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“For what it's worth: 

it's never too late, or in my case too early, 

to be whoever you want to be. 

There's no time limit, stop whenever you want. 

You can change or stay the same, 

there are no rules to this thing. 

We can make the best or the worst of it. 

I hope you make the best of it. 

I hope you see things that startle you. 

I hope you feel things you never felt before. 

I hope you meet people with a different point of view. 

I hope you live a life you're proud of. 

If you find that you're not, 

I hope you have the strength to start all over again.” 

 

- Quotes from The Curious Case Of Benjamin Button 

by F. Scott Fitzgerald   



 

 

 

 



 

 

ABSTRACT 

Nasopharyngeal carcinoma (NPC) is a subtype of head and neck cancer, originating from the 

nasopharynx. The etiology of NPC is considered a complex interaction between Epstein–Barr 

virus (EBV) infection, genetic susceptibility, environmental factors, and lifestyle factors. 

NPC has the highest metastasis rate among all head and neck cancers. Patients with NPC 

managed with radical radiotherapy plus chemotherapy can still develop local recurrence and 

distant metastases after the initial treatment.  

Recently, reprogrammed metabolism has been reported as a hallmark of NPC and the altered 

metabolism also affects the metastatic process in NPC. In this thesis, I studied these two 

hallmarks, activating metastasis and deregulating cellular metabolism, as well as the 

association between the two. The thesis focuses on the role of EBV encoded latent membrane 

protein 2A (LMP2A), microflora components, and metastasis suppressor 1 (MTSS1) in the 

altered metabolism and migration of NPC cells. 

In paper I, we show that forced expression of LMP2A resulted in increased epidermal growth 

factor receptor (EGFR) activation, elevated levels of intracellular Ca2+, calpain activation, 

and accelerated cleavage of integrin β4 subunit (ITGβ4). Activation of EGFR and increased 

calpain activity was responsible for the ITGβ4 redistribution from the basal layer to the 

peripheral membrane in NPC cells, which correlated with enhanced migratory potential of 

NPC cells. Moreover, we demonstrated that the expression of calpastatin, the calpain 

inhibitor, was decreased in NPC tissues, compared to the control nasopharyngeal epithelium. 

In conclusion, our results pointed to that LMP2A enhances cancer cell migration via the 

EGFR/Ca2+/calpain/ITGβ4 signaling pathway in NPC cells.  

In paper II, we show that LMP2A could block lipid degradation by downregulating the 

lipolytic gene adipose triglycerol lipase (ATGL), consistent with the finding that LMP2A 

increases lipid accumulation in NPC cells. Suppression of ATGL not only promoted cell 

migration but also enhanced lipid accumulation in NPC cells, which mimicked the function 

of LMP2A in NPC cells. We found that ATGL is downregulated in NPC biopsies and the 

reduced expression level of ATGL associates with poor overall survival in NPC patients. Our 

findings revealed a novel effect on lipid metabolism in NPC and a link between lipid 

metabolism and cell migration in LMP2A positive NPC cells. 

In paper III, we show that microbes and their cell wall components induce an inflammatory 

response in normal nasopharyngeal epithelium (NNE) cells in vitro. NNE cells showed strong 

induction of nuclear nuclear factor-κB (NF-κB) shuttling and inflammatory gene expression 



 

 

when treated with components of the gram-positive bacterial cell wall: gram-positive bacteria 

(streptococci) or peptidoglycan (PGN). However, this response was abrogated in NPC cells. 

Furthermore, we found that the induction of inflammatory response by NF-κB signaling is 

blocked at two levels in NPC cells: NF-κB trapped in lipid droplets (LDs) in the cytoplasm 

and the reduction of the inflammatory response by increased expression of lysine-specific 

histone demethylase 1 which is a repressive nuclear factor. The refractory response of NPC 

cells might be a consequence of long-term exposure to microbes in vivo, which contributes to 

the decreased anti-tumor immune responses in NPC. 

In paper IV, we show that MTSS1 is downregulated in NPC tissues and the lower expression 

of MTSS1 predicts a worse patient prognosis. This could be explained by the ability of 

MTSS1 to suppress NPC cell migration and invasion through cytoskeletal remodeling at cell-

cell borders and assembly of epithelial cadherin/β-catenin in adhesion complexes, as we show 

in vitro. Moreover, we found that the inverse Bin–Amphiphysin–Rvs (I-BAR) domain of 

MTSS1 is both necessary and sufficient to promote the formation of adherens junctions. 

These findings suggest that MTSS1 suppresses metastasis by controlling the integrity of the 

adherens junctions. 

In summary, in this thesis, I investigate the mechanism of altered metabolism and migration 

of NPC cells and revealed an association between metabolic reprogramming and activation of 

migration in NPC cells. These findings may have useful clinical and therapeutic implications 

in NPC but can also be extended to other EBV-associated epithelial cancers as well as other 

cancer types with decreased expression of MTSS1. 
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1 INTRODUCTION 

Nasopharyngeal carcinoma (NPC), a subtype of head and neck cancer, originates in the 

nasopharynx, but it has distinct features from other head and neck cancers in the larynx, lips, 

mouth, nose, and salivary glands. NPC is rare on a global scale, with approximately 130,000 

new cases diagnosed annually1, which only accounts for 0.7% of all cancers. However, the 

incidence rate of NPC displays a geographic variation and most of these new cases are 

diagnosed in Southeast Asia, North Africa, and Greenland. NPC is one of the leading causes 

of cancer-related deaths in these regions2. For example, the age-standardized incidence rate in 

China was 3.0 per 100,000 people in 20181, but with more than 10-fold higher incidence in 

rates in the “endemic” region in Southeast China. 

The high incidence of NPC in certain geographic regions indicates that genetic and/or 

environmental factors contribute significantly to tumorigenesis. The linkage of NPC 

susceptibility to particular human leukocyte antigen subtypes has been extensively studied in 

the endemic regions of Southern China3. Recently, studies that applied whole-exome 

sequencing technology have identified more genetic susceptibility genes in NPC, such as 

integrin subunit alpha 9 (ITGA9)4, MHC class I polypeptide-related sequence A (MICA)5, 

MDS1 and EVI1 complex locus (MECOM)5, cyclin-dependent kinase inhibitor 2A/2B 

(CDKN2A/2B)5, TNF receptor superfamily member 19 (TNFRSF19), and macrophage-

stimulating 1 receptor (MST1R)6. The environmental and lifestyle factors include tobacco 

smoking, alcohol intake, dietary habits (salt-cured fish, animal-based food), poor oral 

hygiene, and occupational exposure to dust7. Moreover, there is a very close association 

between Epstein–Barr virus (EBV) infection and the undifferentiated NPC which is the major 

histologic type in endemic regions8,9. Recently a significantly increased risk for NPC could 

be linked to a genetic variant of EBV more common in southeast China10. Now, the etiology 

of NPC is considered a complex interaction between EBV infection, genetic susceptibility, 

environmental factors, and lifestyle factors2. 

In the latest edition of the World Health Organization classification system, NPC is 

pathologically classified into three subtypes: keratinizing squamous cell carcinoma, non-

keratinizing squamous cell carcinoma, and basaloid squamous cell carcinoma11. The non-

keratinizing type can be further sub-categorized as undifferentiated or differentiated11. The 

keratinizing NPCs are in the minority (<20%) of all NPC cases worldwide and this subtype is 

relatively rare in the endemic areas, while the non-keratinizing NPCs account for the great 

majority and this subtype is the most common (>95%) in endemic areas2,12.  
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Patients with NPC have variable presentations depending on the size and extent of the tumor. 

The possible invasion routes of NPC are anterior spreading into the nasal cavity, pterygoid 

fossa, and maxillary sinuses; lateral compression of the eustachian tube or invasion of the 

parapharyngeal and infratemporal spaces; and superior invasion of the skull base, clivus, and 

intracranial2. Lymph node metastasis is frequently detected in patients with NPC2. The most 

common presentations are nasal bleeding, nasal obstruction, hearing loss, headaches, and/or 

enlarged lymph nodes in the neck2.  

To understand how NPC develops and progresses, we need to investigate its biological 

characteristics. Douglas Hanahan and Robert Weinberg summarized the ten most common 

features of cancer in two reviews13,14: self-sufficiency in growth signals, insensitivity to anti-

growth signals, evading programmed cell death, limitless replicative potential, sustained 

angiogenesis, tissue invasion, and metastasis, deregulated metabolism, avoiding immune 

destruction, tumor-promoting inflammation, and genome instability and mutation. Our work 

focuses on two of these, altered metabolism and migration of NPC cells. 
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2 LITERATURE REVIEW 

2.1 METABOLIC ALTERATION IN CANCER 

Metabolic reprogramming has been described as one of the hallmarks of cancer15,16. The 

aberrant metabolism of cancer is characterized by enhanced aerobic glycolysis17,18, increased 

glutamine utilization19, and dysregulated lipid turn over20,21. 

2.1.1 Factors contributing to aberrant metabolism in cancer 

Alterations in the metabolic phenotype of tumor cells arise from genetic aberrations that 

regulate cellular signaling pathways. In human cancers, several genetic alterations have been 

identified in oncogenes22-24 and tumor suppressor genes25-27, involved in the metabolic and 

growth pathways. Besides, a large number of mutations in genes encoding enzymes in the 

Krebs cycle were identified to induce not only metabolic alteration but also oncogenic 

effects28. For example, mutations in succinate dehydrogenase and fumarate hydratase alter the 

complex II respiratory chain function, resulting in reduced flavine adenine dinucleotide. 

These mutations induce a switch to aerobic glycolysis and lead to the metabolic phenotype in 

some inherited and sporadic cancers25. As a consequence of these mutations, prolyl-

hydroxylases are inactivated, which leads to increased hypoxia-inducible factor 1 (HIF1) and 

enhanced glycolysis28,29.  

Extracellular factors (Figure 1) include interactions with other cells in the tumor 

microenvironment (TME), nutrient availability, oxygen tension, pH gradients, physical 

pressures, and oxidative stress30. TME is the environment surrounding the tumor cells, 

including the surrounding blood vessels, immune cells, fibroblasts, signaling molecules, and 

extracellular matrix (ECM). The law of survival of the fittest requires tumor cells to display a 

preference metabolic phenotype for taking advantage of nutrients and signaling molecules 

that are available in different TME30,31. For cells in glucose-limited TME, one known 

adaptation is to decrease glucose dependency and increase utilization of amino acids, fatty 

acids to fuel mitochondrial respiration32. In response to specific environmental stimuli, such 

as nutrient limitation or oxidative stress, macroautophagy is an alternative method of 

metabolic adaption to maintain energy homeostasis33,34. 

