper supernatant and the water phase is in the under layer. The 

organic phase was transferred to a new tube and dried under gentle nitrogen stream. 

The water phase was also transferred to a new tube and stored at ‒80 C till analysis. 

2.2.21  UPLC/LTQ-Orbitrap MS for lipidomic analysis 

Thermo Fisher Accela 1250 UHPLC coupled online via ESI with an LTQ 

Orbitrap XL (Thermo Fisher Scientific) hybrid mass spectrometer was employed for 

lipidomic analysis with modification from previous literatures. External mass 

calibration of the Orbitrap prior to sample analysis was performed by flow injection 

of the calibration polytyrosine-1, 3, 6 solution according to the manufacturer’s 

instruction. Sample aliquots were reconstituted in 200 µL solvent mixture (ACN: 

isopropanol: water, 65:30:5, v/v/v). A QC sample was prepared by pooling 50 L 

from all of the control group and treatment group of each cell line. To cover different 
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lipid species, chromatographic separation was performed on a reversed phase UPLC 

ACQUITY BEH C18 column (2.1 mm×100 mm×1.7 µm) (Waters, Milford, USA) by 

gradient elution. Mobile phase A was 60 % ACN in water containing 10 mM 

ammonium acetate and 0.1 % acetic acid, and B was isopropanol:ACN (9:1), 

containing 0.1 % acetic acid. The flow rate was 0.2 mL/min, with the gradient elution 

program as follows: 25 % B held for 1 min, then linearly increased to 70 % B from 1 

to 4 min, then to 97 % B from 4 to 15 min and held for 8 min followed by 

equilibration with 25 % B for 6.5 min. Mass spectrometric detection was performed in 

positive ion mode with ESI. High resolution data (resolution 30,000) was acquired by 

full scan from m/z 450 to 1500 with source voltage of 3500 V, capillary temperature 

of 300 C, sheath gas flow of 40 arb, auxiliary gas flow of 5 arb, ion spray 

temperature 350 C and tube lens of 110 V. Prior to sample analysis external mass 

calibration was applied to ensure mass accuracy of the mass spectrometer. 

2.2.22  Statistical analysis 

Each experiment was performed at least three times. GraphPad Prism 5.0 

software was used for statistical analysis. 

2.3  Results 

2.3.1  HF inhibits proliferation and induces cell cycle arrest in G1/G0 phase 

The effect of HF on CRC cells was determined by performing MTT, colony 

formation, cell cycle and apoptosis assays as well as measurement of ROS and 

NADPH levels. Treatment with increasing concentrations (5 to 160 nM) of HF 
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reduced CRC cell viability compared with the untreated control cells in time- and 

dose-dependent manners (Fig. 2.1A). A sharp decline in cell viability was also 

observed with increase of HF concentrations. The IC50 values were calculated to be 

24.83 nM, 5.82 nM, 40.76 nM, 47.61 nM and 60.89 nM for SW480, HCT116, SW620, 

HT29 and DLD-1, respectively, after 48 h treatment. In addition, to further test HF 

toxicity in normal cells, we used non-transformed rat small intestinal epithelial cell 

lineIEC-6 and human non-tumorigenic liver cell line MIHA treated with HF, and 

calculated IC50 values as 205.7 nM and 261.9 nM for IEC-6 and MIHA respectively, 

after 48 h treatment. These results suggest that HF is nontoxic toward these two 

non-tumorigenic cell lines (Fig. 2.1B). Colony formation assay was also conducted 

for examining the effect of HF on CRC cell survival in vitro. HF treatment 

dose-dependently reduced cancer cell survival rates (Fig. 2.1C). Furthermore, the 

effect of HF on cell cycle progression was tested in SW480 and HCT116 cell lines by 

PI staining, followed by FACS analysis. It showed that a dose-dependent arrest 

occurred in the G1/G0 phase of the CRC cells after HF treatment for 12 h (Fig. 2.1D).  

These results indicate that the inhibitory effect of HF on CRC cell proliferation might 

be correlated with the arrest of G1/G0 cell cycle progression. 
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Figure 2.1 
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Figure 2.1HF inhibits colorectal cancer cell proliferation.   (A) MTT assay of 

five CRC cell lines treated with increasing concentrations of HF in a time course (12 

h, 24 h and 48 h). * P < 0.05, ** P < 0.01, compared with 12 h at the same 

concentration. (B) MTT assay of non-transformed rat small intestinal epithelial cell 

line IEC-6 and human non-tumorigenic liver cell line MIHA treated with increasing 

concentrations of HF in a time course (12 h, 24 h and 48 h). (C) Colony formation 

assay of five CRC cell lines treated with 0, 5, 10 and 20 nM of HF. (D) A flow 

cytometry analysis of SW480 and HCT116 treated with 0, 5, 10 and 20 nM of HF for 

12 h inducing cell cycle arrest in G1/G0 phase. * P < 0.05, ** P < 0.01, compared 

with control group.   

Figure 2.1 HF inhibits colorectal cancer cell proliferation. 
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2.3.2  HF induces apoptosis, increases ROS and decreases NADPH levels 

In the cell cycle distribution analysis, sub-G1 peaks in two cell lines revealed 

that HF can induce apoptosis (Fig. 2.2A). To further determine the effect of 

HF-induced apoptosis, annexin V/PI dye staining was performed for quantitative 

analysis of the apoptotic cell percentage in both cell lines treated with increasing 

concentrations of HF for 12 h. HF treatment increased the percentage of both early 

and late apoptotic cells compared with the untreated control (Fig. 2.2B). Consistently, 

HF treatment profoundly increased the expression of cleaved Caspase-3 and cleaved 

PARP in a dose-dependent manner as demonstrated by western blot analysis (Fig. 

2.2C). The induction of apoptosis, at least in part due to ROS generation, has been 

reported (Sabharwal & Schumacker, 2014). Therefore, we tested whether HF 

treatment can enhance ROS formation in CRC cells. After HF treatment for 12 h, 

CRC cells produced more ROS than the control group (Fig. 2.3A). In particular, 20 

nM HF pronouncedly elevated ROS levels in both SW480 and HCT116 cell lines. 

Co-treatment with NAC fully reversed the HF-induced increase in ROS and cell death 

(Fig. 2.3B and 2.3C). To further evaluate mitochondria-derived ROS production, we 

detected the mitochondrial marker voltage-dependent anion channel (VDAC) located 

on the outer mitochondrial membrane and found that HF treatment markedly 

augmented VDAC protein levels (Fig. 2.3D). Based on the ROS results, we also 

measured the reducing power NADPH production and observed the increased ratios 

of [NADP+]/[NADPH] in both SW480 and HCT116 cell lines in agreement with 

elevated ROS levels (Fig. 2.3E). To further identify which metabolic enzyme 
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generating NADPH is affected by HF treatment, glucose-6-phosphate dehydrogenase 

(G6PD, EC:1.1.1.49) and 6-phosphogluconate dehydrogenase (PGD, EC:1.1.1.44) in 

the oxidative branch of PPP, malic enzyme (ME1, EC:1.1.1.40) in pyruvate 

metabolism and isocitrate dehydrogenase (IDH1, EC:1.1.1.42) in the TCA cycle were 

examined. Surprisingly, only G6PD was pronouncedly downregulated, which could 

attenuate the power of scavenging ROS (Fig. 2.3F).  
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Figure 2.2 
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Figure 2.2 HF induces cell apoptosis. (A) Sub-G1 percentage indicates that the 

cytotoxic effect of HF induces apoptosis in SW480 and HCT116 cell lines. The 

percentage of sub-G1 in the different phases of cell cycle regulation (upper panel), 

and the sub-G1 peaks showed in the cell cycle distribution of both cell lines (lower 

panel). (B)The bar chart shows the percentage of apoptosis cells in SW480 and 

HCT116 (upper panel), and the representative flow cytometry annexin V-PI data 

(lower panel). (C) Protein expressions of cleaved Caspase-3 and cleaved PARP in 

SW480 and HCT116 cell lines treated with 0, 5, 10 and 20 nM of HF.  

Figure 2.2 HF induces cell apoptosis. 
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Figure 2.3 
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Figure 2.3 HF enhances ROS levels while reduces NADPH production.(A) ROS 

levels in SW480 and HCT116 cell lines treated with 0, 5, 10, 20 nM of HF. (B) 

N-Acetyl-L-cysteine reverses the ROS levels in SW480 and HCT116 cell lines upon 

HF treatment. (C) N-Acetyl-L-cysteine reverses the effect of HF-induced apoptosis 

by a flow cytometry annexin V-PI assay. (D) Protein expression of mitochondrial 

marker VDAC in SW480 and HCT116 cell lines treated with 0, 5, 10, 20 nM of HF. 

(E) Relative ratios of [NADP+]/[NADPH] in SW480 and HCT116 cell lines treated 

with 0, 5, 10, 20 nM of HF. (F) Protein expression of G6PD, PGD, ME1 and IDH1 in 

SW480 and HCT116 cell lines treated with 0, 5, 10, 20 nM of HF. (G) Quantitative 

RT-PCR analysis of G6PD mRNA in SW480 and HCT116 cell lines treated with 0, 5, 

10, 20 nM of HF. 

