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ABSTRACT 

Despite the recent development of immunotherapy and targeted therapy, cytotoxic 

chemotherapeutics remain the main modality of treatment for most cancer. Drug 

responses to cytotoxic anticancer drugs are known to vary significantly not only 

between different cancers but also patients with the same disease. However, our 

understanding of chemoresistance is still limited, posing great challenges for effective 

anticancer treatment in the clinical context. Of the three classes of classic 

chemotherapeutics, the anti-metabolite, 5-Fluorouracil (5-FU), an analogue of uracil, is 

commonly employed to treat colorectal, gastric and breast cancer. Intracellular 

metabolites of 5-FU exert cytotoxicity via inhibiting thymidylate synthetase, or 

incorporating into RNA and/or DNA, which ultimately activate p53-dependent cell 

cycle arrest and apoptosis at least in p53-wildtype cancer cells. Although 5-FU leads to 

improved disease free and overall survival in some patients, resistance to 5-FU-based 

chemotherapy is a more common clinical outcome. To systematically study mechanism 

underlying variable sensitivity to 5-FU, in my PhD study I profiled a panel of cancer 

cell lines as well as 3D tumor organoids that showed highly variable sensitivity to 5-

FU, in particular 5-FU-induced cancer cell death. I found 5-FU exerts cytotoxicity 

primarily via triggering nucleolar stress, which subsequently upregulates p53 and the 

p53 signaling pathway in the p53-wildtype cells. Treatment of 5-FU also activated a 

broad spectrum of signaling kinases. Selective kinase inhibitors, such as Doramapimod 

and NU7026, significantly reduced 5-FU-induced cell death, and the effects appeared 
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to be via the attenuation of multiple, rather than one dominant signaling kinase. Overall, 

this thesis presented new results regarding the mechanism underlying variable 

sensitivity to 5-FU and how p53 is differentially activated to regulate distinct 5-FU 

response dynamics in sensitive versus resistant cancer cells. 

  



 iv 

ACKNOWLEDGEMENTS 

Finishing the PhD study and the scientific thesis are hard work that I will probably 

not hold on straight to the end without supports from various people. First of all, I would 

like to express my sincere gratitude to my supervisor, Dr. SHI Jue, who brings me to 

the field of scientific research and always gives her hand when I hit the bottleneck. In 

addition, she enlightens me on facing weakness and exploring the potential of my own. 

With her intelligent guidance, I acquired proficient experimental skills, preliminary 

scientific thoughts, and valuable tips for self-enhancement. 

Secondly, I want to thank Dr. ZHU Yanting and Dr. YANG Ruizhen for teaching 

me the experimental protocols with great patience and helping me a lot during the whole 

process of my research. I also wish to thank the other members in our lab: Ms. LI Yang, 

Mr. XIE Jun, Ms. ZHANG Lichun, Mr. LIU Bodong, and Mr. Jason YU. They are not 

only colleagues offering assistance in my research, but also friends sharing moments 

outside the lab. Moreover, I am truly grateful for the technical assistance from Ms. 

CHENG Sau Kuen.  

Last but not the least, I would like to express my heartfelt appreciation to my dear 

parents and friends. Their supports and encouragements heal my emotion and make me 

strong enough to conquer any difficulty. 

  



 v 

Table of Contents 

 

DECLARATION ........................................................................................................... i 

ABSTRACT ..................................................................................................................ii 

ACKNOWLEDGEMENTS ....................................................................................... iv 

Table of Contents ......................................................................................................... v 

List of Tables and Figures ....................................................................................... viii 

Chapter 1 Introduction ................................................................................................ 1 

1.1 Cancer and current therapeutic strategies ............................................................ 1 

1.2 The critical role of p53 in modulating cellular stress response ......................... 10 

1.3 The mediation of protein kinase in p53 activity ................................................ 14 

1.4 The mechanism of anti-metabolic drug, 5-Fluorouracil .................................... 17 

1.5 The p53-mediated response to nucleolar stress ................................................. 23 

1.6 The three-dimensional culture models and their application in tumor biological 

research ........................................................................................................................ 31 

1.7 Aims of the study .............................................................................................. 38 

Chapter 2 Materials and Methods ............................................................................ 40 

2.1 2D cell culture ................................................................................................... 40 

2.2 3D cell culture ................................................................................................... 40 

2.3 Chemicals and reagents ..................................................................................... 44 

2.4 RNA interference ............................................................................................... 44 



 vi 

2.5 Western blot analysis ......................................................................................... 45 

2.6 Immunofluorescence ......................................................................................... 46 

2.7 Live-cell imaging .............................................................................................. 47 

2.8 Human phospho-kinase array ............................................................................ 48 

Chapter 3 The p53-mediated response dynamics to 5-Fluorouracil ..................... 51 

3.1 Cell-type dependent response to 5-FU of a panel of human cancer cell lines .. 51 

3.2 The cytotoxicity induced by 5-FU is p53-dependent ........................................ 55 

3.3 Ribosomal proteins mediate the upregulation of p53 level upon 5-FU treatment

 57 

3.4 Nucleophosmin 1 upregulates p53 activity upon 5-FU treatment ..................... 64 

3.5 Cellular response to 5-FU in three-dimensional cancer spheroids and tumor 

organoids ...................................................................................................................... 68 

Chapter 4 The complex role of kinases in modulating p53 response to 5-FU ...... 72 

4.1 Screening of the regulatory kinases involving in the 5-FU signaling pathway . 72 

4.2 p38-MAPK and DNA-PKcs are not the key signaling kinases that mediate 5-FU 

cytotoxicity .................................................................................................................. 75 

4.3 Doramapimod and NU7026 inhibit a broad spectrum of kinases ..................... 79 

4.4  Kinases mediate the stabilization and activation of p53 ...................................... 82 

Chapter 5 Differential drug response to 5-FU and Actinomycin D ....................... 84 

5.1 Comparison of cellular response to 5-FU and Actinomycin D ......................... 84 

5.2 The cytotoxicity induced by Actinomycin D is partially p53-dependent. ......... 87 



 vii 

5.3 Variable NPM1 translocation account for the differential sensitivity to 5-FU in 

sensitive vs. resistant cell lines .................................................................................... 88 