Tumor viruses in human tumor-associated cancers also affect cancer cell metabolism35. The 

known mechanisms so far represent a wide range of molecular interactions due to specific 

viral proteins affecting carbohydrate and lipid metabolism as well as signaling related to 

metabolism35. The viral effects often seem to enhance further the metabolic reprogramming 
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associated with the tumor phenotype36. We do not know how much this represents viral 

adaptation vs being a front-line role of the virus in pathogenesis. The insight that single viral 

proteins affect metabolic pathways in tumor cells offers specific targets for the future 

experimental studies of metabolic reprogramming as well as in identifying possible 

therapeutic strategies. The field of tumor virus effects on cancer cell metabolism is just 

opening up with a need for more and deeper studies. 

 

Figure 1. Extracellular factors contribute to aberrant metabolism in cancer. 

2.1.2 Glucose metabolism and the Warburg effect in cancer 

Glucose is a core nutrient for mammalian cells. Normally, the end product of glucose 

metabolism can be lactate under anaerobic conditions or carbon dioxide after the complete 

oxidation of glucose through mitochondrial respiration. However, in tumor cells and other 

proliferating or developing cells, the utilization of glucose is dramatically increased and large 

amounts of lactate are produced, even under aerobic conditions and with fully functional 

mitochondria. This metabolic character is known as the Warburg effect (Figure 2)37-39. The 

Warburg effect has been proposed as an adaptive mechanism to meet the biosynthetic 

demands of sustained proliferation. In this case, the increased glucose utilization provides a 

carbon source for anabolic processes to support enhanced cell growth and proliferation. On 

the other hand, the excess carbon generated by glycolysis is diverted to other pathways and 

used for the synthesis of nucleotides, lipids, and proteins38,40.  
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Figure 2. Schematic representation of the differences between oxidative phosphorylation, anaerobic glycolysis, 

and aerobic glycolysis (Warburg effect) (Taken from Liberti MV, et al.38). 

It has been reported in numerous studies that increased expression of genes involved in 

glucose metabolism enhances cancer cell proliferation, such as glucose transporter 1 

(GLUT1), hexokinase 1/2 (HK1/2), 3-Phosphoinositide dependent protein kinase 1 (PDK1), 

phosphofructokinase 1 (PFK1), pyruvate kinase isozyme M2 (PKM2), lactate dehydrogenase 

A (LDHA), and monocarboxylate transporter 1/4 (MCT1/4)15,22,41,42. Besides the glycolytic 

genes, glycolysis is also regulated by other genes and enzymes. The MYC oncogene 

encoding the transcription factor c-Myc contributes to the development of many human 

cancers, linking altered cellular metabolism to tumorigenesis43. c-Myc regulates genes 

involved in the ribosome and mitochondrial biogenesis, as well as the regulation of glucose 

and glutamine metabolism43. It has also been shown that the phosphatidylinositol 3-

kinase/protein kinase B/mammalian target of rapamycin (PI3K/Akt/mTOR) signaling 

pathway plays an important role in many cellular processes including metabolism, 

inflammation, cell proliferation, motility, and cancer progression44,45. In addition, HIF-1 

activation is involved in mediating key enzymes in angiogenesis, erythropoiesis, and aerobic 

glycolysis44,45. 
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2.1.3 Lipid metabolism in cancer 

As components, fatty acids can participate in a variety of metabolic pathways to make more 

complex lipid species, such as monoglycerides, diglycerides, and triglycerides, as well as 

phosphoglycerides including phosphatidic acid, phosphatidylethanolamine, and 

phosphatidylserine. Thus, fatty acids play an active role in maintaining the structural diversity 

of the cellular lipid pool, which is important for multiple biochemical processes in 

mammalian cells. Cells can obtain fatty acids through exogenous uptake from the 

microenvironment or through de novo synthesis utilizing sources such as glucose or 

glutamine46. Fatty acid remodeling, as one of the metabolic features in cancer cells, broadly 

includes altered fatty acid translocation, de novo lipogenesis, storage in LDs, and β-oxidation 

for ATP production (Figure 3)14,46,47. Interestingly, the specific mechanisms inducing 

particular fatty acid reprogramming varies, may depending on tumor types. 

Figure 3. Overview of cellular fatty acid 

metabolism (Taken from Currie E.et al.47)  

 

Several lipogenic enzymes are 

upregulated in cancer cells, resulting 

in elevated de novo lipogenesis, such 

as fatty acid synthase (FASN), ATP 

citrate lyase (ACL), and acetyl-CoA 

carboxylase (ACC)47. FASN is 

probably the most well-studied fatty 

acid synthase enzyme associated with 

cancer. FASN catalyzes sequential 

condensation reactions to produce 

fatty acids using malonyl coenzyme 

A and acetyl coenzyme A as 

substrates, mainly generating 16-

carbon palmitate48. Increased fatty 

acid synthesis and elevated FASN 

levels have been observed in various cancers and they are strongly associated with poor 

prognosis in many cases49. FASN inhibition leads to a dramatic decrease in endogenous fatty 

acids synthesis, which induces cell cycle arrest, reduced tumor cell proliferation, and 

ultimately increased apoptosis48,49. The mechanisms underlying the cell growth suppression, 
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cytotoxicity, and apoptotic impacts that occur due to inhibition of FASN have not been 

understood. However, the fact that FASN inhibition significantly suppresses tumor cell 

growth and proliferation may demonstrate a role of FASN in the linking of many signaling 

pathways like the process of cell metabolism and cell proliferation. 

Cancer cells reprogram lipolysis and lipogenesis to establish a fatty acid network to support 

the requirement for rapid growth and aggressive progression. For example, under metabolic 

stress, the activity of lipolytic enzymes and the expression level of the lipolytic genes are 

elevated, resulting in increased intracellular fatty acids, glycerol, and fatty acid-derived 

tumorigenic lipid metabolites50. It has been reported that intracellular lipolysis mediated by 

ATGL, also known as patatin-like phospholipase structural domain 2 (PNPLA2), was 

significantly downregulated by hypoxia-inducible protein 2 in hypoxia51. This inhibition of 

lipolysis leads to the accumulation of triglyceride and LDs as well as to sustaining cancer cell 

survival under hypoxia condition51. Since the accumulation of excess fatty acids may induce 

lipotoxicity, storage of excess fatty acids in lipid droplets by blocking ATGL-mediated 

lipolysis would be a possible strategy to avoid the harm from lipotoxicity under hypoxic 

conditions. Under normal conditions, activation of ATGL led to fatty acids released into the 

fatty acid oxidation pathway by activating peroxisome proliferator-activated receptor-α 

(PPAR-α) which is a transcription factor and an important regulator of lipid metabolism52. Of 

note, continuously enhanced fatty acids oxidation usually leads to increased production of 

reactive oxygen species (ROS), which can cause oxidative stress and result in cell death52. To 

act against the damage from ROS, cellular PPARα also boosts the expression of various 

antioxidant enzymes, such as catalase and superoxide dismutase52. Another lipolytic enzyme, 

monoglyceride lipase (MGLL), was also shown to be upregulated in aggressive cancer cell 

lines and advanced ovarian tumors, which resulted in an increased amount of free fatty acids, 

lysophosphatidic acid, and prostaglandins while blocking MGLL reduced the cell migration, 

invasion, and growth53.  

2.1.4 Calcium and calpain in cancer 

Calcium is a ubiquitous cellular signaling molecule and it is involved in the regulation of a 

variety of processes, such as cell motility, cell division, and cell death54. The level of 

intracellular calcium is regulated by diverse calcium channels, pumps, and exchangers in the 

plasma membrane and intracellular organelle membranes (Figure 4)55,56. The remodeling of 

the expression of these calcium and calcium-regulating proteins is associated with certain 

cancer types54. 
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Ca2+ signaling is involved in almost every step of migration and invasion in cells, from the 

response to migration stimuli to the movement speed, direction control, and the ECM 

degradation57. Studies have shown that the concentration of cytoplastic Ca2+ signaling differs 

markedly between the front and rear of migrating cells, with higher free Ca2+ levels at the 

trailing edge58. In addition to promoting forward motion through activation of contractile 

proteins at the trailing edge of migrating cells, Ca2+ signaling contributes to the modification 

of local and peripheral adhesion molecules through Ca2+-dependent phosphorylation or 

cleavage57. Redistribution of Ca2+ serves to develop the cell polarization which is mandatory 

for cell migration58, and transient high levels of local Ca2+ at the frontier of migrating cells 

control the moving direction59.  

 

Figure 4. An overview of Ca2+ signaling pathways and toolkit members. (Taken from Roberts-Thomson SJ, et 

al.56)  

Altered expression of calpain is associated with tumorigenesis. For example, increased 

expression of calpain has been observed in schwannoma60, meningiomas60, renal cell 

carcinoma61, and colorectal adenocarcinoma62. However, studies reported that the expression 

of calpain is reduced in endometrial cancer63 and no alteration of the calpain expression in 

basal and squamous carcinomas of the skin64. The function of calpain in cell migration is well 

established, evidenced from both the in vitro and in vivo experiments. In addition, the 

evidence that calpain regulation is an essential event of cell migration is more robust than its 

role in apoptosis and survival of cancer cells. It has been reported that calpain affects tumor 

cell migration and invasion through multiple mechanisms that rely on synergistic proteolytic 

cleavage of multiple substrates that regulate cell-matrix adhesion and cytoskeleton dynamics.  

Cell migration studies using two-dimensional modules have shown that the persistent motility 

is regulated by the spatiotemporal coordination of cell-substrate adhesion, actin- and myosin-

mediated cell contraction, and cell-substrate detachment65. It has been reported that m-calpain 

localizes to the integrin-associated adhesive structure and directly cleaves the focal adhesion 
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protein talin66. This was subsequently shown to be regulated by the downstream activation of 

mitogen-activated protein kinase kinase kinase 1 via calpain67. This implies that calpain is 

involved in the regulation of integrin-mediated cell adhesion. Importantly, calpain inhibitors 

stabilized peripheral adhesion sites and reduced the rate of membrane detachment in the 

trailing edge of migrating cells68. 