Figure 2.3 HF enhances ROS levels while reduces NADPH production. 
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2.3.3  HF downregulates Akt/mTORC1 signaling pathway, slows glycolysis and 

inhibits lipid biosynthesis 

As mentioned above, HF inhibited cell proliferation, induced ROS and apoptosis. 

We also reasoned how HF treatment regulates metabolic pathways to exert anticancer 

activity against CRC. Given that Akt/mTORC1 pathway plays a central role in the 

activation of Warburg effect for cancer cell survival (Roberts & Miyamoto, 2015; Sun 

et al., 2011), we further asked whether HF could repress aerobic glycolysis via 

Akt/mTORC1 signaling pathway in CRC cells. After treatment for 12 h, HF resulted 

in decreased phosphorylation of Akt, mTORC1 and p70S6K while increased 

phosphorylation of 4EBP1 in a dose-dependent manner (Fig. 2.4A, 2.4B, 2.4C, 2.4D 

and 2.4E).  

To further delineate glycolytic flux and glucose-derived TCA cycle flux in CRC 

cells, we used [U-13C6]-glucose as an isotopic tracer in feeding cancer cells with or 

without HF treatment for 12 h. Metabolomics in combination with isotope labeling 

using ultrahigh-performance liquid chromatography tandem mass spectrometry 

revealed reduced intermediate metabolites in glycolysis (Fig. 2.5A). To further test 

which glycolytic enzyme is affected by HF treatment, we assayed protein expressions 

of HK-II, PKM2, PDH and LDHA. Intriguingly, only a sharp decrease of HK-II was 

observed (Fig. 2.5B and 2.5C). The isotopic patterns of intermediate metabolites in 

the TCA cycle were also analyzed by using gas chromatography mass spectrometry. 

We observed that the intermediate metabolites in the TCA cycle were reduced upon 

HF treatment in HCT116 cells. Scrambling of carbon from glucose was detected in 
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citrate, fumarate and malate with different scrambled labeling patterns (e.g., m+2 and 

m+4 isotopologues in Fig. 2.5D). Interestingly, the m+2 isotopologues of these three 

metabolites are the most abundant in the isotopologues of each metabolite because 

acetyl-Coenzyme A labeled with two 13C enters the TCA cycle from the glycolytic 

shunt. Due to abroad effect correlated with glucose metabolism, we further 

investigated the possibility of glucose uptake altered by HF treatment. We found that 

glucose transporter GLUT1 was downregulated in CRC cells upon HF treatment (Fig. 

2.5E and 2.5F), indicating that glucose uptake was also inhibited as an upstream 

event.  

In addition, it is well known that glucose is one of the main carbon sources for 

lipid biosynthesis which could be regulated by p70S6K. Thus, we further profiled 

lipid species of cancer cells under influence of HF treatment by using 

ultrahigh-performance liquid chromatography Orbitrap XL mass spectrometry. As a 

result, up to 49 lipid species in HCT116 cells, including phosphatidylcholine, 

ceramide, sphingomyelin, phosphatidylglycerol, phosphatidylethanolamine, 

phosphatidylserine, phosphatidylinositol and phosphatidic acid, were downregulated 

by HF treatment (Fig. 2.6A). All of the lipids were tentatively identified by highly 

accurate masses with mass error of less than 3 ppm in high resolution mass 

spectrometry by searching against METLIN Metabolite Database. The lipid profiling 

was consistent with lower expression of fatty acid synthase (FAS) which is an enzyme 

encoded by the human FASN gene (Fig. 2.6B). 
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Figure 2.4 
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Figure 2.4 HF suppresses Akt/mTORC1 signaling pathway (A) Protein 

expressions of phosphorylation of Akt, mTORC1, p70S6 and 4EBP1 in SW480 and 

HCT116 upon HF treatment in a dose-dependent manner for 12 h. (B) Quantitative 

analysis of protein expressions of p-Akt in SW480 and HCT116 upon HF treatment. 

Figure 2.4 HF suppresses Akt/mTORC1 signaling pathway. 



53 
 

(C) Quantitative analysis of protein expressions of p-mTORC1 in SW480 and 

HCT116 upon HF treatment. (D) Quantitative analysis of protein expressions of 

p-p70S6 in SW480 and HCT116 upon HF treatment. (E) Quantitative analysis of 

protein expressions of p-4EBP1 in SW480 and HCT116 upon HF treatment.  
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Figure 2.5 
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Figure 2.5 HF slows glycolytic flux and glucose-derived TCA cycle flux. (A) 

Uniformly 13C-labeled glucose feeding cancer cells for intermediate metabolites in 

glycolysis by using UPLC-MS/MS. The results shown are means ± SEM, n = 5. (B) 

Protein expressions of HK-II, PKM2, PDH and LDHA by western blot. (C) 

Quantitative RT-PCR analysis of G6PD mRNA in SW480 and HCT116 cell lines 

Figure 2.5 HF slows glycolytic flux and glucose-derived TCA cycle flux.
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treated with 0, 5, 10, 20 nM of HF. (D) The GC/MS analysis of [U-13C6]-glucose 

contribution to citrate, fumarate and malate synthesis in HCT116 cell with or without 

HF treatment. All GC/MS data were corrected for natural abundance isotopic 

contribution and normalized to cell number and internal standard 

4-chloro-DL-phenylalanine. The results shown are means ± SEM, n = 5. (E) 

Quantitative RT-PCR analysis of GLUT1 mRNA in SW480 and HCT116 cell lines 

treated with 0, 5, 10, 20 nM of HF. (F) Protein expressions of GLUT1 in SW480 and 

HCT116 cell lines treated with 0, 5, 10, 20 nM of HF. 
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Figure 2.6 HFinhibits lipid biosynthesis. (A) Heat map displays fold changes of 

lipid species in HCT116 cells between HF-treated group and control group. (PC: 

phosphatidylcholine, Cer: ceramide, SM: sphingomyelin, PG: phosphatidylglycerol, 

PE: phosphatidylethanolamine, PS: phosphatidylserine, PI: phosphatidylinositol, PA: 

phosphatidic acid). (B) Protein expressions of fatty acid synthase in SW480 and 

HCT116 cell lines treated with 0, 5, 10, 20 nM of HF. 

Figure 2.6 HF inhibits lipid biosynthesis. 
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2.3.4  HF retards tumor growth in xenograft-bearing nude mice 

Next, we tested the ability of HF to retard tumor growth in vivo. Nude mice were 

subcutaneously injected with HCT116 cells and, beginning on 5th day after tumor 

inoculation, the mice daily received saline or HF (0.1 mg/kg/day) intraperitoneally for 

14 consecutive days. The animals were then euthanized to compare tumor burden 

between vehicle (saline treatment) and HF treated groups. The HF significantly 

retarded tumor growth in nude mice as measured by tumor volume while body weight 

was unaffected (Fig. 2.7A and 2.7B). Moreover, tumor weight and size in the 

HF-treated group were markedly less than the vehicle group (Fig. 2.7C, 2.7D and 

2.7E). To further define the mechanisms of tumor growth inhibition in vivo, the 

TUNEL apoptosis assay was performed on tumor tissues. HF induced significant 

apoptosis in tumors, as shown by the stronger red fluorescence-labeled anti-BrdU 

monoclonal antibody (Fig. 2.7F). We also validated the Akt/mTORC1 signaling 

pathway in vivo upon HF treatment. The visualization indicated decreased staining of 

phosphorylated Akt, mTORC1 and p70S6K, and increased staining of phosphorylated 

4EBP1 in HF treated group compared to the vehicle group (Fig. 2.7G and 2.7H).  

These results were consistent with the in vitro results. 
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Figure 2.7 
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Figure 2.7 HF retards tumor growth in xenograft-bearing BALB/c nude mice. (A) 

Tumor volumes between HF-treated and vehicle group during treatment for 14 days. * 

P< 0.05, ** P< 0.01, compared with vehicle group. (B) Change in body weight 

between HF-treated and vehicle group. (C) Change in tumor weight between 

HF-treated and vehicle group. * P< 0.05 compared with vehicle group. (D) Photos of 

all of the animals. (E) The xenograft tumors were dissected and measured after two 

weeks and shown. (F) TUNEL staining of tumor sections of HCT116 

xenograft-bearing nude mice. Scale bar: 50 μm. (G) The decreased p-Akt, p-mTORC1, 

Figure 2.7 HF retards tumor growth in xenograft-bearing BALB/c nude mice. 
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p-p70S6K and increased p-4EBP1 are shown in the IFC staining. Scale bar: 50 μm. 

(H) IHC staining of tumor tissue samples in nude mice by incubating with primary 

antibodies of p-Akt, p-mTORC1, p-p70S6K and p-4EBP1. Scale bar: 50 μm. 
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2.3.5  HF reduces primary CRC cell viability 

In addition to the effect of HF on cell lines and xenograft-bearing nude mice, we 

next tested the effect of HF on primary CRC cells obtained from colorectal 

adenocarcinoma biopsy samples of three patients. Results showed that HF also 

reduced primary CRC cell viability in time- and dose-dependent manners (Fig. 2.8A). 