Chapter 6 Discussion and further direction ............................................................ 90 

REFERENCE ............................................................................................................. 96 

CURRICULUM VITAE .......................................................................................... 116 

 

  



 viii 

List of Tables and Figures 

 

Figure 1.1  Classic and emerging hallmarks of cancer……………………………….6 

Figure 1.2  Therapeutic targets on the hallmarks of cancer…………………………..9 

Figure 1.3  Auto-regulatory loop of p53 and MDM2……………………………….11 

Figure 1.4  The activation of p53 and p53 pathway in response to various stresses…12 

Figure 1.5  Posttranslational modification of p53 by distinct protein kinases………16 

Figure 1.6  5-Fluorouracil metabolism……………………………………………..19 

Figure 1.7  The activation of p53 in response to 5-FU………………………….…...22 

Figure 1.8  Nucleus structure of live HeLa cells……………………………………24 

Figure 1.9  Ribosome biogenesis…………………………………………………...25 

Figure 1.10  The nucleolar-related, stress-induced enhancement of p53 activity…..30 

Figure 1.11  The structure, formation, and culture method of multicellular spheroids 

(MCTS)………...…………………………………………………………………….32 

Figure 1.12  Main characteristics of 3D spheroids………………………………….33 

Figure 1.13  Patient-derived tumor cell lines, xenografts, and organoids…………...35 

Figure 1.14  Multiple applications of organoid technology………………………...37 

Table 1.1  Components of the basic Advanced DMEM/F-12 +++ medium…………43 

Table 1.2  Components of the standard gastric organoid medium………………..…43 

Table 1.3  Materials provided in The Human Phospho-Kinase Array Kit…………...50 

Figure 3.1  Cell death response to different concentrations of 5-FU………………..54 



 ix 

Figure 3.2  Cell death response to 5-FU treatment at the indicated time points in the 

three sensitive cell lines after p53 knockdown………………………………………..56 

Figure 3.3  Activation of the DNA damage response pathway upon 5-FU treatment.59 

Figure 3.4  The levels of RPL11 and RPL5 in the dose response of 5-FU and the effect 

of RPL11 and RPL5 knockdown in 5-FU response in the sensitive cell lines………....63 

Figure 3.5  The immunostaining of NPM1 in the three sensitive cell lines……….…65 

Figure 3.6  The cell death response and inhibition of p53 transcriptional activity in 

H460 and HCT116 treated with 5-FU………………………………………………...67 

Figure 3.7  Morphology of 3D H460 spheroids and cell death response to high 

concentration of 5-FU in 2D versus 3D spheroids of H460 cancer cell……………….69 

Figure 3.8  Representative microscope of the GX036 tumor organoids and cell death 

response to 5-FU in different subtypes of gastric tumor organoids and one paired normal 

organoid………………………………………………………………………………71 

Figure 4.1  Profiling of potential 5-FU-induced kinases in the selected cell line 

panel………………………………………………………………………………….74 

Figure 4.2  The cell death response under the treatment of kinase inhibitors and 5-

FU…………………………………………………………………………………….76 

Figure 4.3  DNA-PKcs is the consequence rather than the trigger of the 5-FU-induced 

apoptosis……………………………………………………………………………...78 

Figure 4.4  Data analysis of the phospho-kinase levels of HCT116 under the 5-FU 

treatment alone or in combination with Doramapimod or NU7026………………..…81 



 x 

Figure 4.5  The p53 response dynamics under the treatment of 5-FU along or in 

combination with Doramapimod or NU7026…………………………………………83 

Figure 5.1  The comparison of drug response to 5-FU and Actinomycin D………....85 

Figure 5.2  Western blot analysis of p53, RPL5 and NPM1 in the response to the 

indicated concentration of 5-FU and Actinomycin D in the three representative cell 

lines………………………………………………………………………………..…86 

Figure 5.3  The cell death response to Actinomycin D in HepG2 and A549 after p53 

knockdown by RNAi…………………………………………………………………87 

Figure 5.4  The immunostaining of NPM1 in HepG2 and A549 cell lines with 

different drug treatment………………………………………………………………89 

Figure 6.1  Schematic diagram of nucleolar stress-induced 5-FU response………...94



 1 

Chapter 1 Introduction 

 

1.1  Cancer and current therapeutic strategies 

 Cancer is the second major cause of death in the world and a growing health 

threat especially in developed countries. It is estimated that the risk of cancer 

development in 0-74 years is 20.2%, with a higher risk for men (22.4%) than women 

(18.2%). The risk is mainly associated with lifestyle and age. In 2018, 18 million new 

cases of cancer were diagnosed, among which lung, breast, and prostate cancers were 

the most frequent cancer types1. Cancer is a disease arising from uncontrolled cell 

growth due to cumulative genetic mutations. DNA damage and genomic instability are 

the two main contributors to genetic mutations and cancer development2. The 

disruption of normal genetic function and stability can be triggered by both intrinsic 

and extrinsic factors. The intrinsic factors involve the inherited predispositions or 

random changes of DNA base pairs during DNA replication, endowing cells the 

malignant properties3,4. However, the genetic mutations due to intrinsic factors are in 

the minority5,6. Most of the mutations are attributed to extrinsic factors, namely the 

lifestyle or behavioral exposures (e.g., alcohol and obesity), environmental pollutants, 

radiations, and infections7. More than 100 substances have been identified as 

carcinogens by the National Institute for Occupational Safety and Health (NIOSH) and 
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other institutions8. For example, a strong correlation has been identified between 

excessive alcohol consumption and liver cancer. Females who overdrink are associated 

with a higher risk of breast cancer. The morbidity of lung cancer and mouth/throat 

cancer in the population of long-term smokers is significantly higher than that in the 

others9. In addition, viruses such as human immunodeficiency virus (HIV), human 

papillomavirus (HPV), and Hepatitis B virus (HBV) can increase the risk of Kaposi’s 

sarcoma, cervical carcinoma, and nasopharyngeal carcinoma, respectively. Bacteria 

such as Helicobacter pylori can increase the risk of stomach cancer10. The prolonged 

lifespan can increase the morbidity of cancer resulting from both intrinsic and extrinsic 

factors due to the long-term accumulation of random mutations, lifelong exposure to 

carcinogens, hormonal alterations, and decreased immune surveillance11. The intrinsic 

and extrinsic factors take effects together or individually, leading to abnormal cell 

proliferation and eventually cancer development. 