Calpain may have more functions in the context of three-dimensional invasion. For instance, 

calpain-mediated cleavage of tyrosine phosphatase 1B is linked to SRC kinase-mediated 

organization of invasive pseudopod structures69. Several studies have also indicated that 

calpain can function upstream of matrix metalloproteinase (MMP) 2 and 14, as well as 

urokinase fibrinolytic enzyme prototype activators, to promote extracellular matrix 

remodeling and invasion70. Moreover, elevated calpain isozymes 1 mRNA expression in 

cancer was identified to be associated with increased lymph node metastasis in kidney 

cancer61. 

2.2 CANCER METASTASIS 

Activating invasion and metastasis is another hallmark of cancer13. Cancer cells that have 

acquired an invasive and metastasizing phenotype can invade through the surrounding matrix 

and into lymph vessels and blood vessels, which serve as the primary means of passage to 

local-regional and distant organs13. Significantly, metastasis causes as much as 90% of 

cancer-associated mortality but it remains one of the most difficult processes to target with 

therapy71.  

2.2.1 Invasion-metastasis cascade 

To stop tumor metastasis, more insights into the biological processes are required. The major 

steps of invasion-metastasis cascade involve a) the local invasion of the basement membrane, 

b) intravasation into the surrounding lymphatic or vasculature system, c) extravasation into 

secondary tissue, d) formation of micrometastases, and e) finally colonization at the distant 

organ71,72. Most of these steps can be executed by cancer cells activating a process termed 

epithelial-mesenchymal transition (EMT)73,74. During the EMT process, cells lose the 

cytokeratin expression, epithelial adherens junctions, and cell polarity, but acquire the 

fibroblast-like shape, enhance motility and invasiveness, mesenchymal gene expression, 

mesenchymal adherens junctions, protease, and fibronectin secretion71,72,74. This occurs not 

only in cancer progression but also in the process of development, wound healing, and 

propagation in cell culture.  
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In epithelial cancer, the process of distant metastasis can be simplified into two major phases: 

dissemination of primary tumor cells to the circulation system and colonization of circulating 

tumor cells at distant organs (Figure 5)71. Interestingly, a great majority of the earlier steps of 

the invasion-metastasis process are likely to be similar among diverse cancer types. Loss of 

the epithelial adherens junctions is the initial step of physical translocation from the primary 

tumor to a distant organ, which is a vital step in the process of cancer metastasis71,72. The 

colonization step as the last step is considered to be the least efficient of the invasion-

metastasis cascade. Although the organization of the cell mobility between the primary tumor 

site and the target site of metastasis could be explained by metastatic tropisms of cancer cells, 

the details of this colonization is poorly understood. This step probably depends on the 

multiple interactions between metastasizing tumor cells and the microenvironments of the 

host tissues71,72. While some types of cancer theoretically can form metastases in virtually 

every organ in the human body, the most frequent target organs of metastasis are the lung, 

bone, liver, and brain75. The seed and soil hypothesis could be a reason why cancer cells 

metastasize to the certain target of organs, not other organs by random. The hypothesis states 

that metastatic tumor cells exhibit preferences when metastasizing to organs, just like seeds 

only grow on good soil76.  

 

Figure 5. The metastatic cascade. (Taken from Chaffer CL, et al.71) 

2.2.2 Cell junctions and cancer metastasis 

In the initiation of escaping the primary tumor mass, the cells must acquire the ability to 

invade and lose the cell junctions to neighboring cells. Cell junctions are a class of cellular 

structures consisting of multiprotein complexes organized between contacting cells or 

between a cell and the neighboring extracellular matrix77. The cell-cell junctions include 
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adherens junctions, desmosomes, and tight junctions, while major types of cell-matrix 

junctions are hemidesmosomes and focal junctions77.  

Adherens junctions are protein complexes organized at cell-cell junctions in epithelial tissues. 

Cadherins and catenins are the key molecules in the formation and maintenance of adherens 

junctions (Figure 6)78. The family of classical cadherins includes epithelial-cadherin (E-

cadherin), neural cadherin, placental catenin and vascular endothelial cadherin. They are 

transmembrane proteins, with their cytoplasmic portions binding to catenins to establish 

strong adhesive interactions between two adjacent cells79. The cytoplasmic part of those 

transmembrane proteins can bind to connexins, which confer strong adhesion interactions 

between adjacent cell membranes. The family of catenins comprises α-catenin, β-catenin, γ-

catenin (plakoglobin), and p120 catenin80. β-catenin or γ-catenin can interact directly with the 

cytoplasmic domain of E-cadherin. Both β-catenin and γ-catenin bind to α-catenin to form a 

protein complex, and the primary function of the protein complex at adhesion junctions is to 

carry α-catenin to the cadherin-catenin complex at the cell membrane80. Beside their 

important role at adherens junctions, β-catenin is the key transcriptional co-activators in the 

classical Wnt signaling pathway, which can lead to cancer when aberrantly activated80. p120 

is both structurally and functionally similar to β-catenin, and it also interacts with cadherin in 

adherens junctions and regulates transcription81. p120-catenin can negatively regulate Ras 

homolog family member A (RhoA) and positively regulate Ras-related C3 botulinum toxin 

substrate 1 (RAC1) small GTPases, promoting actin cytoskeleton reorganization at adherens 

junctions81. 

 

Figure 6. Major proteins involved in the formation of the adherens junctions. (Taken from Vasioukhin V78) 

Desmosomes are responsible for establishing intercellular adhesive networks between the 

cytoskeleton and the plasma membrane, functioning as anchoring junctions. Desmosomes 
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anchor the intermediate filaments of the cytoskeleton through protein complexes in connected 

cytoplasmic and extracellular regions, thus providing mechanical linkage between cells. 

Three major classes of proteins interact to bridge the intracellular gap and anchor the keratin 

cytoskeleton of neighbor cells: cadherins, armadillo proteins, and plakins82.  

A tight junction is an intercellular adherens junction located within the apical-basal region of 

the cell membrane to maintain cell polarity in normal epithelium and endothelium82. The tight 

junction complex consists of the occludin, claudin and junctional adhesion molecule, which 

bind to zonula occludin proteins and actin cytoskeleton83. Claudins are key components of the 

tight junctions, forming homodimeric and heterodimeric interactions between adjacent cells, 

which are showed to be key regulators in carcinogenesis and cell metastasis in cancer84. 

Claudins regulate the paracellular channel between the plasma membranes of two 

neighboring cells, which is selectively permeable to monovalent and/or divalent ions as well 

as small uncharged molecules because individual claudins display a specific charge 

preference and are highly selective for cations or anions85. 

2.2.3 The actin cytoskeleton in cancer cell migration 

Cell migration is a highly integrated multistep process, in which animal cells need to closely 

coordinate cell adhesions with dynamic cytoskeletal changes, displaying specific cell 

functions86. In general, single-cell migration consists of a four-step cycle87,88. Firstly, in 

response to attractants and adhesion proteins in the ECM, cells form two types of membrane 

protrusions, termed lamellipodia and filopodia, at the leading edge. Secondly, new focal 

adhesion is organized in front of the migrating cells to strengthen their attachment to the 

ECM. Thirdly, the activity of the actin-myosin complex is increased to induce the retraction 

of the rear end of cells. Last, disassembly of the posterior focal adhesions allows the cell body 

to move forward. 

In mammalian cells, there are three types of protein fibers that together constitute the 

cytoskeleton: actin filaments (also known as microfilaments), microtubules, and intermediate 

filaments, all of which are involved in the regulation of cell migration (Figure 7)87. Actin 

filaments are formed by many linked actin monomers. They serve as tracks for the movement 

of a motor protein called myosin. Actin filaments can assemble and disassemble in a 

regulated fashion, which is highly important for cell motility89. Microtubules are composed of 

tubulin dimers, consisting of two subunits, α-and β-tubulin. Microtubules act as motor-driven 

"railways" for intracellular transport, interact with accessory proteins to assemble larger 

structures such as mitotic spindles, and act as highways for the transport of cargoes including 
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protein-containing vesicles and organelles90. There are several different types of intermediate 

filaments, each composed of a different type of protein. Intermediate filaments are more 

durable and play a fundamental structural role and protection from mechanical stress in the 

cell91. 

Figure 7. Schematic illustration of major 

cytoskeletal components in motile cells. (Taken 

from Tang, D.D. et al.87) 

 

It has long been noticed that epithelial cells 

undergo morphological transitions in the 

process of requisition of metastatic and 

invasive properties, which is one of the 

features of EMT73. Altered cytoskeletal 

dynamics correlate with motility and 

invasiveness of malignant cells90. 

Lamellipodia are widely believed to play 

an important role in driving cell migration, 

including cancer cell migration, by attachment to the matrix and generating force to pull the 

cell forward92. Filopodia project from the lamellipodial actin meshwork. The prevailing idea 

is that cells use filopodia to probe the cues in the environment and that they also function at 

the leading edge of migrating cells93. In addition, filopodia are involved in the formation of 

different types of adhesion by providing a mechanical force. Filopodia can act as "sticky 

fingers", exerting force through adhesion interactions and myosin activity94, which is 

important to prevent tumor cell dissemination from the primary site.  

2.2.4 Regulation of the actin cytoskeleton by BAR domain proteins 

The Bin-Amphiphysin-Rvs (BAR) structural domain proteins, or BAR domain proteins, 

share an N-terminal BAR domain and have a high propensity to adopt an alpha-helical 

structure and interact with other proteins in a convoluted helix95. The BAR domains are 

grouped into six subclasses according to their shapes: the classical BAR domains; the N-

terminal amphipathic helix BAR (N-BAR) domains; the BAR-pleckstrin homology (BAR-

PH) domains; the PhoX-BAR (PX-BAR) domains; the extended FER-CIP4 homology (F-

BAR) domains; and the Inverse-BAR (I-BAR) domains96. The BAR structural domain 

proteins have been found to play an important role in the regulation of membrane modeling 

and trafficking95,97,98. These two processes are linked via the direct interaction between BAR 
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proteins, Wiskott-Aldrich syndrome protein (WASP) and the diaphanous-related formin 

(DRF) families of actin nucleation-promoting factors (NPFs). Rho GTPases are key players 

in the complex interaction, and BAR proteins can act both upstream and downstream of Rho 

GTPases98.  