Western blot assay was also performed to evaluate the protein expressions of the 

Akt/mTORC1 pathway in primary CRC cells upon HF treatment. As expected, similar 

changes in protein expressions were observed (Fig. 2.8B). Again, these results are in 

good agreement with the results of cell line experiments. 
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Figure 2.8 
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Figure 2.8 HF reduced primary CRC cell viability (A) Effect of HF on primary 

CRC cells from three patients. Primary CRC cells from three patients were treated 

with different concentration HF for 24 and 48 h followed by MTT assay. (B) HF 

down-regulated the expression of Akt/mTOR pathway in primary CRC cells. 

Immunoblotting of Akt/mTOR signaling pathway related proteins in primary CRC 

cells after 12 h treatment with HF. 

Figure 2.8 HF reduced primary CRC cell viability. 
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2.4  Discussion 

In the functional examination of this study, we found that the natural compound 

HF has high toxicity to CRC cells with the lowest concentration of 5.82 nM having an 

IC50 in HCT116 cells after 48 h treatment. At the same time, HF displays relatively 

low toxicity to the tested non-tumorigenic intestinal epithelial cells or liver cells, as 

indicated by MTT assay. This natural compound exerts anticancer activity through 

inhibition of cancer cell proliferation, and induction of both ROS production and 

apoptosis in vitro, consistent with the effect of HF on breast cancer cells (Jin, Park, 

Kim, Park, & Lee, 2014). In CRC cells, HF-induced cell death is rescued by the 

antioxidant NAC. Additionally, the augmented expression of mitochondrial marker 

VDAC in SW480 and HCT116 cell lines suggests that the elevated 

mitochondria-derived ROS production might contribute to cell apoptosis, as 

previously reported (Harris & Schaefer, 2008; Jeong, Choi, Baek, & Lee, 2013; Shin 

et al., 2009; J. Zhou et al., 2013). As expected, the reducing power NADPH 

significantly decreased in SW480 and HCT116 cell lines upon HF treatment. This 

decrease might be at least partially caused by the inhibition of G6PD (Stanton, 2012). 

G6PD, as the first and rate-limiting enzyme of the PPP, can be inactivated to reduce 

NADPH production and biosynthesis, like tumor suppressor gene p53 (P. Jiang et al., 

2011). Therefore, HF can also block PPP for decline of the reducing power. In this 

regard, how HF guards glucose metabolism should be further investigated for a better 

understanding of the underlying metabolic mechanism.  
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The Akt/mTORC1 pathway is a crucial player in CRC development, and some of 

the inhibitors of mTORC1 have been tested in clinical trials (D. D. Kim & Eng, 2012), 

suggesting that inhibition of Akt/mTORC1 would be an attractive target in CRC 

therapy. As one of the main signaling pathways, Akt/mTORC1 signaling triggers the 

Warburg effect and mitochondrial dysfunction in cancer cells (Feng & Levine, 2010; 

Roberts & Miyamoto, 2014; Xu et al., 2014). In other words, oncogenic processes 

give rise to rewired metabolism focused upon the Warburg effect and the pentose 

shunt, providing higher levels of reducing activities for cancer cell proliferation, like 

oncogenic effects mediated by Nrf2, TAp73 (Du et al., 2013; Mitsuishi et al., 2012). 

In CRC, glucose consumption and lipid metabolism have also been promoted by 

oncogenic alterations for tumor growth (Ellis, Graham, & Molloy, 2014; Wei, Cui, 

Mei, Liu, & Zhang, 2014). In this regard, the anticancer activities of ideal drugs are 

expected to inhibit oncogenic effects as well as suppress glucose metabolism and lipid 

biosynthesis in cancer cells. Therefore, we further investigated how HF treatment 

modulates the Warburg effect via Akt/mTORC1 signaling. Of particular interest is that 

HF could downregulate the Akt/mTORC1 pathway in both SW480 and HCT116 cell 

lines. More importantly, the downstream effectors of mTORC1 were also modulated 

by HF treatment in CRC cell lines. The p70S6K is one of the effectors of mTORC1, 

which can activate PPP; while another effector, 4EBP1, inhibits glucose uptake and 

glycolysis. In HF-treated cells, phosphorylation of p70S6K was downregulated while 

phosphorylation of 4EBP1 was upregulated, coupled with a slower glycolytic rate, 

suggesting that HF exerts its anti-CRC effect through suppression of the Warburg 
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effect. The reduced glucose-derived TCA cycle flux suggests that carbon source from 

glucose is significantly inhibited by HF treatment. Surprisingly, glucose transporter 

GLUT1 and the enzyme HK-II which catalyzes the first committed step of glycolysis, 

were pronouncedly inhibited by HF treatment in a dose-dependent manner, revealing 

that the upstream events of glucose metabolism could be mediated by Akt/mTORC1 

signaling upon HF treatment. Regarding the growing evidence that HK-II mediates 

the Warburg effect (L. Wang et al., 2014) and that HK-II is phosphorylated by Akt 

associated with mitochondria (Roberts & Miyamoto, 2014), HF treatment in CRC 

could repress the Warburg effect and might also disturb mitochondrial metabolism. An 

intriguing study shows that tumor initiation and maintenance of lung cancer and 

breast cancer can be inhibited by ablating HK-II using conditional knockout mice 

(Patra et al., 2013). This suggests that HK-II could be a key target for HF in treating 

cancers. Therefore, how HF treatment exactly modulates glucose uptake and HK-II of 

glycolysis in CRC is critical information that needs further elucidation. In addition, 

lipid biosynthesis mediated by p70S6K activity in the Akt/mTORC1 pathway was 

also found to be downregulated upon HF treatment in CRC cells. Indeed, lipid 

biosynthesis or lipid droplet formation plays a crucial role in cell proliferation and 

tumor growth (Bhalla et al., 2011; Qi et al., 2013; Zaytseva et al., 2014), which is 

tightly linked to mTOR signaling (Bajer et al., 2014; Lamming & Sabatini, 2013; 

Tomek et al., 2011). The pro-apoptotic and anti-proliferative effects of HF in CRC 

cells suggests that HF can alter lipogenesis in favor of anticancer activity by, at least 

partially, suppressing Akt/mTORC1 signaling in CRC cells. Based on the above 
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discussion, we propose a metabolic mechanism for the anticancer activity of HF in 

CRC cells as depicted in Fig. 2.9.    

Inhibitory effects of HF on tumor growth were also validated in 

xenograft-bearing nude mice. The Akt/mTORC1 signaling pathway was confirmed as 

the metabolic mechanism of this natural compound in CRC. Notably, in the animal 

model, there was no significant change in body weight in HF-treated mice compared 

to vehicle group, indicating that HF exerts low toxicity to normal cells which was also 

demonstrated by MTT assay in IEC-6 and MIHA cell lines. In recent studies, HF was 

found to inhibit phosphorylation of Smad3 via PI3K/Akt and MAPK/ERK pathways 

in muscle cells (Roffe, Hagai, Pines, & Halevy, 2010), and HF can block TGF-β 

signaling for inhibition of the establishment and progression of melanoma bone 

metastases (Juarez et al., 2012). These reports indicate that the inhibition of 

Akt/mTORC1 signaling would not be the sole pathway of HF’s functioning. 

Nonetheless, a highlight of our findings with HF was its activity to inhibit cell 

proliferation and retard tumor growth both in vitro and in vivo through metabolic 

transformation involving the Akt/mTORC1 pathway. In other words, our results show 

that HF treatment targets the Akt/mTORC1 signaling pathway, altering glucose 

metabolism and lipid biosynthesis in CRC cells.  

In summary, HF was used to treat CRC for the first time in cells and animal 

models. The Akt/mTORC1 signaling pathway coupling with metabolic pathways was 

elucidated to indicate that HF inhibits cell proliferation and induces apoptosis, at least 



70 
 

partially due to, the inhibition of Akt/mTORC1. Particularly, GLUT1 and HK-II were 

found to be markedly inhibited in a dose-dependent manner, which might be 

associated with metabolic reprogramming modulated by HF treatment. Furthermore, 

the experiments in nude mice inoculated with human CRC cells validated the 

therapeutic effect of HF, providing direct evidence to support our notion that HF 

exerts anticancer activity via Akt/mTORC1 signaling pathway.  
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Figure 2.9 Proposed metabolic mechanism modulated by HF treatment in CRC 

cells. 

Figure 2.9 

 

 

 

 

 

 

 

 

HF can downregulate Akt/mTORC1 signaling pathway and repress 

Warburg effect, particularly, inhibit GLUT1 and HK-II. Accordingly, the glycolytic 

flux and TCA cycle flux are downregulated, and subsequently lipid biosynthesis is 

inhibited. HF can also block PPP and significantly inhibit G6PD for reduced NADPH 

production and elevated ROS levels. 
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Chapter III   Halofuginone Regulates Nutrient-Sensing 

mTORC1/AMPK for Autophagic Flux and Glucose 

Metabolism in Colorectal Cancer 

3.1  Introduction 

Macroautophagy is an evolutionarily conserved process for providing a routine 

“garbage disposal” service to cells, eliminating damaged components that could 

otherwise become toxic. It involves the sequestration of cytoplasmic material within 

double-membraned organelles, so-called autophagosomes, followed by lysosomal 

digestion (He & Klionsky, 2009; Z. Yang & Klionsky, 2010b). Although the role of 

autophagy in cancer remains a conundrum, scientists have regarded therapeutic 

modulation of autophagy as a potential target for cancer treatment. 