 In past decades, tremendous advances in understanding the pathogenesis of 

cancer have been achieved. It is well-known that the initiation of cancer is a multi-step 

mutagenic process, through which cancer cells obtain multiple oncogenic properties. 

Thereafter, cancer development relies on the support from surrounding stromal cells 

and blood vessels12. Cancer formation is an extremely complex process reaching 

beyond molecular and cellular levels. Besides, more than 100 distinct types of cancers 

have been found and each specific organ is associated with multiple subtypes of tumor9. 
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Therefore, it is highly important to identify the mal-functioned regulatory circuits in 

different types of cancers. 

Hanahan and Weinberg proposed a logical framework manifesting physiologic 

traits of cancer cells in 2000 and 2011. They summarized six hallmarks to describe the 

acquired capabilities of cancer, including self-sufficiency of growth signals, 

insensitivity to anti-growth signals, unlimited replicative potential, capability of 

evading apoptosis, sustained angiogenesis, as well as tissue invasion and metastasis13 . 

The growth signal is an external factor important for normal cell proliferation. It is 

transmitted into cells by membrane-bound glycoprotein receptors that bind different 

types of signaling molecules, including extracellular matrix proteins, diffusible growth 

factors, and cell-cell adhesion/interaction molecules. In the absence of growth signals, 

normal cells cannot transit from quiescent status to proliferation. However, cancer cells 

can generate growth signals by themselves, constructing a positive feedback signaling 

loop and accomplishing perpetual proliferation13. Multiple anti-growth signals have 

been found in normal cells, which monitor the internal and external environments to 

maintain the optimal condition for cell mitosis. On the contrary, cancer cells can bypass 

or become insensitive to these anti-growth signals, continuously promoting their 

proliferation and growth13. The inhibition of tumor suppressor is one of the contributors 

to evade anti-growth signals in cancer cells. For example, the mutation of 

retinoblastoma protein (pRb) releases E2F, a transcription factor involved in cell 
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proliferation, which triggers continuous cell growth14. Mutation of p53 induces 

consistent cell division even in the presence of DNA damage15. Meanwhile, cancer cells 

possess unlimited replicative potential by promoting telomerase generation or inter-

chromosomal recombination. The lifespan of normal cells is mainly regulated by 

telomeres, which is reduced after each round of cell division, resulting in the cease of 

replication16. However, cancer cells can generate telomerase, which continuously 

extend telomeres and leads to the inhibition of senescence and endless promotion of 

cell division17. Meanwhile, cancer development depends on not only excessive cell 

proliferation, but also cell death inhibition. Unlike normal cells, cancer cells are able to 

escape from the programmed cell death, apoptosis, and the main mediator involved is 

the tumor suppressor p53. The mutation of p53 inhibits the pro-apoptotic regulators, 

leading to the escape from apoptosis. The FAS death signal is also effective on 

suppressing apoptosis, especially in lung and colon carcinoma cell lines18. The capacity 

of angiogenesis is also important for the development of cancer, since the cancer cells 

require substantial supplements and nutrients. A great majority of cells are present 

within 100μm of capillary blood vessels to acquire oxygen and various nutrients 

essential for their survival and growth19. Cancer cells can form new vessels via 

secreting vascular endothelial growth factor (VEGF) for self-supplying. VEGF 

interacts with receptors on the endothelial cells of pre-existing blood vessels, eventually 

facilitating the division and migration of endothelial cells towards the tumor20. 
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Furthermore, cancer cells can invade nearby tissues or spread through the circulatory 

system to any distal sites of the body21. These secondary tumor cells through metastases 

activate epithelial-mesenchymal transition (EMT), a cell differentiation circuit that 

enables cancer invasion and colonization22. In addition to the above-mentioned six 

typical hallmarks, Hanahan and Weinberg introduced another two emerging hallmarks 

of cancers in 2011, namely energy metabolism reprogramming and immune 

surveillance evasion23. Cancer cells can reprogram their energy metabolism through 

limiting the metabolism mostly to glycolysis even under aerobic conditions24. 

Meanwhile, several cancer cells prefer lactate that is generated from surroundings as 

the main source of energy25. Cancer cells can also successfully escape from the immune 

system through disrupting immune factors. For example, infiltrating natural killer cells 

(NK cells) and cytotoxic T lymphocytes (CTLs) can be disabled by TGF-β or other 

immunosuppressive factors released from cancer cells, leading to mal-functioned 

immune surveillance26,27.  
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Figure 1.1 Classic and emerging hallmarks of cancer (Figure adapted from reference 

[23]). 

 

The effective treatment is extremely difficult for cancer due to the acquired 

properties of tumor cells. Nevertheless, over past decades, the landscape of cancer 

treatment has dramatically changed. Universal access to health care, early diagnosis, 

and developments in various cancer therapies have contributed to remarkable 

improvement of cancer survival, with the projection that two third of cancer cases are 

likely cured in the future, though differences in treatment modality among distinct 

tumors are expected12. 
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Currently, the major modalities of cancer therapy consist of traditional treatments, 

such as surgery, radiation therapy, and chemotherapy, as well as several more specific 

approaches focusing on the molecular features of tumors, such as hormonal therapy, 

immunotherapy, and targeted therapy28. Surgery is mostly applied in treating localized 

primary tumor and associated regional lymphatics, while it is also quite restricted to 

certain types and stages of the tumor4. Radiation therapy (RT) is prescribed to about 

45% of the new cancer cases, the percentage of which is still increasing. Brachytherapy 

and/or RT alone-external beam are used as curative therapies for diverse types of 

tumors, such as prostate cancer, early-stage head and neck tumors, and early-stage 

Hodgkin’s disease28. Classic cytotoxic chemotherapy kills cancer cells by inducing 

DNA damage and mitotic or metabolic stress with substantial side effects in killing 

normal cells. Single-drug chemotherapy may be effective against selected cancers. 