Metastasis suppressor 1 (MTSS1) was named "missing in metastasis" (MIM) because it was 

not expressed in invasive, metastatic bladder cancer cell lines99. Wild-type MTSS1 comprises 

759 amino acids residues, with a C-terminal WASP homology 2 (WH2) domain and an N-

terminal I-BAR domain100. The C-terminal WH2 domain interacts with actin filaments, 

whereas the I-BAR domain confers binding to phosphoinositide-rich lipid bilayers. The I-

BAR domain introduces a curvature of lipid bilayers at the plasma membrane, resulting in the 

formation of membrane protrusions at the plasma membrane101-103. At cell-cell junctions, 

WH2 and I-BAR domains may act in concert to sense the curvature of the loosely associated 

plasma membranes of two adjacent cells, and to organize filamentous actin (F-actin) to keep 

the junctional structure intact104. MTSS1 can be detected in all human tissues in terms of its 

mRNA, according to the Human Protein Atlas, but it has been well documented that loss of 

MTSS1 is related to metastasis and tumor progression in many different cancers105-117.  

2.3 EBV IN THE PATHOGENESIS OF NPC 

EBV was the first recognized human oncovirus. It was originally discovered in Burkitt 

lymphoma-derived tumor cells in vitro by Anthony Epstein, Yvonne Barr, and Burt Achong 

and described as a herpesvirus-structure particle under electron microscopy, in 1964118. 

Although it was known that the virus causes cancer from the discovery of the Rous sarcoma 

virus in chicken tumor in 1911119, the discovery of EBV in Burkitt lymphoma was a major 

step towards the current acceptance of the oncogenetic role of viruses in human cancer. 

Subsequently, the association between EBV and other human cancers was reported, including 

NPC (1969)120, a subset of Hodgkin's lymphoma (1971)121, and gastric cancer (1990)122, 

sinonasal angiocentric T-cell lymphoma (1995)123. With the evidence accumulated, in 1997 

the International Agency for Research on Cancer declared that EBV was a carcinogen and 

classified as group I (there is enough evidence to conclude that it can cause cancer in 

humans)124. EBV is the most common and persistent virus in humans, and approximately 

95% of the world's population is asymptomatically infected with the virus for life125. EBV is 

estimated to be associated with more than 200,000 new cancer cases each year, accounting 

for 1.8% of the global cancer burden125-127. 
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2.3.1 Taxonomy and structure, and viral gene products of EBV 

EBV, also known as human herpesvirus 4, belongs to the genus lymphocryptovirus in the 

lymphotropic gammaherpesvirus subfamily of the herpesvirus family124,128. Structurally 

similar to other herpesviruses, it has a double helix of DNA encapsulated by a nucleocapsid, a 

tegument between the nucleocapsid and the envelope, and an outer envelope with surface 

projections of glycoproteins124 (Figure 8a). The EBV genome consists of linear double-

stranded DNA, approximately 172 kilobase pairs (kbp) in length124,128. EBV has a series of 

0.5 kbp terminal repeats (TR) and 3 kbp internal direct repeats (IR), which divide the genome 

into unique long and short sequential domains (Figure 8b)124,128,129.  

The latent viral proteins, consistently expressed in EBV-transformed lymphoblastoid B-cell 

are limited, which contain six EBV nuclear antigens (EBNA1, EBNA2, EBNA3A(3), 

EBNA3B(4), EBNA3C(6), and EBNALP(5)), three latent membrane proteins (LMP1, 

LMP2A and LMP2B), two EBV-encoded small RNAs (EBER1 and EBER2) and several 

Bam-HI A rightward transcripts (BARTs) (Figure 8c)125. This pattern of latent EBV gene 

expression in infected B-cells is called latency III12,125. Some of these proliferating cells 

escape the immune surveillance by downregulating antigen expression and enter the memory 

B cell pool in which EBV protein expression is silenced. This latent type is referred to as 

latency 0125. Typical EBV-positive Burkitt lymphoma cells express a minimal number of 

latent EBV genes, only EBNA1, EBERs, and BART transcripts, and this is termed latency 

I12. Latency II pattern is observed in epithelial cancers including NPC and EBV positive 

gastric cancer and non-epithelial tumors like Hodgkin's lymphoma and NK/T-cell lymphoma, 

in which LMP1, LMP2, and EBNA1 are expressed12,130.  
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Figure 8. The structure, genome and viral gene products of EBV. (a) The structure of EBV virion. (b) Schematic 

representation of linear EBV DNA showing the general organization in unique regions (U1 and U2), internal 

repeats (IR1 to IR4), and terminal repeats (TR), the origin of replication (Ori-P) of the genome, and the lytic 

origins of replication (Ori-lyt). (Modified from L.S.Young et al129) (c) Diagram showing the location and 

transcription of the EBV latent genes on the double-stranded viral DNA episome. Various viral gene products 

are shown. EBER, EBV-encoded small RNAs; EBNA, EB nuclear antigens; gp, glycoprotein; LMP, EBV-

encoded latent membrane protein; BHRF1, BamHI fragment H rightward open reading frame; BARF1, BamHI-

A fragment rightward reading frame; BARTs, Bam-HI A rightward transcripts. (Taken from L.S.Young et al.125)  

2.3.2 The association between EBV and NPC 

Only five years after the discovery of EBV in Burkitt lymphoma-derived tumor cells, in 

1969, the same herpes-type viral particles that were found in Burkitt lymphoma were also 

observed in NPC-derived cancer cells in vitro120. In the following years, the association 

between EBV and NPC was confirmed by the groups of Werner Henle, Harald zur Hausen, 

George Klein and others131-133. They found that elevated antibody titers against EBV-encoded 

viral capsid antigen (VCA) and membrane antigen in sera from NPC pateints131; a correlation 

between high anti-EBV titers and advanced tumor stage of NPC133; and EBV DNA in 

biopsies of NPC132. Later, the diagnostic value of VCA-IgA in NPC was proposed by Zeng et 

al., based on a large-scale serological screening program in an endemic area in China134. In 

addition, VCA-IgA and neutralizing antibodies against EBV-specific DNase are abnormally 

increased several years before the onset of NPC135. 

Now, it is well known that NPC is closely associated with EBV infection12,136. The 

establishment of latent EBV infection in the preinvasive nasopharyngeal epithelium is 

considered to be a critical event at the early stages of NPC development136. Both latent and 

lytic genes may contribute to the transformation of the nasopharyngeal epithelium from pre-

cancer to cancer137. It has been found that certain EBV sequence variants may increase NPC 

risk by enhancing the viral oncogenic potential138. For example, the 30 bp deletion and XhoI 

loss in LMP1 have been found be to be associated with an increased risk of NPC139. Most 

importantly, a large-scale genome sequencing analysis recently identified two 

nonsynonymous EBV variants in BALF2 that strongly contribute to the high risk of NPC10. 

However, since EBV infection is almost ubiquitous, but the incidence of NPC is low 

globally, it is generally accepted that EBV infection cannot induce NPC independently and 

that other interactions and cofactors are indispensable in the pathogenesis of NPC12,136,140. 

Several hypothetical models of NPC pathogenesis have been proposed and they all reveal that 

the establishment of persistent latent EBV infection and expression of a variety of viral 

oncogenic proteins and non-coding RNAs enable the tumorigenesis of genetically susceptible 
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nasopharyngeal epithelial cells2,125,136,140,141. A hypothetical model of NPC pathogenesis, for 

example, is showed in Figure 9. However, the recent discovery of the BALF2 EBV variants 

linked to high risk of NPC development, may lead to a revision of this residing model. 

 

Figure 9. EBV is a key player in NPC pathogenesis. (Taken from Wong, K.C.W et al.140) 

2.3.3 Brief overview of the function of EBV latent genes in the pathogenesis 
of NPC 

EBNA1 is expressed in all NPC tumors and is the only viral protein required for the stable 

persistence of EBV genome142. EBNA1 sequence-specific binds to the plasmid origin of viral 

replication (Orip) to facilitate the initiation of DNA synthesis and maintain a stable number 

of EBV genomes in daughter cells during mitosis142-144. EBNA1 is partially localized to 

promyelocytic leukemia (PML) nucleosome in NPC cells and interacts with specific PML 

isoforms145. EBNA1 disrupts the PML nucleosome which regulates processes such as cell 

survival, DNA repair, and p53 activation145. This suggests that EBNA1 contributes to NPC 

development by disrupting PML nuclear bodies and thus promote the survival of cells in spite 

of DNA damage145. A mass spectrometry analysis identified several proteins involved in the 

oxidative stress response pathways that were upregulated in EBNA1 positive NPC cells, such 

as antioxidants superoxide dismutase 1 and peroxiredoxin 1145. In consistent with this, long-

term EBNA1 expression in NPC led to elevated ROS, which suggests a mechanism by which 

EBNA1 contributes to oncogenesis145. In addition, EBNA1 has been found to activate the 

transcription of other viral latent genes (EBNAs and LMP1) or cellular signaling pathways 



 

18 

(transforming growth factor beta 1 (TGFβ1), NF-κB) which might facilitate 

tumorigenesis142,146,147.  

LMP1 is the major transforming protein of EBV, functioning as a classical oncogene in 

fibroblast transformation, and is crucial for EBV-induced B-cell transformation in 

vitro144,146,148. Although there is no direct homology with currently known cellular proteins, 

LMP1 shares functional similarities with members of the tumor necrosis factor receptor 

(TNFR) family: TNFR1 and CD40149. For example, LMP1 can recruit many TNFR-

associated signaling proteins, including TNFR-associated factor and TNFR-associated death 

domain protein150-152. However, LMP1 functions in a constitutive, ligand-independent manner 

which is different from TNFR1 and CD40149. LMP1 promotes NPC cell growth by increasing 

the expression of growth factor receptors (e.g. EGFR153, c-Met154) or decreasing the 

expression of cell cycle regulators155 (e.g. p16, p21). It can promote angiogenesis by 

decreasing the degradation of HIF-1α and upregulating vascular endothelial growth factor 

(VEGF) expression in NPC156. In addition, LMP1 can epigenetically induce the inactivation 

of multiple cancer genes in NPC cells by activation of DNA methyltransferase 1157. The NF-

κB pathway can also be activated by LMP1, resulting in alteration of the tumor 

microenvironment and induction of pro-tumor-associated inflammation during the 

progression of NPC149. 