In previous work, HF was shown to potentiate its bioactivity to inhibit 

Akt/mTORC1 and retard tumor growth under nutrient-rich condition by targeting the 

nutrient-sensing Akt/mTORC1 pathway. The inhibitory function of mTORC1 in 

autophagy has been well established in experiments phosphorylating ULK1 (Chan, 

2009). It is also known that mTORC1 activity reflects cellular nutritional status; 

therefore, understanding how mTORC1 regulates autophagy is of great importance 

because it may link nutrient signals to regulation of autophagy (Demetriades et al., 

2014; Kenific & Debnath, 2015). 

In this work, we found that HF accumulated GFP-LC3-II puncta under 

nutrient-rich conditions but reduced puncta number under nutrient-poor conditions. 



73 
 

Moreover, HF downregulated TQTSM1 in CRC cells under nutrient-rich conditions 

while upregulated TQTSM1 under nutrient-poor conditions. Therefore we 

hypothesized that HF may dually regulate autophagy in cancer cells. It should be 

noted that mTORC1-mediated phosphorylation of ULK1 at Ser757 initiates 

autophagy under nutrient-rich conditions (Chan, 2009). However, in nutrient-poor 

conditions, activated AMPK induces autophagy both by activating ULK1 through 

phosphorylation of Ser317 and Ser777 (J. Kim et al., 2011). Therefore, we 

hypothesized that HF may regulate nutrient-sensing mTORC1-ULK1 or 

AMPK-ULK1 to dually modulate autophagy in CRC cells. Thus, we investigated 

autophagic flux under nutrient-rich and nutrient-poor conditions in CRC cells treated 

with HF. Our results showed that, intriguingly, HF not only dually regulates 

autophagy in vitro and in vivo, but also modulates glycolysis/gluconeogenesis through 

autophagic pathway. 

3.2  Materials and Methods 

3.2.1  Chemicals and reagents 

Halofuginone hydrobromide (HF), monodansylcadaverine (MDC), Earle’s 

Balanced Salt Solution (EBSS), chloroquine (CQ), Pierce (R) BCA Protein Assay Kit 

were obtained from Sigma-Aldrich (Munich, Germany). Antibodies against 

SQSTM1/p62, LC3-II, phosphor-ULK1 (Ser317), phosphor-ULK1 (Ser757), 

phosphor-mTOR (Ser2448), GLUT1, Hexokinase II, PCK2, PCB, phosphor-AMPKα, 

AMPKα, phosphor-ACCα, ACCα, ATG7 and β-actin were purchased from Cell 
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Signaling Technology, Inc. (Danvers, MA). Antibodies against phosphor-ULK1 

(Ser777) and PCB were purchased from San Cruz Biotechnology (Santa Cruz, USA). 

HRP-goat anti-rabbit secondary antibody was purchased from Invitrogen (Carlsbad, 

USA). Goat anti-mouse IgG-HRP secondary antibody was purchased from San Cruz 

Biotechnology (Santa Cruz, USA). 

3.2.2  Cell culture 

HCT116 and SW480 were purchased from American Type Culture Collection 

(Manassas, USA). WT MEFs and Atg7
-/-

 MEFs were obtained as a gift from Professor 

Kevin Ryan in Beatson Institute for Cancer Research. All cells were cultured in 

DMEM (Gibco/Invitrogen, 12800-017) supplemented with 10 % FBS (PAA, 

A15-101), 10 U/ml penicillin-streptomycin (Gibco/Invitrogen, 15140-122) in a 

humidified atmosphere containing 10 % CO2 and 90 % air at 37 °C. The medium was 

changed every three days, and cells were passaged using 0.05 % trypsin/EDTA. For 

nutrient starvation, cells cultured in DMEM were washed 3 times with PBS, and then 

cultured in EBSS medium for 2 h. 

3.2.3  GFP-LC3-II and mRFP-GFP-LC3 translocation and imaging in living 

cells 

HCT116 cells were transfected with pEGFP-LC3-II and mRFP-GFP-LC3 

plasmids using lipofectamine 2000, respectively (Invitrogen, 11668-019). One day 

after transfection, cells were treated with 20 nM HF for 12 h in high glucose medium 

and for 2 h in EBSS medium prior to fixation, respectively. Then cells were imaged 



75 
 

for GFP and RFP by using a Leica TCS SP8 (Leica) confocal microscope in different 

channels (GFP: excitation wavelength 488 nm, emission filter 500～550 nm; RFP: 

excitation wavelength 552 nm, emission filter 580～620 nm).  

3.2.4  Staining of autophagic vacuoles by MDC 

Fluorescent probe MDC is a selective marker for acidic vesicular organelles used 

to evaluate autophagy. HCT116 cells were cultured with 20 nM HF in high glucose 

medium for 12 h and EBSS medium for 2 h, respectively, the cells were then 

incubated with 0.05 mM MDC in PBS at 37 °C for 10 min. After incubation, cells 

were washed four times with PBS and immediately viewed on a Leica TCS SP8 

(Leica) confocal microscope (excitation wavelength 405 nm, emission filter 500～560 

nm).   

3.2.5  TEM imaging of autophagosome and autolysosome 

HCT116 cells were cultured with 20 nM HF in high glucose medium for 12 h 

and EBSS medium for 2 h, respectively, and then fixed for 1 h in Karnovsky's fixative 

followed by post-fixation in 1 % OsO4 solution. After dehydration in an ascending 

alcohol series, cultures were embedded in Epon and cut ultrathin with a Reichert-Jung 

Ultracut E (Darmstadt, Germany). Sections were stained with uranyl acetate solution 

and lead citrate, and then observed with a transmission electron 

microscope JEM1230 (JEOL, Japan) at an accelerating voltage of 40 ～

120 kV. Images were recorded by BioScan 792 CCD camera (Gatan, Japan). 
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3.2.6  Western blot analysis 

After cells were treated with 20 nM HF in high glucose medium for 12 h and in 

EBSS medium for 2 h, respectively, they were suspended in lysis buffer to obtain 

whole cell lysates. Following centrifugation at 13,500 rpm for 15 min at 4 °C, total 

protein concentration was measured using a Pierce(R) BCA Protein Assay Kit. 10-25 

μg of protein was separated on 10 % sodium dodecylsulphate-polyacrylamide gel 

(SDS-PAGE) and transferred onto polyvinylidene difluoride membranes. After 

blocking (5 % skim milk powder in TBS-Tween 20) for 1 h at room temperature, the 

membranes were then incubated with primary antibody against SQSTM1/p62, LC3-II, 

phosphor-ULK1 (Ser317), phosphor-ULK1 (Ser757), phosphor-ULK1 (Ser777), PCB, 

phosphor-mTOR (Ser2448), GLUT1, Hexokinase II, PCK2, phosphor-AMPKα, 

AMPKα, phosphor-ACCα, ACCα, ATG7 and β-actin overnight at 4 °C. The 

membranes were incubated with secondary antibody for 1 h at room temperature. All 

antibodies were diluted in TBS-Tween 20 containing 5 % dry milk. The 

immune-reactive proteins were detected by enhanced chemiluminescence (ECL) 

using X-ray film and ECL reagent. 

3.2.7  Quantitative analysis of mRNA 

Total RNA was isolated from cells using TRIzol reagent (Invitrogen). cDN

As were prepared by reverse transcription. Quantitative polymerase chain reacti

on (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 
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following primers at final concentrations of 1000 nM. Primers for Atg7 were 5’

-TGTGCCTCACCAGGTTCTTGAT-3’ (forward) and 5’-GGTGGAAATCTGGCG

TCACT-3’ (reverse). Primers for Atg5 were 5’-CAAGGTGGAGTTGGCGAGA-3’

 (forward) and 5’-CCAAAGCCAAACTTAGTAAGCA-3’ (reverse). Primers for 

Atg10 were 5’-CCATGGAGGAGGCTTTCGAG-3’ (forward) and 5’-AGTGTCCC

ATGGTCCCTGTA-3’ (reverse). Primers for Atg12 were 5’-TGCTGGAGGGGA

AGGACTTA-3’ (forward) and 5’-CCATCACTGCCAAAACACTCA-3’ (reverse). 

Amplification of cDNAs was performed using a LightCycler 2000 (Roche, Indi

anapolis, IN). The cycling program comprised a denaturation step for 15 minut

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

nealing (59 °C for 20 seconds), and extension (72 °C for 15 seconds). After a

mplification, a melting curve analysis was performed with denaturation at 95 °

C for 5 seconds, then continuous fluorescence measurement from70 °C to 95 °

C at 0.1 °C/second. Each sample was amplified in duplicate. 