Whereas, more commonly, multi-drug combinatorial regimens containing drugs with 

different mechanisms of action and toxicities are used to increase treatment efficacy, 

decrease dose-limited toxicity, and minimize drug resistance, while remaining the 

adverse effect due to non-specific toxicity4. Hormonal therapy is used as stand-alone or 

in combination with other modalities to influence cancer development by hormone 

agonists or antagonists. It is particularly useful for prostate, breast, and endometrium 

cancers, the tumor of which grows in response to androgens or is associated with 

hormone receptors4. Furthermore, unlike classic chemotherapies that induce global 
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cellular damage, targeted therapy aims at specific genes/proteins associated with 

particular oncogenic and metastatic behaviors of cancer29. Generally, it induces less 

side effects compared to cytotoxic chemotherapy, while the patients usually develop 

acquired resistance towards targeted therapy4. Immunotherapy has been recently 

developed as one of the anticancer therapies that possibly possess transformative effects 

on improving treatment efficacy30. Strategies of immunotherapy consist of using 

oncolytic viruses and cancer vaccines, adoptive transfer of ex vivo activated NK cells 

and T cells, and administration of antibodies or recombinant proteins that co-stimulate 

cells or block the pathway of immune checkpoint31. With the rapidly advanced 

strategies of cancer treatment modalities, targeted therapeutics, as promising high-

efficient cancer therapeutics in the future23, are under development targeting various 

hallmarks of cancers that are presented in Figure 1.2.  
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Figure 1.2 Therapeutic targets on the hallmarks of cancer (Figure taken from reference 

[23]). 
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1.2  The critical role of p53 in modulating cellular stress response  

p53 is a well-known tumor suppressor, which is named after its 53 kDa of 

molecular mass32. p53 is usually associated with a high level of expression and 

frequency of mutation in human cancer, especially leukemia, lung cancer, and 

colorectal cancer33. Consisting of 393 amino acids, p53 locates on the short arm of 

chromosome 17 and has seven domains, including the acidic N-terminus transcription 

activation domain (TAD), activation domain 2 (AD2), proline rich domain, central 

DNA-binding core domain (DBD), nuclear localization signaling domain, homo-

oligomerization domain, and C terminal. A majority of p53 mutations occur in the DBD, 

inhibiting it binding with the target DNA34–36. In normal cells, p53 presents at a quite 

low cellular level with a half-life ranging from 5 to 30 minutes, being degraded mainly 

by Mdm237,38. Mdm2, the negative regulator of p53, is an E3 ligase that mediates the 

ubiquitylation and degradation of p5339. Notably, the expression of Mdm2 itself is also 

regulated by the p53-inducible gene, which links these two proteins and operates via an 

auto-regulatory negative feedback loop40,41. In addition, Mdm2 is able to block the 

transcriptional activity and promote the nuclear export of p5342. 
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Figure 1.3 Auto-regulatory loop of p53 and MDM2. p53 can induce the expression of 

Mdm2, which in turn inhibits p53 activity through three mechanisms, including the 

direct ubiquitination and degradation of p53, the inhibition of p53-target genes binding, 

and the nuclear export of p53 (Figure taken from reference [41]). 

 

p53 can be activated by a range of environmental and intracellular stresses, such 

as DNA damage (caused by ionizing radiation, UV radiation, cytotoxic drugs, or 

chemotherapeutic agents), oxidative stress, hypoxia, oncogene activation, telomere 

erosion, nutrient deprivation, and ribonucleotide depletion43,44. The most important 

function of p53, transcriptional regulation, is performed in a stimulus-specific mode. 

Under various stresses, the p53 tetramer binds to the corresponding response element 

in the regulatory regions of p53-responsive genes33. These distinctively targeted genes 

are activated, leading to diverse cell fates, including cell cycle arrest (e.g., 14-3-3 and 

p21), senescence (e.g., pai-1), autophagy (e.g., dram), apoptosis (e.g., pig, puma, bax, 

and noxa), etc.45–47. Apart from its dominant function as a transcription factor, the pro-



 12 

apoptotic regulation by p53 is partly independent of transcription, which is operated 

within mitochondria-mediated pathway48. 

 

 

Figure 1.4 The activation of p53 and p53 pathway in response to various stresses 

(Figure adapted from reference [47]). 

 

Various mechanisms are involved underlying p53’s function, among which post-

translational modification (PTM) is of great importance. Approximately 50 individual 

PTMs are operating independently or collaboratively to affect p53 conformation, 
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localization, partner binding, and stability. The multi-functional structure of p53 

provides a perfect platform to differently modify p53, therefore regulating the distinct 

responsive genes. Phosphorylation, ubiquitination, acetylation, and methylation are the 

four major forms of PTMs for p5349,50. Upon the cellular stresses that initiate p53 

reaction, the majority of phosphorylation sites (particular at the N-terminal) are 

modified, among which the serine and threonine sites are the most common 

phosphorylation sites51. Moreover, methylation is also an essential epigenetic 

modification that affects histone structure and gene expression. The methylation of p53 

lysine by SET7/9 at K372 facilitates p53 stabilization and restriction in the nucleus. 

Besides, it promotes the transcription of several target genes (e.g., the growth arrest 

gene p21WAF1)52. Other than transcriptional regulation, other functions of p53 have been 

widely identified, including transcriptional repression, translational regulation, 

homologous recombination, glycolysis regulation, etc.15.  
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1.3  The mediation of protein kinase in p53 activity 

Protein kinases (PTKs) mainly mediate the protein activity via phosphorylation of 

specific amino acids with ATP, thus activating the substrate protein through 

conformational changes53. The N-terminal transcriptional activation domain of p53 

contains over twenty phospho-acceptor sites, which makes it the main target for protein 

kinases transducing signals54. 