LMP2A is more consistently expressed then LMP1 in NPC. Studies have confirmed the 

expression of LMP2A mRNA in more than 90%158,159 and protein in approximately 

50%160,161 of NPC cases, respectively. Interestingly, this consistent expression of LMP2 in 

NPC is also mirrored in the serologic responses, such as a detectable IgG response to 

LMP2A/2B in most NPC patients162. The two LMP2 isoforms, LMP2A and LMP2B, share 

12 hydrophobic membrane-spanning domains and a short cytoplasmic C-terminus, but differ 

in that LMP2A contains an additional cytoplasmic N-terminal domain encoded in exon 1, 

while the first exon of LMP2B is non-coding163. Studies have revealed that the N-terminal 

structural domain contains several adaptor and tyrosine kinase motifs including an 

immunoreceptor tyrosine activation motif that contributes to the regulation of multiple 

signaling pathways, including that of SYK, LYN, PI3K–AKT, RhoA, and mitogen-activated 

protein kinase (MAPK)– extracellular signal-regulated kinase (ERK)146 (Figure 10). LMP2A 

can also regulate NF-κB and signal transducer and activator of transcription signaling in 

EBV-positive C666-1 NPC cell line by affecting IL-6 transcription and secretion164.  
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Figure 10. Structure and function of LMP2A. (Taken from L.S.Young et al.146, but SYC should be SYK with K 

in the figure) 

2.3.4 Genetic and epigenetic aberrations in NPC pathogenesis 

Several studies have shown that there is a surprisingly low frequency of mutations in 

oncogenes and established suppressor genes in NPC165, compared to most other cancers, 

although mutated p53 is the most common cancer cell genetic aberration it is found only in a 

few percentages of NPC166-172. Thus, there is no consistent pattern of common driver 

mutations in NPC173. On the other hand, the level of methylation of promoters in NPC is 

conspicuously high in NPC174, comparable to that of EBV-positive gastric cancer175. 

2.3.5 The local microflora in NPC pathogenesis 

There is an increasing interest in the role of bacteria in carcinogenic processes, from 

oncogenic processes stimulated by specific bacterial types such as Helicobacter pylori176 or 

Chlamydia pneumoniae177, to the broad range of effects on carcinogenesis and tumor 

immunity conveyed by normal floras, particularly that of the gut178-180. Bacteria can 

reprogramme cells by attaching specifically to the cell surface. Bacteria also produce a range 

of potent small molecules with dramatic effects on human mucosal cells, such as butyric 

acid181,182. In NPC studies in this field have been very limited so far, but it is noteworthy that 

the tissue where NPC develops is constantly “bathing” in the complex nasopharyngeal 

microflora, which also attaches to the epithelial cells and may release chemically active 
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substances183. The short-chain fatty acid sodium butyrate e.g is a potent histone deacetylator 

and inducer of EBV lytic cycle184,185. 

2.3.6 Metabolic reprogramming in NPC 

Like most cancers, NPC displays increased glucose uptake and enhanced aerobic glycolysis. 

In the clinic, the 18F-fluorodeoxyglucose positron emission tomography scan which can 

reveal the glucose uptake capacity of the tissue, is widely used for NPC patients to evaluate 

the tumor stage and treatment response186. It has been reported that the GLUT proteins 

functioning to transport glucose and related hexoses are overexpressed in NPC, and the 

expression level is correlated to tumor stage, lymph node metastasis, and EBV infection187. 

The glucose converts into pyruvate under the glycolytic genes, which is referred to as 

glycolysis. Several glycolytic genes or enzymes are reprogrammed in NPC tissue or cell lines, 

such as HK2188,189, triosephosphate isomerase 1 (TPI1)190, and PKM2190,191. The expression 

level of HK2 was increased in NPC and the elevated expression of HK2 predicted a poor 

prognosis of patients withs NPC189. Another study showed that forkhead box protein C2 

(FOXC2) - yes-associated protein (YAP) signaling positively regulated HK2 expression and 

enhanced glycolysis, while inhibition of HK2 suppressed the oncogenesis of NPC cells in 

vitro and in vivo188. PKM2 which is frequently upregulated in cancers was also found to be 

increased in NPC, and PKM2 was downregulated by ten-eleven translocation protein 2 which 

is an evolutionarily conserved dioxygenase and it acts as a tumor suppressor in various 

malignant tumors191. Interestingly, LMP1 can upregulate GLUT1 via mTORC1/NF-κB 

signaling pathway192, and induce GLUT1 translocation to plasma membrane193, both of 

which result in the increase of glucose flux into NPC cells to fuel aerobic glycolysis. LMP1 

was found to alter cell metabolism by regulating the LKB-AMPK pathway194 and glycolytic 

genes195 in NPC cells. 

Dysregulated fatty acid metabolism is another predominant feature in NPC. To meet their 

energetic requirements for rapid proliferation and aggressive progression, tumor cells adjust 

the control on the lipid anabolic-catabolic switch. Under energy stress, intracellular fatty acid 

can be used as fuel to produce ATP via β-oxidation of fatty acids to meet the energy demand. 

The carnitine palmitoyltransferase 1 (CPT1) is the key enzyme to transport fatty acids from 

the cytoplasm to mitochondria where β-oxidation occurs. Fatty acid oxidation was found to 

be augmented in radiation-resistant NPC cells and CPT1A was consistently upregulated in 

these cells196. MGLL, a hydrolyze involved in intracellular triglyceride degradation to release 

free fatty acids into the cytoplasm, was highly expressed in high metastatic NPC cells. MGLL 

expression was associated with the expression of EMT markers, such as E-cadherin, vimentin, 
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and snail197. These suggest that when the energy demand is increased in NPC cells, the 

overexpression of MGLL could promote the release of free fatty acids into the cytoplasm for 

β-oxidation in mitochondria via the transportation of CPT1A. Interestingly, on the other hand, 

FASN was upregulated, resulting in the increased de novo fatty acid biosynthesis198, and 

enhanced tumor cell proliferation and radiation resistance in NPC199. Our group has 

demonstrated that a large amount of lipid droplets is accumulated in NPC cells and NPC 

tissues, and this could be the consequence of impaired lipolysis mediated by epigenetic 

downregulation of ISG-15 conjugating enzyme Ubzyme UbcH8200. Later, we reported that 

LMP2A played a major role in lipid metabolism, and the block of ATGL by LMP2A could 

contribute to the lipid accumulation which links to increased migration in NPC cells201.  

2.3.7 Metastasis of NPC 

Good control of local spread in patients with NPC can usually be achieved with radiotherapy 

with or without chemotherapy, but these patients may still progress with distant metastases 

even after initial therapy. NPC has a much higher metastasis rate than other head and neck 

cancers at diagnosis202, and ranges from 9.0% to 15.5%202-204. A large-population 

retrospective analysis showed that bone is the most common metastatic site for NPC, 

followed by lung, distant lymph node, live, and the brain205. In patients with advanced NPC, 

dual-site metastasis is the most common pattern205. The choice of systemic therapy is 

individualized based on the characteristics of patients with metastatic NPC. Currently, 

treatment options for them include systemic chemotherapy and checkpoint inhibitor 

immunotherapy, either as single agents or in combination206. Disappointingly, the treatment 

for patients with metastatic NPC is still challenging, and distant metastases remain the major 

cause of treatment failure207. Early detection of NPC, together with a variety of screening 

approaches and biomarkers, would offer increased chances for successful treatment with 

curative intent208,209. Early prevention of metastasis in patients with NPC would be one of the 

most notable actions to improve patients´ overall survival. 

Several oncogenes and tumor suppressor genes have been identified to be closely associated 

with NPC metastasis. It was reported that MMP14 is upregulated in NPC biopsies in 

comparison to normal nasopharynx tissues at both mRNA and protein level and high MMP14 

expression was positively correlated with the advanced tumor stage and lymph node 

metastasis, which could be explained by the mechanism that MMP14 promotes the cancer 

cell migration and invasion by induction of EMT phenotype in NPC210. Another study 

showed that VEGF promotes NPC cell migration and invasion by inducing EMT and 

upregulating MMP2 and MMP9211. There are other genes/proteins which are upregulated in 
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NPC and can promote tumor cell migration, including branched-chain amino acid 

transaminase 1212, Y-box binding protein 1213, glypican 6214, and transient receptor potential 

melastatin 7215. Ras-like estrogen-regulated growth inhibitor was initially identified as a 

tumor suppressor gene in breast tumors216. Recently, a study showed that REGR is 

significantly downregulated in NPC by promoter methylation and REGR suppresses tumor 

cell growth, migration, and angiogenesis by inhibiting ERK/NF-κB signaling pathway and 

decreasing tumor MMPs and IL8217. Fang et al. found that Bactericidal/Permeability-

increasing-fold-containing family B member 1(BPIFB1) is upregulated in the nasopharyngeal 

epithelial but it is dramatically decreased in NPC and predicts poor prognosis of NPC 

patients218. Then this research group further discovered that BPIFB1 inhibits NPC cell 

migration, invasion, and metastasis by interacting with vitronectin and vimentin, resulting in 

inhibition of the focal adhesion kinase (FAK)/Src/ERK signaling pathway and EMT219. 