3.2.8  Xenograft studies 

BALB/c nude mice, male, 6-weeks old, were obtained from the Laboratory 

Animal Services Centre, The Chinese University of Hong Kong. Mice were kept at 

room temperature 23 ± 2 °C with an alternating 12 h light-dark cycle, and were 

allowed access to food and water ad libitum. All of the experimental protocols were 

carried out with the approval of the Committee on Use of Human and Animal 

Subjects in Teaching and Research of Hong Kong Baptist University and according to 

the Regulations of the Department of Health, Hong Kong SAR, China. HCT116 cells 
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(8 × 106 cells per mouse) were suspended in PBS and inoculated subcutaneously into 

the right flank of each mouse, and tumor growth was monitored regularly. Once 

tumors were palpable, (~100 mm3), mice were divided at random into four groups 

with 5 mice in each group. The groups were as follows: (1) Vehicle group in 

nutrient-rich conditions, normally fed, receiving daily i.p. saline; (2) HF group in 

nutrient-rich conditions, normally fed, receiving daily i.p. 0.1 mg/kg of HF; (3) 

Vehicle group in starvation conditions, fed with 70 % of their normal food intake, 

receiving daily i.p. saline; (4) HF group in starvation conditions, fed with 70 % of 

their normal food intake, receiving daily i.p. 0.1 mg/kg of HF. The tumors were 

measured with calipers every day, and the 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”. Other indicators of general health, such as body weight, 

feeding behavior, and motor activity of each animal, were also monitored. After 

administration of HF or saline for two weeks, the mice were euthanized, and the 

tumor xenografts were immediately dissected, weighed, stored and fixed.   

3.2.9  Immunohistochemical staining 

Paraffin-embedded tumors were sectioned (4 µm) and mounted on glass slides, 

deparaffinizedin xylene and rehydrated in decreasing concentrations of ethanol (from 

100 % to 70 %). For antigen retrieval, slides were heated in sodium citrate buffer (10 

mM citric acid) for 15 min. Endogenous peroxidase was blocked by incubation with 

3 % H2O2 (Dako, Ely, Cambridgeshire, UK) at room temperature for 30 min before 

incubation with SQSTM1/p62 and LC3-II antibodies overnight. After washing with 
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PBS, the sections were incubated with horseradish peroxidase-conjugated secondary 

antibodies for 1 h and diaminobenzide (Dako) was used as the chromogen. 

3.2.10  Immunofluorescence assay 

Xenograft tumors were resected immediately and fixed in 10 % neutral buffered 

paraformaldehyde at 4 °C for 24 h. Selected samples were embedded in paraffin, 

sectioned and stained with SQSTM1/p62 and LC3-II.  All primary antibodies were 

used for dilution at 1:100. After overnight incubation at 4 °C, the sections were 

incubated with flurochrome-conjugated secondary antibody for 1 h and stained with 

DAPI for 10 min. The sections were then mounted with DPX mountant (Sigma, 

317616) for analysis. 

3.2.11  Protein extraction from tumors for western blot analysis 

To measure the SQSTM1/p62 and LC3-II activity in tumor tissue, three tumors 

in every group were collected and dispersed in lysis buffer by sonication for protein 

extraction. After centrifuging at 13,500 rpm for 15 min at 4 °C, the supernatants were 

collected and regarded as the total soluble proteins subsequently used for western blot 

analysis. 

3.2.12  Cell culture for metabolic flux analysis 

Cells was seeded into 10 cm dishes at a density of 5×106 cells per dish in 5 mL 

medium, which comprised high-glucose DMEM supplemented with 10 % FBS and 10 

U/ml penicillin-streptomycin. After culturing for 24 h, the nutrient-rich high glucose 
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DMEM was removed, and cells were briefly rinsed with PBS twice. Then cells were 

cultured in high glucose DMEM containing 20 nM HF for 12 h, which compared to 

control group without HF treatment. As for the cells under starvation conditions, after 

the high glucose DMEM was removed, the cells were rinsed 3 times with PBS and 

then cultured in EBSS medium with or without 20 nM HF treatment for 2 h. 

3.2.13  Metabolite extraction 

After treatment, culture medium was removed and cells were rapidly rinsed with 

PBS twice. The residual PBS was removed by vacuum suction. Cells were then 

quenched using 1.5 mL cold HPLC-grade methanol. Next, cells were quickly 

detached from the culture dish using a cell lifter. The methanol solution containing the 

quenched cells was pipetted into a 2 mL centrifuge tube. Samples were then 

vortexed-mixed for 30 sec and submerged for 1 min in liquid nitrogen. Samples were 

then thawed in ice. This process was repeated three times and samples were 

centrifuged at 10,000 g for 10 min at 4 °C. The supernatant was removed into a new 

tube, and cold 0.5 mL 80 % methanol was added to the residue for vortexed-mixing 

for 30 sec; samples were then centrifuged at 10,000 g for 10 min at 4 °C. Finally the 

two extraction solutions were pooled in a tube for evaporation till dryness under 

airflow and stored at ‒80 °C till analysis.  

3.2.14  NMR analysis 

Samples were analyzed on a Bruker AVIII 600 MHz spectrometer operating at 

600.13 MHz equipped with a double resonance 5 mm BBFO probe at 298 K. One 
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dimensional 1H Carr–Purcell–Meiboom–Gill (CPMG) NMR experimental results 

were acquired using a Bruker standard CPMG pulse sequencer (cpmgpr1d). 1ms 

individual CPMG spin echo was repeated 20 times, resulting in a total spin-spin 

relaxation delay of 20 ms. The CPMG sequence-enabled spectra edited by T2 

relaxation times removed the broad signal associated with high molecular weight 

macromolecules, facilitating the observation of low molecular weight metabolites. 64 

to 256 free induction decays (FIDs) were collected into 16 K data points with a 

spectral width of 9615.38 Hz (16 ppm). A 4-s relaxation delay was used between 

pulses. Suppression of water was achieved by weak irradiation during the relaxation 

delay. Spectra were analyzed in Topspin (Bruker Biospin Corporation). FIDs were 

zero-filled to 32K and an exponential line-broadening function of 0.3 Hz was applied 

to the FID prior to Fourier transformation. All sample spectra were phased and 

manually baseline-corrected, and spectra were referenced to the methyl doublet of 

lactate at 1.33 ppm. 

3.2.15  Statistical analysis 

Each experiment was performed at least three times. GraphPad Prism 5.0 

software was used for statistical analysis. 
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3.3  Results 

3.3.1  HF regulates autophagy through mTORC1/AMPK signaling pathway 

In our previous work, we found that HF can inhibit CRC cell proliferation and 

tumor growth via Akt/mTORC1 and glycolytic pathways (G. Q. Chen et al., 2015). It 

is well known that mTORC1 can inhibit autophagy through phosphorylation and 

inactivation of the initiating kinase ULK1 in cancer cells (Egan, Kim, Shaw, & Guan, 

2011). This evidence prompted us to ask if HF could impact autophagy in CRC cells. 

Thus, GFP-LC3-II, a fluorescent autophagosomal marker, was stably expressed in 

HCT116 cells. As shown in Fig. 3.1A, we found that HF could induce GFP-LC3-II 

puncta accumulation detected by a confocal microscope in high glucose medium. 

Meanwhile, GFP-LC3-II puncta accumulation in HCT116 cells cultured in EBSS 

medium was observed compared with the same cells cultured in nutrient-rich 

conditions. Results showed that HF caused a decline in the number of GFP-LC3-II 

puncta (Fig. 3.1B). To clarify HF-mediated autophagy, SQSTM1 (p62), which is a 

putative substrate for evaluating impairment of autophagic degradation, was also 

determined by western blot assay (Yue, 2007). We found that HF significantly 

reduced SQSTM1 under nutrient-rich conditions while it markedly elevated SQSTM1 

protein levels under nutrient-poor conditions (Fig. 3.1C and 3.1D). These 

observations led us to hypothesize that HF induces autophagy in high glucose 

conditions while it inhibits autophagy under nutrient-poor conditions. Notably, the 

nutrient-sensing mTORC1 and AMPK regulates phosphorylation of ULK1 at different 

sites for autophagy modulation (D. Egan et al., 2011; J. Kim et al., 2011). In this 



83 
 

regard, we investigated mTORC1-mediated phosphorylation at Ser757 of ULK1 and 

AMPK-mediated phosphorylation at Ser317/777 of ULK1 upon HF treatment. As we 

expected, HF downregulated mTORC1 and activated ULK1 activity for autophagic 

induction, as shown in Fig. 3.1E, of cell lines cultured under nutrient-rich conditions. 