The protein kinases that mediate the p53 transcriptional activity can be roughly 

divided into two categories, i.e., phosphoinositide three-kinase-related kinase (PIKK) 

family and mitogen-activated protein kinases (MAPKs) family. PIKK mainly includes 

ATM (ataxia-telangiectasia mutated), ATR (ATM- and Rad3-related), and DNA-PKcs 

(DNA-dependent protein kinase catalytic subunit). These three kinases commonly 

regulate the DNA damage response (DDR). Upon DNA double-strand breaks (DSBs) 

and single-stranded DNA, the two dominant signaling cascades, the ATM-Chk2 and 

ATR-Chk1 pathways are activated respectively55. ATM selectively activates the 

checkpoint effector kinase Chk2, which ultimately phosphorylates p53 mainly at Serine 

15 and Serine 20. The phosphorylation of these sites is proposed to prevent p53 from 

degradation through abrogating the binding between p53 and Mdm2, facilitating the 

stabilization and accumulation of p5356. Furthermore, it is reported that ATM mediates 

p53 stability through phosphorylating not only p53 itself but also other proteins that 

directly or indirectly affect the stabilization of p5357. The ATR-Chk1 signaling pathway 
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is highly activated following impeded DNA replication58. In association with the 

partner protein ATRIP, ATR is recruited and activated when DNA replication is 

prevented, resulting in the phosphorylation of the checkpoint effector kinase Chk159. 

The activated Chk1 subsequently controls cell cycle through regulating distinct 

downstream responsive proteins, such as Cdc25A, Cdc25C, and Wee1, via different 

mechanisms60–62. The well-characterized function of DNA-PKcs is to repair DSBs via 

the non-homologous end joining (NHEJ) pathway63. After sensing and binding to the 

DSBs, DNA-PKcs is recruited to the site of the DNA break by the Ku heterodimer64. 

Then the activated DNA-PKcs phosphorylates the proteins involved in NHEJ mediation, 

including Ku70, Ku80, XRCC4-like factor (XLF), and the X-ray cross complementing 

protein 4(XRCC4)65. In addition, conflicting results regarding the regulation of DNA-

PKcs in p53 activation in the DDR have been reported. It is widely accepted that DNA-

PKcs phosphorylates p53 at Serine 15 and Serine 37, while other evidence showed that 

DNA-PKcs phosphorylates p53 at Serine 4666,67. 

The mitogen-activated protein kinases (MAPKs) family mainly consist of ERK1-

2, JNK1-3, and p38-MAPK. p38 mitogen-activated protein kinase (p38-MAPK) is 

activated by various stimuli, e.g., oxidative stress , UV, and DNA damaging agents68,69. 

The activated p38-MAPK orchestrates cellular response by phosphorylating two major 

groups of proteins. One group is the transcription factors, such as myocyte-specific 

enhancer factor 2 (MEF2), activating transcription factor 2 (ATF2), and p53. The other 
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group is protein kinases, such as mitogen- and stress-activated protein kinase 1 (MSK1) 

and MAPK-activated kinase 2 (MAPK2)70,71. Encoded by four distinct genes, four p38-

MAPK isoforms have been identified, i.e., p38-MAPKα, p38-MAPKβ, p38-MAPKγ, 

and p38-MAPKδ. Upon distinct stimuli, the activated p38-MAPKα directly 

phosphorylates wild-type p53, resulting in the activation of p53 and the stabilization of 

p21 mRNA, which orchestrate cell growth arrest or apoptosis72. Meanwhile, activated 

p53 induces the expression of Wip1 phosphatase, which modulates a negative 

regulatory feedback on p38-MAPK-p53 signaling pathway73. 

 

 

Figure 1.5 Posttranslational modification of p53 by distinct protein kinases. Upon 

diverse stimuli, more than 36 amino acids of p53 can be modified by the corresponding 

modifying enzymes (e.g., ATM, Chk1/2, p38-MAPK, and PKR) (Figure taken form 

reference [50]). 
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1.4  The mechanism of anti-metabolic drug, 5-Fluorouracil 

Anti-metabolic drugs are usually similar in structure to the metabolite that they 

interfere with, leading to a disruption of normal cell physiology and subsequent cell 

death. These antimetabolites normally impair the essential biosynthesis through either 

being incorporated into faulty macromolecules or inhibiting normal function and 

proliferation of cells74. A variety of cytotoxic anti-metabolic agents have been 

developed in the past decades, such as N-phosphonacetyl-L-aspartate (PALA), 

methotrexate (MTX), and 5-Fluorouracil (5-FU). In my PhD study, I focused on 

elucidating the chemoresistance mechanism of 5-FU, which is clinically used either as 

stand-alone therapy or in combination with other chemotherapeutics (e.g., docetaxel 

and oxaliplatin) to treat common solid tumor, such as colon, breast and stomach75. 

5-FU is a structural analogue of uracil, in which a fluorine atom replaces the 

hydrogen at the C-5 position. 5-FU can enter cell through similar passive diffusion as 

uracil then be converted to various active metabolites, e.g., fluorodeoxyuridine 

monophosphate (FdΜMP), fluorodeoxyuridine triphosphate (FdUTP), and 

fluorouridine triphosphate (FUTP)76. The rate of 5-FU catabolism is controlled by an 

enzyme called dihydropyrimidine dehydrogenase (DPD), by which 5-FU can be 

transform into drofluorouracil (DHFU)77.  

The metabolites of 5-FU exert their cytotoxicity mainly via inhibiting thymidylate 
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synthase (TS) and/or incorporating into DNA and RNA. TS functions as an enzyme to 

catalyze the reductive methylation of deoxyuridine monophosphate (dΜMP) to 

deoxythymidine monophosphate (dTMP), which offers the sole de novo source to 

thymidylate that is needed for replication and repair of cellular DNA78. One of the 5-

FU metabolites, FdΜMP competes with dΜMP, the normal substrate of TS for the 

nucleotide-binding site, thereby inhibiting dTMP synthesis79. Depletion of dTMP 

further reduces the generation of deoxythymidine triphosphate (dTTP), leading to the 

perturbation of the other deoxynucleotides level (i.e., dATP, dGTP and dCTP) 78. The 

resulting imbalance in the deoxynucleotide pool, especially the altered dATP/dTTP 

ratio, is believed to trigger severe disruption of DNA synthesis and repair, leading to 

fatal DNA damage80,81. Meanwhile, TS inhibition contributes to the dΜMP 

accumulation, possibly giving rise to the increase of deoxyuridine triphosphate (dUTP), 

which is able to mis-incorporated into DNA82,83. However, when the (F)dUTP/dTTP 

ratio is high, the repair of uracil DNA containing 5-FU by the nucleotide excision repair 

enzyme, uracil DNA glycosylase (UDG) is noneffective with a resultant further mis-

incorporation, which causes DNA strand breaks and the eventual cell death84. On the 

other hand, the substantial mis-incorporation of FUTP into RNA contributes to 

disruption of normal RNA processing and function. The resulting impairment of RNA 

represent at several levels, including the inhibition of the processing and maturation of 

rRNA85,86, the disruption of the post-transcriptional modification of tRNA87,88, and the 
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destruction of the assembly and activity of snRNA/protein complexes89,90.  