EBV encoded LMP1 is closely associated with NPC metastasis149. It has been shown that 

LMP1 directly binds to PH domain containing 4 which is a positive regulator of cell division 

control protein 42 homolog (CDC42), resulting in CDC42 activation, thereby promoting 

motility of NPC cells220. K Endo et al.221 showed that LMP1 induces C-terminal 

phosphorylation of ezrin through a protein kinase C pathway in nasopharyngeal epithelial 

cells and LMP1 promotes the formation of a ternary complex of CD44, ezrin, and F-actin, 

which is a prior condition for ezrin phosphorylation. When loss of the function of ezrin by 

silencing or inhibitor, cell motility, and invasiveness of nasopharyngeal cells were 

suppressed. In NPC tissues, the correlation between the expression of phosphoezrin and 

LMP1 was observed. These data suggest that phosphorylated ezrin is associated with LMP1 

in NPC and enhances tumor cell migration. Previous studies also showed decoy receptor 3 

(DcR3) is overexpressed in NPC and the higher DcR3 expression level is correlated with 

higher metastatic potential. LMP1 enhances cell migration and invasion by upregulating 

DcR3 via NF-κB and PI3Ks pathways222. LMP1 can transcriptionally induce TNFAIP2 

expression primarily through the C-terminus activation region 2 (CTAR2) structural domain 

to activate NF-κB. In turn, activated NF-κB translocates into the nucleus and binds to the 

promoter of TNF alpha induced protein 2 (TNFAIP2), upregulating TNFAIP2 transcription, 

which contributes to LMP1-induced cell migration223. LMP1 could also induce nuclear 

translocation of pyruvate dehydrogenase E1 component subunit alpha (PDHE1α) from 

mitochondria, thus promoting H3K9 acetylation on the snail promoter to drive cancer 

metastasis224. Many publications are showing that LMP1 promotes NPC metastasis via 

switch on of the EMT phenotype by activating diverse signaling pathways. It has been 

reported that LMP1 induced EMT via activating TGF-β/ SMAD family member 3 (Smad3)/ 
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neuropilin 1 (NRP1) pathway, resulting in promoting migration and invasion of NPC cells225. 

Recently, a study showed that LMP1 induces EMT in Madin-Darby canine kidney cells via 

carboxy-terminal activating region 1 domain with key roles for MAPK-ERK, PI3K, Src 

family kinases, but not the TGFβ signaling pathways226. 

There are emerging publications showing that LMP2A plays a key role in promoting tumor 

cell migration and invasion in NPC. A study demonstrated that LMP2A could induce EMT 

by activation of the mechanistic target of rapamycin (mTOR) signaling pathway and up-

regulate metastatic tumor antigen 1227. Forced expression of LMP2A increases the invasive 

and migratory capacity, induces EMT phenotype, as well as stimulates stem cell side 

populations and the expression of stem cell markers160. Our previous work showed that 

LMP2A promotes migration and invasion of NPC cells by suppression of spleen tyrosine 

kinase (Syk) interaction with ITGβ4228. In addition, our work here showed another 

mechanism by which that LMP2A enhances tumor cell migration involving the ITGβ4 via 

the EGFR/Ca2+/calpain/ITGβ4 axis in NPC228. In addition, we found that LMP2A interferes 

with cofilin degradation in NPC cells by inducing the proteasomal degradation of Cbl and 

Syk229. 
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3 RESEARCH AIMS 

I. To study the role of EBV-encoded LMP2A in cell metabolism in NPC. 

Paper I: To investigate the impact of LMP2A on the regulation of intracellular 

calcium levels and the role of altered intracellular calcium on cell migration in NPC. 

Paper II: To map the altered lipid metabolic pathways by LMP2A and the correlation 

between lipid accumulation and cell migration in NPC.  

II. To study the influence of nasopharyngeal bacterial flora on lipid metabolism in 

NPC. 

Paper III: To characterize the response of nasopharyngeal epithelial cells to bacteria 

cell wall components in lipid metabolism and inflammation and to explore the 

possible mechanisms involved.  

III. To study the role of metastasis suppressor gene in cell migration in NPC. 

Paper IV: To exam the MTSS1 expression in NPC and to reveal the consequence of 

loss of MTSS1 on cell migration in NPC. 
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4 MATERIALS AND METHODS 

4.1 CELL CULTURE 

C666-1was cultured in Roswell Park Memorial Institute 1640 medium (RPMI 1640). Other 

NPC cells were cultured in Dulbecco's modified eagle medium (DMEM). Both DMEM and 

RPMI 1640 medium were supplemented with 10% fetal bovine serum in the presence of 

penicillin and streptomycin. The immortalized NNE cell lines NP69 and NP460 were grown 

in medium mixed with defined Keratinocyte-SFM and EpiLife medium at 1:1 ratio. All cell 

lines were maintained in a humidified incubator with an atmosphere of 5% CO2 at 37 °C. 

4.2 IN-VITRO DNA TRANSFECTION 

The cells were plated the day before transfection to get approximately 50% confluency on the 

day of transfection. Following the manual of FuGENE HD transfection reagent was mixed 

with plasmid DNA solution at a 3ul:1ug ratio and then diluted in the proper volume of Opti-

MEM reduced-serum medium. The diluted transfection mixture was incubated for 10 minutes 

at room temperature (RT) before it was added to the plate containing cells to be transfected.  

4.3 IN VITRO SMALL INTERFERING RNA TRANSFECTION 

Cells were plated to obtain an approximately 50% confluent monolayer of cells when 

transfection. A small interfering RNA (siRNA)-lipid complex was prepared containing 

predesigned siRNA and Lipofectamine RNAiMAX Reagent diluted in Opti-MEM reduced 

serum medium. After 5-10 min of incubation at RT, the siRNA–lipid complex was ready to 

transfect the cells. They were harvest after 48-hour transfection.  

4.4 RNA EXTRACTION, REVERSE TRANSCRIPTION, AND RELATIVE QPCR 

RNA was isolated using the RNeasy mini kit and cDNA was synthesized using the cDNA 

reverse transcription kit according to the manufacturer’s protocols. Real-time PCR was run 

using the PCR instrument. Relative gene expression levels were normalized to the reference 

gene and compared using 2−ΔΔCT method. 

4.5 MICROARRAY ANALYSIS 

Microarray measurement of gene expression was carried out using Affymetrix Human Gene 

1.0 Chip according to the standard protocol. Briefly, total RNA was isolated and purified with 

RNeasy Mini Kit. The mRNA samples were then converted into cDNA, and each sample was 

labeled with a fluorescent probe of a different color, followed by hybridizing the labeled 
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target to the microarray. The profiling of gene expression and bioinformatics analysis were 

performed at the platform of gminix using R statistical software packages. 

4.6 RNA SEQUENCING AND GENE-SET ENRICHMENT ANALYSIS 

Paired-end reads were obtained from Illumina Nextseq 2000, and the quality control was 

evaluated by Q30. Normalization was performed as counts per million plus the weighted 

trimmed mean of M-values. Downstream analysis was performed using a combination of 

programs, which included TapeStation Analysis Software A.02.02 (SR1), STAR, HTseq, 

Cufflink, and wrapped scripts. Alignments were analyzed using the Tophat program, and 

differential expression was determined using DESeq2, with Wald tests.  

Comparisons of the gene expression between the samples in the experiment group and 

samples in the control group were carried out to identify the differentially expressed genes. A 

few different approaches were used for this analysis. The genes were filtered to remove non-

expressed or low expressed genes. The gene was termed significant if the adjusted p-value 

was <0.05. Gene enrichment analysis was performed using the Gene set enrichment analysis 

(GSEA) software.  

4.7 META-ANALYSIS OF MICROARRAY DATASETS 

A comprehensive search for microarray studies on NPC was carried out for the Gene 

Expression Omnibus (GEO) datasets, to identify data on the expression level of the target 

gene in NPC tissue and normal epithelium. Then the publicly available datasets were 

included in a meta-analysis. The raw data were normalized and then analyzed with GEO2R 

which is an interactive web tool to identify genes that are differentially expressed in different 

groups. The MTSS1 expression in these six microarrays was pooled using Review Manager 

software. The standard mean difference was used as a statistical method to represent the 

difference across the microarrays. 

4.8 TISSUE MICROARRAY ANALYSIS 

The NPC tissue microarray with clinically relevant information was used. The normal 

nasopharyngeal epithelium was derived from suspected NPC patients who were confirmed 

not to have NPC upon histopathological examination. The NNE was derived from suspected 

NPC patients who tuned out not to have NPC upon histopathological examination. NNE and 

NPC biopsies were obtained from the Department of Otolaryngology-Head & Neck Surgery, 

the First Affiliated Hospital of Guangxi Medical University (China). 
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4.9 IMMUNOHISTOCHEMISTRY STAINING AND MICROSCOPY 

Paraffin sections were baked overnight at 50°C. Deparaffinization and hydration were 

performed in xylene and graded ethanol to distilled water. The sections were then proceeded 

for heat-induced epitope retrieval in citrate buffer, using a pressure boiler as a heat source, for 

20 min at 100°C. Ultra V Block was used for reducing non-specific binding for 30 minutes at 

room temperature. Primary antibody was applied to the sections overnight at 4°C. Samples 

were then incubated with Goat anti-Rabbit IgG (H+L)-cross-adsorbed, horseradish 

peroxidase conjugate for 30 min at RT. Developing in DAB solution for 5 min. Finally, 

sections were counterstained with hematoxylin for 5 min. As negative controls, tissue 

sections were incubated with isotype-matched IgG. The stained sections were photographed 

using a wild filed microscope. Immunohistochemistry score = mean stain intensity × 

percentage of positive stain.  

4.10 WOUND HEALING ASSAY 

Cell motility was evaluated by the wound healing assay. Briefly, the culture-insert or 

micropipette tips were used to create the cell-free gaps, and then plates were photographed to 

document the initial width of the gaps under a phase-contrast microscope. The widths of the 

gaps were evaluated again 12-18 hours later. The time frame for incubation was determined 

empirically for the particular cell type used. Quantification of the wound healing assays was 

performed using Image J software (NIH). 

4.11 CELL MIGRATION ASSAY AND INVASION ASSAY 

The cells were seeded into Transwell inserts with a polyethylene terephthalate membrane in 

24-well plates with 15% fetal bovine serum as a chemo-attractant. After 24 h, the medium 

within the Transwell inserts was carefully removed. The cells were then fixed with 4% 

formaldehyde for 10 min, permeabilized with 0.01% Triton X-100, and stained with crystal 

violet at RT. Cells that did not migrate across the Transwell membrane were then removed by 

gently wiping with a cotton swab. The migrated cells were examined under the phase-contrast 

microscope. 

4.12 IMMUNOFLUORESCENCE STAINING, BODIPY STAINING AND 
PHALLOIDIN STAINING 

Cells were fixed with 4% formaldehyde for 10 min, permeabilized with 0.1% Triton X-100 

for 10 min or ice-cold pure methanol for 2.5 min and blocked in 5% BSA in PBS for 1 hour 

at RT. Primary and secondary antibodies diluted in PBS were incubated overnight at 4 °C and 

1 hour at room temperature, respectively.  
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Lipid droplets were stained with BODIPY 493/503 for 30 min at RT. F-actin was visualized 

using phalloidin conjugates for 30 min at RT. Before mounting, nuclei were stained with 

Hoechst 33342 for 10 min at RT. Finally, the cells were examined under the microscope. 