Meanwhile, since AMPK can directly regulate phosphorylation at Ser317/Ser777 of 

ULK1, we detected phosphorylated AMPK and phosphorylated ULK1 at Ser317/777 

and found that HF downregulated the AMPK-ULK1 signaling pathway in CRC cells 

cultured in EBSS (Fig. 3.1F). The expression of p-AMPKα was also validated with 

p-ACCα by western blot assay (Fig. 3.1G). These results suggested that HF could 

dually regulate autophagy through either the mTORC1-ULK1 or the AMPK-ULK1 

signaling pathways depending on nutritional conditions. 
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Figure 3.1 
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Figure 3.1 HF regulates autophagy through mTORC1/AMPK signaling pathway 

(A) Accumulation of GFP-LC3-II puncta in HCT116 cells with 20 nM HF for 12 h in 

high glucose medium. The distribution of GFP-LC3-II was examined by confocal 

microscope (left panel) and quantitative analysis (right panel). Scale bar: 10 μm. *P < 

0.05, **P < 0.01. (B) Accumulation of GFP-LC3-II puncta in HCT116 cells with 20 

nM HF for 2 h in EBSS. The distribution of GFP-LC3-II was examined by confocal 

Figure 3.1 HF regulates autophagy through mTORC1/AMPK signaling pathway. 
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microscope (left panel) and quantitative analysis (right panel). Scale bar: 10 μm. *P < 

0.05, **P < 0.01. (C) Western blot analysis of SQSTM1 and LC3-IIin HCT116 and 

SW480 cells treated with dose-dependent HF for 12 h in high glucose medium. (D) 

Western blot analysis of SQSTM1 and LC3-II in HCT116 and SW480 cells treated 

with dose-dependent HF for 2 h in EBSS. (E) Western blot analysis of p-mTORC1 

and p-ULK1 at Ser757 in HCT116 and SW480 cells treated with dose-dependent HF 

for 12 h in high glucose medium. (F) Western blot analysis of p-AMPKα, p-ULK at 

Ser317 and Ser777 in HCT116 and SW480 cells treated with dose-dependent HF for 2 

h in EBSS. (G) Western blot analysis of p-AMPKα and p-ACCα in HCT116 and 

SW480 cells treated with dose-dependent HF for 2 h in EBSS. 
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3.3.2  HF dually modulates early autophagosome formation 

The initiating kinase ULK1 activity can regulate autophagic flux, determining 

cell fate. We further investigated the autophagic flux in CRC cells under both 

nutrient-rich and nutrient-poor conditions upon HF treatment. The lysosome inhibitor 

chloroquine (CQ) that allows the accumulation of the endogenous LC3-II was used to 

analyze the autophagic flux in CRC cells upon HF treatment. Either HF or CQ caused 

accumulation of LC3-II puncta and protein expression under nutrient-rich condition 

(Fig. 3.2A and 3.2B). In EBSS culture, CQ caused accumulation of LC3-II in CRC 

cells (Fig. 3.2C and 3.2D). Of note, co-treatment of HF and CQ caused more 

accumulation of the marker LC3-II under nutrient-rich condition. But under 

nutrient-poor conditions, co-treatment of CQ and HF slightly reduced the expression 

of LC3-II and the decreased the number of GFP-LC3-II puncta. Therefore, we 

postulated that HF can induce autophagosome formation or inhibit autophagosome 

membrane elongation, depending on nutrient signaling.  

To provide further evidence of autophagic flux, we performed mRFP-GFP-LC3 

puncta formation assay (Mizushima, Yoshimori, & Levine, 2010). Because GFP loses 

its fluorescence from deprotonation in acidic lysosomes, autophagosomes display 

both green and red fluorescence whereas autolysosomes are only red. Hence, a 

dramatic increase in the number of red-only indicates maturation of autophagosomes. 

As shown in Fig. 3.3A, under nutrient-rich conditions, GFP-mRFP-LC3 aggregated 

under nutrient-rich condition upon HF treatment, suggesting that HF promotes 

autophagosome formation. As expected, GFP-mRFP-LC3 also aggregated when high 
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glucose medium was replaced with EBSS medium. However, HF treatment caused 

both red and yellow fluorescence loss, indicating that HF blocked autophagosome 

formation at an early stage in EBSS culture. To better understand the nature of 

accumulated vesicles upon HF treatment, HCT116 cells were observed using 

transmission electron microscope (TEM). Remarkably, we observed that HF treatment 

led to more accumulation of numerous autophagic vacuoles, suggesting that 

autophagosomal formation was promoted under nutrient-rich conditions upon HF 

treatment (Fig. 3.3B). Interestingly, much fewer autophagosomes were observed in 

EBSS medium upon HF treatment, indicating that HF blocked autophagosome 

formation.  

Because monodansylcadaverine (MDC) is proposed to be a specific 

autophagosome indicator, we utilized MDC assay for further investigation of HCT116 

cells. As expected, HF induced more green fluorescence accumulation under 

nutrient-rich conditions. By comparing with the CRC cells cultured in EBSS medium 

without HF treatment, we also observed that EBSS medium induced more green 

fluorescence while HF reduced green fluorescence (Fig. 3.3C). Taken together, these 

results indicate that HF can induce autophagic flux when nutrient supply is ample; 

whereas HF inhibits autophagosomal formation at the early stagesof nutrient 

deprivation.  
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Figure 3.2  
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Figure 3.2HF dually regulatesautophagic fluxdepending on nutrient conditions. 

(A) HCT116 and SW480 cells were treated with 20 nM HF or/and 50 μM CQ for 12 h 

in high glucose medium, samples were analyzed by western blot for SQSTM1 and 

LC3-II. (B) Accumulation of GFP-LC3-II puncta in HCT116 cells with 20 nM HF 

or/and 50 μM CQ for 12 h in high glucose medium. The distribution of GFP-LC3-II 

was examined by confocal microscope (left panel) and quantitative analysis (right 

panel). Scale bar: 10 μm. *P < 0.05, **P < 0.01. (C) HCT116 and SW480 cells were 

treated with 20 nM HF or/and 50 μM CQ for 2 h in EBSS medium, samples were 

analyzed by western blot for SQSTM1 and LC3-II. (D) Accumulation of GFP-LC3-II 

puncta in HCT116 cells with 20 nM HF or/and 50 μM CQ for 2 h in EBSS medium. 

The distribution of GFP-LC3-II was examined by confocal microscope (left panel) 

and quantitative analysis (right panel). Scale bar: 10 μm. *P < 0.05, **P < 0.01. 

  

Figure 3.2 HF dually regulates autophagic flux depending on nutrient conditions. 
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Figure 3.3 
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Figure 3.3 HF dually modulates early autophagosome formation depending on 

nutrient conditions. 
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(A) HCT116 cells were transfected with mRFP-GFP-LC3 

plasmids for 24 h, and then the cells were separately cultured with 20 nM HF for 12 h 

in high glucose medium or 2 h in EBSS medium, separately. The distribution of 

yellow (autophagosome) and red (autolysosome) puncta was examined by confocal 

microscope. Scale bar: 10 μm. (B) HCT116 cells were treated with 20 nM HF 

separately for 12 h in high glucose medium or 2 h in EBSS medium, then cells were 

observed by TEM. The scale bars for full cell images indicate 10 μm (up) and for 

magnified cell areas 500 nm (down). (C) HCT116 cells were treated with 20 nM HF 

separately for 12 h in high glucose medium or 2 h in EBSS medium, then cells were 

staining with MDC and observed by confocal microscope. Scale bar: 10 μm. 
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3.3.3  Atg7 is required in HF modulated autophagic flux 

As mentioned above, early autophagosomal formation would be a key stage in 

autophagic process in CRC cells treated with HF. In this regard, we performed 

quantitative PCR measurement of Atg5, Atg7, Atg10 and Atg12 for a better 

understanding of molecular events at the stage of autophagosomal formation. Of 

particular interest, under nutrient-rich conditions, HF treatment pronouncedly 

enhanced the expression level of Atg7 while decreasing the mRNA level of Atg7 in 

CRC cells under nutrient-poor conditions, but Atg5, Atg10 and Atg12 were not 

significantly altered upon HF treatment (Fig. 3.4A). Therefore, we asked whether 

Atg7 is required in dual regulation of autophagic flux with HF treatment. By 

performing western blot analysis, we found that the protein expression of ATG7 

increased or decreased in a dose-dependent manner with HF treatment in CRC cells 

under the two different conditions (Fig. 3.4B and 3.4C). To further verify the 

underlying mechanism, we used Atg7 knockout (KO) MEFs compared with Wild-type 

(WT) MEFs upon HF treatment (Fig. 3.4D). Similar to the results of CRC cell treated 

with HF, the protein level of SQSTM1 declined while LC3-II rose in WT MEFs under 

nutrient-rich conditions upon HF treatment. Meanwhile, elevated SQSTM1 and 

decreased LC3-II expressions were observed in WT MEFs treated with HF under 

nutrient-poor conditions (Fig. 3.4E). These observations were consistent with what 

we had observed in CRC cells treated with HF. To further investigate the role of ATG7 

in the regulation of autophagic flux in cells treated with HF, we found that HF 

downregulated SQSTM1 under nutrient-rich conditions while it upregulated SQSTM1 
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expression under nutrient-poor conditions in Atg7-/- MEFs, which is the same as with 

WT MEFs (Fig. 3.4F). It is reasonable that LC3-II depletion was also observed in 

Atg7-/- MEFs with HF treatment, although the autophagic substrate SQSTM1 could be 

dually regulated by HF.  