 
 

 

Figure 1.6 5-Fluorouracil metabolism (Figure taken form reference [78]). 

 

Based on the mechanism of 5-FU action, extensive studies have been conducted 

to identify molecular regulators that determine response sensitivity to 5-FU-based 

chemotherapy. It has been reported that high expression level of TS or 

Dihydropyrimidine dehydrogenase (DPD)91,92, deficiency of DNA mismatch-repair 

(MMR)93, and overexpression of anti-apoptotic proteins94 are specifically correlated 

with chemoresistance to 5-FU.  

TS expression has been suggested to be critical in determining 5-FU sensitivity. 
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Increased TS mRNA and protein expression was observed in cancer cell lines that were 

resistant to 5-FU95,96, indicating that TS expression correlates with a poor response to 

5-FU-based chemotherapy. When TS is ligand-free, it binds to and inhibits the 

translation of TS mRNA. However, in the presence of 5-FU, TS stably binds to FdΜMP 

instead of its mRNA, resulting in increased TS protein expression97. In addition, 

patients who lack DPD were found to be more responsive to 5-FU-induced cytotoxicity, 

which is presumably due to the decreased drug catabolism98. It has also been shown 

that high level of DPD mRNA in colorectal tumors is associated with resistance to 5-

FU92. These findings reflect the correlation between the degradation of 5-FU mediated 

by higher expression of DPD and the resistance to 5-FU.  

The response sensitivity to 5-FU-indcued DNA damage can be affected by DNA 

mismatch repair (MMR). MMR is a cellular mechanism, through which the deletion, 

erroneous insertion, and mis-incorporation of bases during DNA replication and 

recombination can be recognized and repaired99. The failure of MMR will trigger 

microsatellite instability (MSI), which arises from inherited mutations in MMR genes, 

generally MLH1, MSH2 and MSH6 in some colon cancers100. Studies have found that 

the restoration of MLH1 activity in the colon cancers with deficient MMR can increase 

the sensitivity to 5-FU93, manifesting that cells lacking MMR are more resistant to 5-

FU.  

Cell death induced by cytotoxic chemotherapies, in particular programmed cell 
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death, apoptosis, is regulated by distinct signaling pathways converging on caspase 

activation. Caspases, the cysteine-aspartic acid protease executing cell apoptosis, can 

be activated through the signaling pathway mediated by Bcl-2 family proteins101. 

Modulation of Bcl-2 family protein expression in 5-FU treatment plays a vital role in 

the distinct response to 5-FU. It has been suggested that overexpression of anti-

apoptotic Bcl-2 can inhibit cell apoptosis induced by a majority of chemotherapies, 

while the overexpression of Bax, the pro-apoptotic Bcl-2 family member, can 

conversely increase the sensitivity of cancer cells to 5-FU102,103.  

As a significantly important tumor suppressor, p53 also plays a dominant role in 

cell fate control in response to 5-FU. As mentioned above, depending on various stimuli 

and cellular contexts, p53 will be activated and transcriptionally regulates distinct 

downstream genes, including pro-apoptotic ones and anti-apoptotic ones. Evidence 

suggested that loss of functional p53 contributes to 5-FU resistance in vitro, which is 

due to the disabled p53-mediated apoptosis104. Furthermore, the p53 stabilization has 

been found in cancer cells when the TS is inhibited by 5-FU, but this stabilization is 

insensitive to increased TS expression104. Meanwhile, the p53 stabilization induced by 

5-FU can be reduced with a following co-incubation of uridine, which is a competitive 

nucleoside to 5-FU for incorporation into RNA78. The discrepant abrogation of p53 

stabilization indicates that 5-FU-induced stabilization of p53 mainly depends on RNA-

direct effect in specific cancer cell lines. Therefore, the stabilization of p53 by 5-FU 
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can be arisen from RNA damage due to the incorporation of fluorouridine triphosphate 

(FUTP) into RNA, DNA damage due to the incorporation of fluorodeoxyuridine 

triphosphate (FdUTP) into DNA or the inhibition of thymidylate synthase (TS)78. 

However, the precise signaling cascade that links RNA damage or DNA damage to p53 

activation is still poorly understood. 

 

 

 

Figure 1.7 The activation of p53 in response to 5-FU (Figure taken from reference [78]). 
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1.5  The p53-mediated response to nucleolar stress 

Abundant protein synthesis is usually needed in cancer cells, which usually leads 

to an enhanced number and/or size of nucleolus. Increasing evidences have suggested 

that the nucleolus is critical in multiple cellular functions, especially in cancer cells105. 

The nucleolus, a subnuclear compartment without membrane, is known for its primary 

role in ribosomal biosynthesis. Felice Fontana noted its first presence in eel skin in 

1781106. The different compartments of nucleolus include the fibrillar center (FC), the 

dense fibrillar component (DFC), the granular component (GC), and the perinucleolar 

compartment (PNC)107. The FC is abundant in components of the RNA polymerase Ⅰ 

machinery. The DFC contains pre-rRNA processing factors, thus it is universally 

considered that the transcription of pre-rRNA from rDNA happens either in the FC or 

at the border between the FC and DFC108. GC is the largest component of nucleolus and 

the location where the immature ribosomes assemble109. The PNC is structurally 

different from, but associated with the nucleolus, in which there is large number of 

RNA-binding proteins, RNA polymerase Ⅲ transcripts, and the heterogeneous nuclear 

ribonucleoprotein (hnRNP) complex 110. 
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Figure 1.8 Nucleus structure of live HeLa cells. Scale bar: 15μm (Figure taken from 

reference [105]). 