4.13 ETHICS STATEMENT 

The study design and the specimen collection were approved by the Research Ethics 

Committee of the First Affiliated Hospital of Guangxi Medical University, Nanning, China 

and Regionala Etikprövningsnämnden, Stockholm, Sweden. The specimen collection was 

undertaken with the understanding and written consent of each subject, and the specimens 

were anonymized. The research methodologies conformed to the standards set by the 

Declaration of Helsinki. 
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5 RESULTS 

5.1 PAPER I 

5.1.1 LMP2A-facilitated cell migration links to elevated cytosolic Ca2+ and 
calpain activity 

LMP2A could promote cell migratory potential in NPC. Here, we found that there was an 

increase in the concentration of intracellular Ca2+ in LMP2A positive NPC cells, compared to 

those in the LMP2A negative NPC cells. When cells were treated with Ca2+ chelator 

BAPTA-AM, we observed a decrease in cytosolic Ca2+ and the migratory capacity in 

LMP2A positive NPC cells. In addition, we also observed a higher calpain activity in NPC 

cells expressing LMP2A as compared to that in the control cells. In activation of calpain by 

calpastatin resulted in a reduced calpain activity and cell migratory ability in LMP2A positive 

cells.  

5.1.2 Increased cytosolic Ca2+ and calpain activity promotes cleavage of 
ITGβ4 

The cleaved ITGβ4 (165 kDa and 125 kDa isoforms) were increased in NPC cells expressing 

LMP2A. Chelating cytosolic Ca2+ by the chelator BAPTA-AM led to a decrease in ITGβ4 

cleavage in LMP2A positive NPC cells. Like the above observation, treatment of the LMP2A 

positive NPC cells with the calpain inhibitor SJA6017 resulted in a significant decrease in the 

cleaved ITGβ4.  

In the wild-type TW03 cells, ITGβ4 was evenly distributed on the basal cell surface. While in 

LMP2A positive TW03 cells which displayed higher migratory potential than the wild-type 

cells, ITGβ4 was accumulated at the leading edges of cells. Both the Ca2+ chelator the 

BAPTA-AM and calpain inhibitor SJA6017 could induce the redistribution of ITGβ4 from 

the cell leading edge to the basal cell surface in the LMP2A positive TW03 cells, resulting in 

a similar ITGβ4 localization to the wild-type TW03 cells. These results suggest that LMP2A-

mediated cell migration depends on the elevated Ca2+ and calpain activity to cleave ITGβ4, 

which regulates the stabilization and localization of ITGβ4 on the basal cell surface. 

5.2 PAPER II 

5.2.1 LMP2A increases lipid accumulation primarily by inhibition of lipolysis 
pathways. 

LMP2A induced metabolic reprogramming in NPC cells, characterized by different 

metabolic profiles between the LMP2A positive and negative NPC cells by applying PLS-
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DA. LDs were stained with BODIPY, and we found that larger and more LDs in LMP2A 

positive NPC cells. 

By microarray analysis, we identified several differentially expressed genes involved in lipid 

metabolism in LMP2A positive cells, compared to that in LMP2A negative cells. LMP2A 

induced changes in expression of transcripts involved in lipid metabolism and fatty acid 

degradation by the Gene Ontology analysis on biological processes and biochemical 

pathways, respectively. LMP2A inhibited lipid degradation by downregulating the lipolytic 

gene ATGL at the mRNA level. 

5.2.2 Inactive ATGL induces increased lipid accumulation and enhances cell 
migration in NPC 

The association between intracellular lipid load and cell migration was investigated by 

manipulating intracellular lipid load to compare the cell migratory ability using the wound 

healing assay. 

Treatment of cells with 1-butanol (an inhibitor of phospholipase D) resulted in a reduction in 

LDs and a decrease in migratory capacity. In contrast, when cells were treated with atglistatin 

(an inhibitor of ATGL), cells displayed increased LDs and enhanced migratory ability. ATGL 

silencing by siRNA resulted in an even stronger effect on lipid accumulation and cell 

migration. Taken together, these results indicated that there is a positive correlation between 

lipid accumulation and cell migration in NPC.  

5.3 PAPER III 

5.3.1 The bacterial factor PGN increase lipid accumulation and NF-κB 
activation in NNE cells but not in NPC cells 

There were much more lipid droplets in NPC cells than that in NNE cells. The treatment of 

PGN did not induce a significant increase in lipid droplets in NPC cells but induced excessive 

lipid accumulation in non-malignant cells. 

In addition, PGN induced significant nuclear translocation of NF-κB (p65) from the 

cytoplasm to nuclei in NNE cells, as demonstrated by immunofluorescent staining, 

suggesting that the NF-κB signaling pathway can be activated by Gram-positive bacteria. By 

contrast, we observed that NF-κB was constitutively expressed in the nuclei and there was no 

further nuclear translocation of NF-κB upon the exposure to PGN in NPC cells. 
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5.3.2 Lipid droplets accumulation leads to entrapment of NF-κB in 
cytoplasmic lipid fractions 

To investigate whether lipid accumulation links to cytoplasmic localization of NF-κB, we 

used an LMP2A expressing HONE1 cell line as a module because we have shown that there 

are even more lipid droplets in this cell line than the parental HONE cells. The NF-κB 

distribution in lipid fractions was analyzed by a dot blot analysis. The dot blot analysis 

showed that in LMP2A positive cells NF-κB was floating to the top of the gradient, co-

localizing with ganglioside M1(GM1). GM1 constantly resides in lipids in the cellular 

cytoplasm. However, in LMP2A negative cells, NF-κB was found at the bottom of the 

gradient. Thus, lipid accumulation correlated to the entrapment of NF-κB in the cytoplasmic 

lipid fractions. 

We have previously reported that treatment with oleic acid increases the cytoplasmic lipid 

droplets in NPC cells, while treatment with butanol decreases the lipid droplets. We 

investigated the cellular localization of NF-κB (p65) upon the treatments with oleic acid or 

butanol and observed that in the NP69 cells the nuclear fraction of NF-κB (p65) decreased 

with the treatment of oleic acid and increased with the treatment of butanol. However, the 

nuclear localization of NF-κB (p65) in both HONE1 and HK1 cells was slightly affected by 

these two chemical treatments. The amount of the nuclear fraction of NF-κB (p65) showed a 

negative correlation with the intracellular lipid droplets load. 

5.4 PAPER IV 

5.4.1 MTSS1 is downregulated in NPC and loss of MTSS1 predicts poor 
prognosis of patients with NPC 

A meta-analysis of seven different microarray datasets was performed to comprehensively 

assess the MTSS1 expression at the transcriptional level. It revealed that MTSS1 was 

significantly decreased in NPC tissues (pooled standard mean difference, -0.59; 95% 271 

confidence interval, -1.03 to -0.15; P = 0.0009 random-effect). Moreover, MTSS1 was also 

decreased in NPC at the protein level determined by IHC staining of biopsies.  

A tissue microarray containing 131 primary tumor samples from separate NPC patients with 

the clinically relevant endpoints was applied to investigate the clinical relevance of MTSS1 

expression in patients with NPC. The clinical stages of the NPC patients with different 

MTSS1 expression levels in their tumor lesions were displayed in the Sankey diagram. There 

was a correlation between MTSS1 expression level and the clinical stages of NPC patients. It 

shows that there was a relatively larger fraction of patients at stage III and a smaller fraction 

of patients at stage IV in patients with high MTSS1 expression, compared to that in patients 
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with low MTSS1 expression (high: 9/44 at stage III; 10/44 at 288 stage IV; vs. low: 3/44 at 

stage III; 15/44 at stage IV;). Analysis by the Kaplan–Meier method showed that the NPC 

patients with low MTSS1 expression had decreased overall survival, compared to those 

patients with high levels of MTSS1.  

5.4.2 MTSS1 suppresses cell migration in NPC via strengthening cell-cell 
adherens junction 

Cell migration was evaluated using Transwell migration assay and wound healing assay. 

NPC cells transfected with MTSS1 showed weaker and slower migration ability compared to 

the control cells transfected with tdTomato. Using GSEA of RNAseq data revealed that 

MTSS1 expression in NPC cells is positively correlated with activation of pathways involved 

in adherens junction interactions, promotes cadherin binding involved in cell-cell adhesion, 

and affects the process of actin-binding and cadherin binding to the catenin complex.  

5.4.3 MTSS1 promotes the formation of E-cadherin/β-catenin/F-actin 
mediated cell adherens junctions 

The immunofluorescence staining showed that the forced expression of MTSS1 in NPC cells 

induced redistribution of E-cadherin to the adherens junctions when compared to the NPC 

cells transfected with the tdTomato plasmid. Similar to the E-cadherin redistribution, MTSS1 

expression induced β-catenin redistribution to the cell-cell contact zones in the NPC cells. In 

addition, MTSS1 forced expression led to actin assembly at the cellular junctions, 

characterized by a broad belt of cortical actin filaments at cell-cell adhesions. 
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6 DISCUSSION 

6.1 PAPER I 

In cancer cells, intracellular Ca2+ is remodeled in a manner that promotes the turnover of focal 

adhesions, enhances cell contractility, and promotes proteolytic cleavage of ECM 

components57. Tumor cells have two channels for Ca2+ entry: store-operated Ca2+ channels 

and transient receptor potential channels230. 

Several studies have shown that Ca2+ influx and Ca2+ channels play a key role in the 

regulation of cell migration in NPC. Transient receptor potential cation channel subfamily M 

member 7 (TRPM7) serves to increase intracellular calcium levels and to help maintain 

magnesium ion homeostasis. TRPM7 was highly expressed in the highly metastatic 5-8F 

cells, while it was almost missing in the low metastatic 6-10B cells. By the gain-loss of 

function experiments, it was found that the expression level and the activity of TRPM7 are 

positively correlated with the Ca2+ influx. Moreover, manipulating intracellular Ca2+ by Ca2+ 

chelator and TRPM7 activator leads to decreased migratory capacity in 5-8F cells and 

increased migratory capacity in 6-10B cells. These data suggest that TRPM7 regulates cell 

migration by mediating Ca2+ influx in NPC cells215.  