In our previous work, we found that HF can suppress glycolysis in high glucose 

medium (G. Q. Chen et al., 2015). Moreover, it should be noted that autophagy is 

affected by many factors including metabolic stress (Mandelbaum et al., 2015; 

N'Diaye, Debnath, & Brown, 2009), and HF dually regulates Atg7 for autophagosome 

formation. Therefore, we further asked whether the autophagic-essential regulator 

Atg7 is required for regulation of glucose metabolism in cells treated with HF under 

different nutrient conditions. 
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Figure 3.4    
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Figure 3.4 Atg7 is required in HF-modulated autophagic flux. (A) HCT116 cells 

were treated with 20 nM HF separately for 12 h in high glucose medium or 2 h in 

EBSS medium, and then mRNA levels of Atg5, Atg7, Atg10 and Atg12 in cells were 

analyzed by RT-PCR. (B) HCT116 and SW480 cells were treated with 

dose-dependent HF for 12 h in high glucose medium, and then cells were analyzed by 

Figure 3.4 Atg7 is required in HF-modulated autophagic flux. 
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western blot for ATG7. (C) HCT116 and SW480 cells were treated with 

dose-dependent HF for 2 h in EBSS medium, then cells were analyzed by western 

blot for ATG7. (D) Atg7
-/-

 MEFs and WT MEFs were analyzed by western blot for 

ATG7 and LC3-II. (E) WT MEFs were treated with dose-dependent HF separately for 

12 h in high glucose medium (left) or 2 h in EBSS medium (right), then cells were 

analyzed by western blot for SQSTM1 and LC3-II. (F) Atg7
-/-

 MEFs were treated 

with dose-dependent HF separately for 12 h in high glucose medium (left) or 2 h in 

EBSS medium (right), and then cells were analyzed by western blot for SQSTM1 and 

LC3-II. 
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3.3.4  HF regulates glycolysis/gluconeogenesis in an Atg7-dependent manner 

Although glucose starvation is a potent physiological AMPK-activating 

condition for autophagic induction (Ha, Guan, & Kim, 2015), the bidirectional 

interplay between autophagy and glucose metabolism is still largely unknown. In our 

work, we tested the hypothesis that HF regulates glycolysis or gluconeogenes through 

Atg7, a regulator essential to autophagy. To this end, we performed cellular 

metabolome of MEFs, and identified lactate as the aerobic glycolysis marker in 

Atg7‒/‒ MEFs under nutrient-rich conditions comparing with WT MEFs (Fig. 3.5A 

and 3.5B). The elevated level of lactate in Atg7‒/‒ MEFs suggested that autophagy 

inhibits the Warburg effect under nutrient-rich conditions. GLUT1 and HK-II have 

been identified in our previous work, and HF downregulated the expressions of both 

targets. Here, we found that both GLUT1 and HK-II were enhanced in Atg7‒/‒ MEFs 

to support our notion that Atg7 is required for glycolysis during nutrient-replete 

condition (Fig. 3.5C). Intriguingly, HF treatment did not change the expression of 

HK-II in Atg7‒/‒ MEFs, suggesting that ATG7 was essential for glycolytic regulation 

of HF (Fig. 3.5D). Under nutrient-poor conditions, however, gluconeogenesis would 

be an important route for cancer cell survival. We further asked whether HF also 

could downregulate gluconeogenesis in CRC cells under nutrient-poor conditions. By 

performing western blot assay of CRC cells cultured in EBSS medium, we found that 

HF downregulated pyruvate carboxylase (PCB) and mitochondrial PEPCK (PCK2), 

both of which are the key enzymes in gluconeogenesis. The comparison of WT MEFs 

and Atg7‒/‒ MEFs also demonstrated that ATG7 was essential for modulating 
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gluconeogenesis (Figs. 3.5E and 3.5F). This notion was further supported by HF 

treatment on Atg7‒/‒ MEFs, in which expressions of PCB and PCK2 did not change 

significantly (Fig. 3.5G). These results indicate that HF regulates 

glycolysis/gluconeogenesis in an Atg7-dependent manner depending on nutritional 

conditions.  
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Figure 3.5  
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Figure 3.5 HF regulates glycolysis/gluconeogenesis in an Atg7-dependent manner. 

(A) Lactate signals in WT MEFs and Atg7‒/‒ MEFs measured by 1H-NMR 

spectroscopy. (B) Bar plots of lactate in WT MEFs and Atg7‒/‒ MEFs (mean±SD, 

n=3). (C) Atg7‒/‒ MEFs and WT MEFs were analyzed by western blot for GLUT1 and 

HK-II in high glucose medium. (D) Atg7‒/‒ MEFs were treated with dose-dependent 

HF for 12 h in high glucose medium, and then cells were analyzed by western blot for 

GLUT1 and HK-II. (E) SW480 and HCT116 cells were treated with dose-dependent 

HF for 2 h in EBSS medium, then cells were analyzed by western blot for PCB and 

PCK2. (F) Atg7‒/‒ MEFs and WT MEFs were analyzed by western blot for PCB and 

PCK2 in EBSS medium. (G) Atg7‒/‒ MEFs were treated with dose-dependent HF for 

2 h in EBSS medium, and then cells were analyzed by western blot for PCB and 

PCK2.

Figure 3.5 HF regulates glycolysis/gluconeogenesis in an Atg7-dependent manner. 
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3.3.5  Caloric restriction potentiates efficiency of HF in vivo 

As shown in cells cultured under both nutrient-rich and nutrient-poor conditions, 

HF dually regulates autophagy for anticancer in vitro. We further determined the 

anticancer activity of HF in vivo by using nude mice inoculated with CRC cells. 

Tumor volume and mass increased dramatically in the control group, whereas tumor 

growth was pronouncedly slow in HF-treated mice (Fig. 3.6A, 3.6B, 3.6C and 3.6D). 

Caloric restriction (CR) is one of the most important nutritional factors for autophagy 

induction (Levine, Packer, & Codogno, 2015; Madeo, Pietrocola, Eisenberg, & 

Kroemer, 2014). Therefore, we investigated the impact of CR in autophagy and the 

effect of HF treatment in mice. Results showed that, in the xenograft-bearing nude 

mice exposed to a combination of HF and CR, tumor growth and mass were 

significantly less than in other groups (Fig. 3.6A, 3.6B, 3.6C and 3.6D). CR 

Enhances anticancer activity of HF in vivo, suggesting that HF may play a role as an 

autophagic inducer in xenograft-bearing nude mice allowed access to food ad libitum 

whereas autophagic inhibitor when using CR. This notion was supported by our 

western blot, IHC imaging and IFC imaging results (Fig. 3.6E, 3.6F and 3.6G). 
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Figure 3.6  
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Figure 3.6 HF dually regulate autophagy for anti-CRC in vitro  .(A)6-week old 

nude mice were engrafted with HCT116 cells and randomly divided into 4 groups: 

vehicle group, HF group, CR-vehicle group, CR-HF group (n=5). Tumor volumes 

were calculated by the length and width measured by vernier calipers every day. (B) 

The tumor weights of the 4 groups. *P < 0.05. (C) Photos of all the animals. (D) The 

xenograft tumors were dissected and measured. (E) Expression levels of SQSTM1 

and LC3-II in xenograft tumors by western blot analysis. (F) IHC staining for 

SQSTM1 and LC3-II in xenograft tumors. Scale bar = 50 μm. (G) IFC staining for 

SQSTM1 and LC3-II in xenograft tumors. Scale bar = 50 μm. 

 

Figure 3.6 HF dually regulates autophagy for anti-CRC in vivo. 
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3.4  Discussion 

In conditions of metabolic stress or hypoxia, autophagy is activated, and cellular 

components are embedded into an autophagosome, providing an alternative way to 

maintain vital cellular activities (Mizushima, 2007). Autophagy is a double-edged 

sword in cancer, either impeding tumor initiation or promoting tumorigenesis 

(Cheong, Lu, Lindsten, & Thompson, 2012; White, 2015; Zhi & Zhong, 2015). 

Although the detailed mechanism behind the role of autophagy in tumorigenesis still 

needs to be further investigated, here we provide straightforward evidence for 

understanding the dual role of HF in autophagy regulation in CRC. ULK1, a 

mammalian homolog of Atg1, modulates autophagy with different phosphorylation 

sites for its activities. The phosphorylation site at Ser757 is directly regulated by 

mTORC1 while phosphorylation sites at Ser317/777 are directly regulated by AMPK 

(Inoki, Kim, & Guan, 2012; J. Kim et al., 2011). In the initiation stage, intriguingly, 

HF induces autophagy through the mTORC1-ULK1 signaling pathway whereas it 

inhibits autophagy via the AMPK-ULK1 signaling pathway, indicating that HF not 

only impedes tumor initiation but also retards tumor growth through an autophagic 

pathway depending on nutritional status. To further interrogate autophagic flux, we 

used lysosomal inhibitor CQ, and performed TEM examinations, confocal microscope 

of GFP-mRFP-LC3 puncta as well as MDC staining for a better visualization of 

elongation stage. In this stage, HF enhances Atg7 expression under nutrient-rich 

conditions but reduces Atg7 expression under nutrient-poor conditions to affect 

autophgosome formation. It is well known that Atg7 is required for LC3 lipidation by 
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conjugating to the lipid phosphatidylethanolamine (PE) and is subsequently recruited 

to both the outer and inner surfaces of the autophagosomal membrane (White et al., 

2015). Thus, HF promotes autophagosome formation when nutrients are plentiful but 

blocks its formation when they are not. In the present study, HF was seen to facilitate 

autophagosome formation under nutrient-rich condition but impair lysosome function 

to prevent complete autophagic flux. 