 

Ribosome biogenesis, the main function of nucleolus, is a vital element in cell 

growth, as the cell proliferation program must be executed with proper synthesis of 

proteins, the process of which relies on the ribosomes111. The ribosome biogenesis is a 

well-orchestrated process beginning in the nucleolus. The 47S precursor rRNAs, 

containing 18S, 5.8S, and 25S rRNAs are first transcribed from ribosomal DNA (rDNA) 

genes by RNA polymerase Ⅰ (Pol Ⅰ)112. The 5S rRNA is the only rRNA that is transcribed 

outside the nucleolus. After being transcribed by the RNA polymerase Ⅲ (Pol Ⅲ) in 

the nucleoplasm, 5S rRNA is co-assembled into the 90S processome with the 47S pre-

rRNAs and ribosomal proteins (RPs), which is translated from RP mRNAs transcribed 

by the RNA polymerase Ⅱ (Pol Ⅱ) in the nucleolus113. Through the processing of small 

nucleolar RNAs (snoRNAs), the 90S processome is assembled and modified into pre-

40S and pre-60S ribosomal subunits114,115. Then, both these two subunits are exported 

from the nucleoplasm to the cytoplasm, during which more RPs are assembled into 
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them, finally resulting in the mature 80S ribosome116,117.  

 

 

Figure 1.9 Ribosome biogenesis (Figure taken from reference [112]). 

 

Over the last two decades, it has become more and more evident that the nucleolus 

is a multifunctional organelle, which also takes part in regulation of diverse cellular 

behaviors, such as control of the cell-cycle apparatus, ageing, DNA replication and 

repair, signal recognition particle assembly, mRNA export, and others109,118. Nucleolus 

also participates in diverse disease pathologies, including Parkinson’s disease, Cardiac 
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hypertrophy, and Myelodysplastic syndrome. These multiple complex functions have 

revealed a very intriguing novel role of the nucleolus as a sensitive regulatory hub, 

which is able to sense a variety of cellular stresses, contributing to the concept of 

‘nucleolar stress’ 105. Basically, nucleolar stress refers to the disturbances in cell 

homeostasis that results from the impairments in nucleolar morphology and function 

induced by diverse stimuli119. Various abnormal metabolic conditions, physical insults, 

and cytotoxic chemicals can alter the structure and function of nucleolus120. Nucleolar 

segregation is a well-described phenomenon of the organization and composition 

alteration in nucleolus, which can be triggered via the DNA damage induced by the UV 

irradiation or inhibition of topoisomerase Ⅱ by etoposide, or via the inhibition of 

transcription by Actinomycin D (Act D) or 5-Fluorouracil121,122. There are more than 

4500 nucleolar proteins identified in the nucleolus, of which 30% are positively 

associated with ribosome biogenesis123. Any error that disturbs the ribosome biogenesis 

can give rise to nucleolar stress. Therefore, ‘ribosomal stress’ or ‘ribotoxic stress’ has 

also been used to express nucleolar stress124,125. Over the past 10-15 years, an increasing 

evidence has been found that the mis-regulation of one or more procedures that control 

ribosome biogenesis play essential roles in various human malignancies, as a majority 

of tumor suppressors and proto-oncogenes, e.g., p53, c-Myc, and PTEN are involved 

in this regulation126.  

The nucleolar-related mechanisms underlying the activation of p53 include the 
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alterations of protein-protein interaction, the changes of the cellular translational profile, 

and the prevention of co-ribosomal export of p53-Mdm2105. Similar to p53, the tumor 

suppressor protein p14ARF maintains at a low level through ubiquitin-mediated 

degradation in most cell types. Under oncogenic or genotoxic stresses, p14ARF is 

upregulated and completely binds to Mdm2, blocking the degradation of p53 by Mdm2, 

thus stabilizing p53 and preventing the proliferation of cells bearing DNA damage127. 

Consistently, mutated or silenced p14ARF is usually found in tumor cells128. Moreover, 

the increased p53 activity resulting from alterations in protein-protein interaction 

involves the release of RPs from the nucleolus following ribosomal stress. This 

translocation of RPs can be induced by serum starvation, nucleotide depletion, and 

Actinomycin D (Act D) or 5-FU treatment. Act D is a commonly used drug that can 

induce DNA damage and inhibit general transcription at high concentrations (e.g., 430 

nM)119, while selectively inhibit RNA Pol I-dependent transcription at low 

concentrations (e.g., <30 nM).129. Such inhibitions commonly disrupt rRNA production, 

ribosome biogenesis, and eventually nucleolar organization. Therefore, the low 

concentration of Act D is considered as the typical inducer of nucleolar stress119. The 

incorporation of FUTP, the active 5-FU metabolite, into RNA induces a similar restraint 

in ribosome synthesis. It is commonly considered that the nucleolar disruption 

following ribosomal stress can induce the diffusion of abundant RPs from the nucleolus 

into the nucleoplasm, where they bind to Mdm2 through direct contact with the zinc 
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finger of Mdm2 and activate p53130. RPL11, RPL5, and RPL23 are well-studied 

examples of RPs that participate in the nucleolar stress-p53 response pathway131–133. 

Aside from RPs, the abundant nucleolar protein NPM1 is reported to participate in the 

nucleolar stress-p53 response by sequestering the p53-Mdm2 interaction when 

translocated out of the nucleolus134. The translocation of NPM1 from the nucleolus to 

the nucleoplasm or cytoplasm is considered as the hallmark of nucleolar stress and 

frequently observed upon various cellular insults119. Several of the studied functions of 

NPM1 include the interaction with a plethora of macromolecules, such as RPs and 

Bax135,136, as well as the chaperoning activity that prevents proteins from aggregation 

137. Moreover, NPM1 is also involved in regulating the nuclear export of RPL5138. 

In addition to the alternation of protein-protein interaction, p53 can also be 

activated through the translation-mediated mechanisms. It has been suggested that 

ribosomal stress can enhance RPL11 mRNA translation in a 5’TOP-dependent manner, 

which accumulates excessive free RPL11 and subsequently activates p53. Moreover, 

ribosomal stress can release RPL26 from the 60S ribosomal subunit, leading to 

simultaneously decreased activity of Mdm2 (possibly due to PTMs). The increased free 

RPL26 also upregulates the translation of p53 mRNA by binding to its 5’ untranslated 

region, which is normally prevented by Mdm2-mediated ubiquitinylation and 

degradation of RPL26130,139.  