Similarly, a study by Zhang et al. indicated that store-operated Ca2+ entry (SOCE) acting as a 

regulator of Ca2+ influx was involved in NPC cell metastasis, and the block of SOCE 

inhibited EGF-induced migration and reduced extravasation of tumor cells from 

vasculature231. Later, research from this group found that inhibition of SOCE reduced the cell 

migration and VEGF-mediated angiogenesis in LMP1 positive NPC cells232. Taken together, 

these two studies suggested that LMP1 promotes NPC cell migration and invasion by 

boosting SOCE to increase Ca2+ influx. The same group also reported that EBV could 

amplify EGF-stimulated Ca2+ influx through inducing aggregation of stromal interaction 

molecule 1 (STIM1) which functions as a Ca2+ sensor to activate SOCE233. Furthermore, it 

has been shown that STIM1-dependent Ca2+ signaling plays a key role in the spreading of 

cancer, and there is an interaction between the Ca2+ sensor STIM and the Ca2+ channels 

SOCE234. Excitingly, blockage of the Ca2+ signaling via SOCE inhibitor using 2-aminoethyl 

diphenylborinate is a feasible treatment to suppress the EBV-driven malignant phenotypes in 

NPC cells235,236, which suggests that SOCE might be a pharmacological target candidate for 

treating NPC. 
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6.2 PAPER II 

Recent findings provide strong evidence for a model proposing that metabolic 

reprogramming is driving oncogenesis. The invasion of cancer cells into the neighboring 

tissue is the initial step of metastasis.  

Metabolic communication between tumor cells and surrounding stroma promotes the 

spreading of cancer by rewiring several signaling pathways. One of the well-established 

mechanistic links between tumor metabolism and invasion/metastasis is HIF1. Hypoxia plays 

profound roles in cellular metabolism, including glycolysis, oxidative phosphorylation, and 

lipid metabolism. In hypoxia, HIF1 upregulates the expression of most genes involved in 

glucose metabolism, including GLUTs, glycolytic genes, and LDHA237. Reprogrammed 

glycolysis not only allows tumor cells to meet the requirements for cancer cell proliferation 

but also to create an acidic environment to help them to invade into the surrounding 

tissues238,239. The MCTs and the ubiquitous Na+-H+ exchanger can be activated by hypoxia, 

low intracellular pH, growth factors, and oncogenic transformation240. The extracellular 

acidic environment promotes invasion and metastasis, perhaps due to the pH-dependent 

activation of MMPs that degrade ECM and basement membranes241.  

There are emerging roles of lipid metabolism in cancer invasion and migration. Fatty acids 

synthesis is an anabolic process in which the ACL, ACC, and FASN are involved242. Fatty 

acids are the key precursor for the synthesis of most lipids and further modification of fatty 

acids can be performed by elongases and desaturases243. High ACL expression was correlated 

with advanced clinical stages and lymph node metastasis in gastric adenocarcinoma patient244. 

Similarly, elevated expression of ACC1 was significantly associated with multiple aggressive 

clinicopathological features, such as poor differentiation and vascular invasion; high ACC1 

was correlated with worse overall survival and disease recurrence in hepatocellular carcinoma 

patients245.  

6.3 PAPER III 

Inflammation has long been suspected to contribute to the pathogenesis of cancer. Microbes, 

both commensal and pathogenic, play a key role in the regulation of the host immune system 

and inflammation response. Now it is well recognized that microbes have the potential to 

influence tumors through a wide variety of routes, such as chronic activation of inflammation, 

remodeling of the tumor microenvironment, induction of metabolic reprogramming, and 

genotoxic responses246. Avoiding immune destruction and tumor-promoting inflammation 

were described as two emerging hallmarks of cancer in 2011 by Weinberg and Hanahan14. 
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In our study, we observed constitutive activation of NF-κB signaling in NPC cells. NF-κB 

activation results in induction of inflammation and tumorigenesis at multiple levels247,248. In 

several animal models of inflammation-associated cancers, activation of NF-κB prevents the 

apoptosis of cells by upregulating the expression of anti-apoptotic genes, resulting in the 

generation of tumorigenic cells248. In tumor tissues with increased NF-κB activity, the 

accumulation of pro-inflammatory cytokines in tumors directly contributes to establishing the 

pro-tumorigenic microenvironment. It has been shown that NF-κB activation could induce 

the expression of activation-induced cytidine deaminase which introduces mutations in p53, 

Myc, and other genes involved in tumorigenesis249.  

However, the chronic inflammatory microenvironment may lead to the partial or complete 

suppression of the immune response which favors tumor escape from immunosurveillance247. 

For example, myeloid-derived suppressor cells are a heterogeneous cell population that 

expands during the development of cancer, inflammation, and infection, and that can 

suppress T-cell responses. Myeloid-derived suppressor cells are recruited to the tumor site to 

suppress antitumor T-cell functions by increasing the activity of signal transducer and 

activator of transcription 1 (STAT1), producing high levels of inducible nitric oxide synthase, 

nitric oxide, and arginase250. In this study, we found that exposure to NNE cells in vitro led to 

a strong inflammatory response, including induction of cytokine and chemokine production, 

as well as NF-κB activation, while exposure to NPC cells did not induce a proper 

inflammatory response. Mechanistically, anergic NF-κB signaling in NPC cells might be due 

to entrapment of additional NF-κB in LDs in the cytoplasm of the NPC cells, which affects 

further nuclear translocation of NF-κB (p65); and the abundant lysine-specific histone 

demethylase 1 contributes to repression of the inflammatory response.  

6.4 PAPER IV 

MTSS1 functions as a metastasis suppressor in many cancer types with diverse mechanisms. 

In our work, we showed that MTSS1 functions as a metastasis suppressor via enhancing the 

formation of the E-cadherin-β-catenin complex, resulting in strong cell-cell adhesions 

junctions in NPC. It has been shown that MTSS1 is downregulated in glioblastomas105,251,252, 

and MTSS1 suppresses cell migration and invasion by inhibiting cortactin105. Several 

publications have reported that MTSS1 is decreased in patients with breast cancer and that 

the lower expression of MTSS1 predicts decreased overall survival 117,253-257. Mechanistically, 

MTSS1 can cooperate with secretory carrier-associated membrane protein 1 (SCAMP1) to 

prevent cell invasion by promoting trafficking of SCAMP1 resulting in increased levels of 

RAC1-GTP and enhanced cell-cell adhesions in breast cancer. MTSS1 can also suppress 
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tumor-initiating cells by enhancing RANBP2-Type And C3HC4-Type Zinc Finger 

Containing 1 (RBCK1)-mediated p65 ubiquitination in breast cancer117. Moreover, MTSS1 

inhibits EMT in triple-negative breast cancer257. However, several publications are indicating 

that MTSS1 acts as an oncogene in certain tumor types. For instance, MTSS1 interacted with 

caveolin-1 promotes metastasis of hepatocellular carcinoma probably by inhibiting EGFR 

signaling pathway258. MTSS1, as a metastasis driver, promotes metastasis and engages actin 

dynamics via RHO GTPases and cofilin in a subset of human melanomas259. Interestingly, 

MTSS1 is overexpressed in primary head and neck squamous carcinoma (HNSCC) and it 

regulates EGF signaling in two opposite ways depending on the cell density by regulating the 

distribution of the EGFR to the plasma membrane260. MTSS1 positively regulates EGF 

signaling at low cell densities to facilitate cell proliferation, which may be important for the 

early stages of primary HNSCC (tongue squamous cell carcinoma, hypopharyngeal 

squamous cell carcinoma, pharyngeal squamous cell carcinoma) tumor growth. However, 

MTSS1 negatively regulates EGF signaling at high cell densities, which is probably the 

reason why MTSS1 inhibits metastasis260.  

In this study, we also found E-cadherin localized to the nucleus in NPC cells, especially in 

NPC cells expressing the full-length MTSS1. E-cadherin is a calcium-dependent cell 

adhesion molecule that is normally localized at the adhesion junctions between epithelial 

cells. Loss of E-cadherin has been linked to increased aggressiveness in many tumors. 

Recently, emerging publications have reported the nuclear localization of E-cadherin. It was 

first observed in Merkel cell carcinoma by Han and colleagues in 2000261. Subsequently, 

nuclear E-cadherin was identified in solid pseudopapillary tumors of the pancreas262,263. Then, 

nuclear E-cadherin expression has recently been found in several other tumors, such as 

synovial sarcomas264, gastric and colorectal carcinomas265, clear cell renal carcinoma266, and 

esophageal squamous carcinomas267. The function of nuclear E-cadherin is still unclear. The 

full-length E-cadherin can be cleaved by presenilin-1–controlled γ-secretase, resulting in a 

38-kDa soluble cytoplasmic fragment and an extracellular N-terminal 80-kDa fragment268. 

This proteolytic ectodomain release of E-cadherin was thought to be an important regulatory 

mechanism in cell adhesion, signaling and apoptosis266. It was reported that a cleaved 

cytoplasmic domain of E-cadherin could be translocated into the nucleus where it forms a 

complex with DNA via p120 and regulates gene transcription269. These data imply that E-

cadherin may function as a novel transcriptional regulator in the nucleus.  
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7 CONCLUSIONS 

I. LMP2A mediated increase of intracellular Ca2+ and calpain activity promotes 

cleavage of ITGβ4, contributing to more aggressive metastasis properties of NPC 

cells.  

II. LMP2A induced lipid accumulation attributes to decreased lipolysis in NPC cells. 

Down-regulation of lipolytic gene ATGL by LMP2A links lipid accumulation to 

increased migration in NPC. It could be an explanation for why a reduced expression 

level of ATGL correlates with poor prognosis in NPC patients. 

III. Non-malignant nasopharyngeal epithelial cells initiate a characteristic inflammatory 

response and lipid accumulation after short-term exposure of microbial 

subcomponents, while there are no such impacts in NPC cells due to multiple 

molecular mechanisms.  

IV. Down-regulation of MTSS1 correlates with advanced tumor stages and poor overall 

survival in patients with NPC. MTSS1 suppresses NPC cell migration and invasion in 

vitro through cytoskeletal remodeling at cell-cell borders and assembly of E-

cadherin/β-catenin in adhesion complexes. These findings suggest that MTSS1 

suppresses metastasis by controlling the integrity of the adherens junctions. 
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