Of particular interest, by using Atg7‒/‒ MEFs, we unveil that HF inhibits 

glycolysis under nutrient-rich conditions or gluconeogenesis under nutrient-poor 

conditions in an Atg7-dependent manner. Comparison with wild-type counterparts 

revealed that HK-II in glycolysis and both PCB and PCK2 in gluconeogenesis in 

autophagy-deficient MEFs are more resistant to HF treatment, indicating that 

autophagy is essential for metabolic regulation of HF treatment in mammalian cells. 

Indeed, to cope with adverse microenvironment, cancer cells utilize this catabolic 

degradation process for survival. HF impaired Atg7 and gluconeogenesis through an 

autophagic pathway, exerting anti-proliferation activity in CRC cells. Metabolic 

triggers or consequences of autophagy are attractive for cancer therapy (Galluzzi, 

Pietrocola, Levine, & Kroemer, 2014). The obtained results in present study suggest a 

new candidate for CRC treatment although the metabolic reprogramming by 

autophagy upon HF treatment still needs to be further explored. Further evidence 

from in vivo experiments supports our notion that caloric restriction potentiates the 

pharmacological effect of HF in CRC. Autophagic induction by caloric restriction is 

coupled to the inhibition of mTORC1, which results in activation of ULK1 (Madeo et 
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al., 2014). The induction of autophagy can be counteracted by HF treatment to retard 

tumor growth more significantly. In some models, tumors are more 

autophagy-dependent than normal tissues, suggesting that this could be a therapeutic 

window (White et al., 2015). Therefore, as the natural autophagy inducer, CR in 

combination with HF treatment could be a potential therapy for CRC in the future.   

HF induces or inhibits autophagy through modulation of mTORC1-ULK1 

phosphorylation or AMPK-ULK1 phosphorylation. Our investigations of autophagic 

flux also validate the hypothesis that HF can dually regulate elongation and fusion 

stages of autophagy. Moreover, glycolysis or gluconeogenesis is inhibited in cancer 

cells via the autophagic pathway upon HF treatment, providing a promising approach 

for anticancer by targeting autophagy and metabolism. Our proposed working model 

is represented in Fig. 3.7. Atg7 plays a critical role in metabolic regulation of HF in 

cells although other autophagy-related genes are still need to be investigated in the 

future.  
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Figure 3.7 
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Figure 3.7 Proposed mechanism of HF targeting autophagy and metabolism in 

CRC cells. 

 

HF dually regulates autophagy and glucose metabolism for its 

anticancer activity. More importantly, HF impairs glycolysis or gluconeogenesis via 

an Atg7-dependent manner, indicating that autophagy is essential for metabolic 

regulation of HF treatment. 
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Chapter IV   Conclusion 

4.1  Summary 

In the current work, we investigated the changes in glucose metabolism and 

autophagy in CRC cells exposed to HF. On the one hand, HF regulates autophagy 

both in vitro and in vivo, inhibiting cancer cell growth and proliferation by affecting 

nutrient-sensing pathways under different conditions. On the other hand, HF 

modulates glycolysis/gluconeogenesis through the autophagic pathway.  

In Chapter II, we described how we firstly found that HF inhibits CRC growth 

both in vitro and in vivo through regulation of the Akt/mTORC1 signaling pathway. 

HF treatment of human CRC cells inhibits cell proliferation, induces the generation of 

ROS andapoptosis. As expected, a reduced level of NADPH was also observed, at 

least in partdue to inactivation of glucose-6-phosphate dehydrogenase in PPP upon 

HF treatment. Given these findings, we further investigated metabolicregulation of 

HF through Akt/mTORC1-mediated aerobic glycolysis and found that HF 

downregulated the Akt/mTORC1 signaling pathway. Moreover, metabolomics 

delineatedthe slower rates in both glycolytic flux and glucose-derived tricarboxylic 

acid cycle flux. Meanwhile, both glucose transporters GLUT1 and HK-II in glycolysis 

were suppressed in CRC cells by HF, thereby supporting our notion that HF regulates 

the Akt/mTORC1 signaling pathway to dampen glucose uptake and glycolysis in 

CRC cells. Furthermore, HF retarded tumor growth in nude mice inoculated with 

HCT116 cells, and its effect was also validated in primary cells from the tissues of 
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CRC patients, showing the anticancer activity of HF through metabolic regulation of 

Akt/mTORC1 in CRC. 

In Chapter III, we describe how HF regulates nutrient-sensing mTORC1/AMPK 

for autophagic flux and glucose metabolism in CRC cells. Intriguingly, HF inhibits 

mTORC1 and activates ULK1 by inhibition of its phosphorylation at Ser757, 

resulting in induction of autophagic flux under nutrient-rich condition; meanwhile, 

HF inhibits AMPK and inactivates ULK1 by inhibition of its phosphorylation at 

Ser317 and Ser777, resulting in autophagic inhibition under low nutrition. 

Furthermore, autophagy-related gene Atg7 is also induced under nutrient-rich 

conditions or blocked under nutrient-poor conditions, upon HF treatment. More 

interestingly, we also found that HF inhibits glycolysis under nutrient-rich conditions 

while it inhibits gluconeonesis under nutrient-poor conditions in an 

Atg7-dependentmanner. This suggests that the autophagic process is a potential 

therapeutic target of HF treatment. Subsequent studies in a xenograft mouse model 

showed that caloric restriction, by mimicking poor nutrition in vitro, potentiated the 

anticancer efficiency of HF in vivo.  Thus, HF plays a dual role in mTORC1/AMPK 

signaling pathwayon autophagy for modulating glycolysis/gluconeogenesis depending 

on nutrient conditions. 

4.2  Limitations  

It’s known that mTORC1 drives the metabolic reprogramming of cancer cells’ 

requirements for nutrients to support rapid growth and proliferation (Pusapati et al., 
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2016). Glucose and glutamine are two basic major nutrients for cells; both can supply 

carbon to the TCA cycle to produce sufficient ATP to drive energy-requiring cellular 

processes(Wise & Thompson, 2010). As described above, we have known that HF 

downregulates mTORC1 activity and modulates glucose metabolism through dually 

regulated autophagy in CRC cells. However, whether and how HF modulates 

glutamine metabolism to inhibit CRC growth remains an open question. Therefore, 

we will investigate glutamine metabolism in future work for better understanding of 

the metabolic mechanisms of HF anti-CRC. 

4.3  Perspectives for future development 

Glutamine can be converted to glutamate by GLS. Glutamate, which can also be 

converted to proline through P5C catalyzed sequentially by P5CS and PYCR, is an 

essential component of glutathione and an important energy source via an aplerotic 

input into the TCA cycle after conversion to α-KG. Conversely, proline can be 

converted to glutamatethrough proline catabolism sequentially catalyzed by 

POX/PRODH and P5CDH. POX/PRODH is regarded as a tumor suppressor; tumor 

growth can be markedly inhibited by the expression of POX/PRODH, from which 

generated ROS can make cancer cells apoptosis and autophagy (Y. Liu et al., 2009). 

Another way of proline metabolism of is the formation of collagen, which together 

comprise approximately 23 % of the collagen molecule (Barbul, 2008). 

Some published papers have reported that HF inhibits the synthesis of collagen I 

and down-regulates the expression of MYC in ALL (de Figueiredo-Pontes et al., 2011; 
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Yoon et al., 2008). Based on our experimental results of proline reduced by HF, we 

hypothesize that HF can reduce glutamine consumption and inhibit key enzymes in 

either or both oxidative and reductive glutamine metabolism through down-regulating 

the expression of MYC and up-regulating the activation of POX/PRODH in CRC 

cells. 

To test this hypothesis, we will use stable isotope-labeled glutamine in cell 

culture for investigation. Firstly, to discriminate the types of glutamine metabolism in 

different colon cancer cell lines, we will measure unlabeled malate, 13C3-malate and 

13C4-malate using uniformly 13C-labeled glutamine feeding in cell culture. Secondly, 

metabolic flux analysis will be performed in order to reveal the metabolic 

reprogramming and identify the key enzymes. Particularly, proline metabolism will be 

probed to unlock the redox features of proline dehydrogenase/proline oxidase (W. Liu, 

Glunde, et al., 2012; W. Liu, Le, et al., 2012). Thirdly, the expression of MYC and 

POX/PRODH regulated by HF will be measured.  

We believe it is worth to investigate how HF reduces glutamine consumption and 

inhibits key enzymes in either or both oxidative and reductive glutamine metabolism, 

and we will undertake this work in the future. 
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