The prevention of co-ribosomal export of p53 and Mdm2 is also responsible for 
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p53 activation under the nucleolar stress. Based on the interaction of p53 and/or Mdm2 

with numerous RPs (e.g., RPL11 and RPL5) and rRNAs (e.g., 5.8S and 5S 

rRNAs)140,141, p53 and Mdm2 are suggested to be co-transported with the ribosomal 

subunits from the nucleolus to the cytoplasm. Such a co-ribosomal export may inhibit 

the transcriptional activity of p53 by preventing its binding to the target downstream 

genes in the nucleoplasm, and/or facilitate the degradation of p53 mediated by ubiquitin 

in the cytoplasm. Whereas, under stressful conditions, both the biogenesis and the 

export of ribosome are inhibited. Therefore, the transport of p53/Mdm2 to the 

cytoplasm is restricted, enhancing p53 transcriptional activation of the responsive genes 

in the nucleoplasm111.  
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Figure 1.10 The nucleolar-related, stress-induced enhancement of p53 activity (Figure 

taken from reference [105]). 
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1.6  The three-dimensional culture models and their application in 

tumor biological research 

The in vivo microenvironment of solid tumors is constituted by tumor cells, the 

surrounding normal cells, and the extracellular matrix (ECM). Within such a 

microenvironment, tumor cells grow under a suboptimal condition with hypoxia or 

insufficient nutrients, and are influenced by a plenty of signals released from the 

surrounding cells or cell-cell contacts. However, a majority of these environmental 

effects are not included in the 2D conventional monolayer culture. Recently, various 

types of in vitro three-dimensional culture system of cancer cells have been increasingly 

developed. Compared with the 2D culture system, 3D model represents a better system 

in mimicking and preserving the biological characteristics of original cancer cells142. 

The 3D culture models can be divided into four categories, including multicellular 

tumor spheroids, organotypic multicellular spheroids, tumor-derived spheroids, and 

tumor-derived organoids143. In my Ph.D study, I mainly focused on the multicellular 

tumor spheroid (MCTS) and tumor-derived organoid.  
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Figure 1.11 The structure, formation, and culture method of multicellular spheroids 

(MCTS). (A) The structure of MCTS. (B) The process of MCTS formation. (C) The 

culture methods of MCTS (Figure taken from reference [146]). 

 

MCTS is directly established from the conventional 2D cells and grown as 

suspended spheres under the culture condition that promotes cell-cell adhesion. MCTS 

can be cultured with only cancer cells or co-cultured with cancer cells and other cell 

types, e.g., endothelial cells, fibroblasts, and immune cells144–146. The co-cultured tumor 

cells can simulate the characteristics of angiogenesis, invasion, and metastasis147, which 

makes MCTS an ideal model for cancer research. Besides, owing to the absence of cell-

cell and cell-ECM interactions in the traditional 2D culture, the drug response of 

monolayer cells cannot accurately simulate the tumor microenvironment in the human 

body. However, the MCTS model remedies such a limit, and thus has been used for in 
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vitro anticancer drug screening148,149. Moreover, MCTS has been recognized as an 

appropriate model of human pathologies for studying cancer immunotherapy. The 

immune cells exert anti-tumor activities generally through the complex cellular 

networks in tumors and the tumor immune escape mechanisms150. Therefore, the MCTS 

model offers a relevant microenvironment of cell-cell interaction to investigate the 

tumor immunotherapy. 

 

 

Figure 1.12 Main characteristics of 3D spheroids (Figure taken from the reference 

[150]). 
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Organoids is a self-organizing 3D structure that grows from stem cells. It can 

mimics the in vivo architecture and multi-lineage differentiation of the original tissue 

in mammals, providing a primary explant model system to study tumor biology and 

drug response151. Organoids are considered more physiologically and pathologically 

relevant to in vivo tumor than 2D cancer cell lines, and offers an alternative to animal 

xenografts that may not recapitulate human tumor biology due to inter-species 

difference152. So far 3D organoid cultures have been established for multiple human 

tissues, including the stomach, lung, pancreas, colon, liver, ovaries, prostate, taste buds 

and ligual epithelim151. Moreover, the patient-derived organoids can be stably expanded 

with the preservation of mutational landscape and preserve the morphology diversity 

after long-term in vitro passage153, indicating that this 3D culture is a reliable and stable 

model system for conducting diverse basic and clinical studies154.Paired normal tissue 

can often be obtained alongside the tumor-derived organoids from the same host, thus 

providing an ideal system to compare not only between different tumor samples but 

also between tumor and the corresponding normal tissue.  
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Figure 1.13 Patient-derived tumor cell lines, xenografts, and organoids (Figure taken 

from reference [152]). 

 

In collaboration with Prof. SY Leung at the University of Hong Kong, I mainly 

used a panel of gastric organoids for the 3D drug response study. Gastric cancer (GC) 

is the third leading cause of cancer death worldwide and has an exceptionally high 

incidence in Asia. Currently, except for complete surgical resection of the tumor during 

early stage of the disease, there is no effective treatment for GC. Despite the approved 

chemotherapeutic agents, including 5-FU, cisplatin, paclitaxel and their combinations, 

most patients have poor prognosis of treatment response. In order to better study GC 

and develop more effective treatment strategies, Prof. Leung’s group established a 

biobank of gastric organoids. So far tumor organoids with paired normal organoids have 

been derived from 34 patients155. Profiling analysis of the organoid panel confirmed 
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that both the genome and transcriptome of GC organoids are highly similar to those of 

the in vivo tumor samples.  

 For instance, this gastric organoid panel has been applied to study gastric 

intestinal metaplasia (IM). Previous biological studies of IM were not able to produce 

meaningful results due to the lack of a proper in vitro cell model. With the development 

of organoid culture, IM organoids from human gastric biopsies have been successfully 

generated, representing the first in vitro cell model to recapitulate this pre-malignant 

lesion of GC. Results of the organoid studies showed that, compared with normal 

gastric organoids, IM organoids were more sensitive to changes in RAS and BMP 

signaling, and independent of the FGF signaling pathway156. These findings represent 

the first in-depth biological characterization of IM. Furthermore, transcriptome results 

from the organoid panel may serve to distinguish intrinsic versus environmental signals, 

thus providing a unique resource that can dissect out epithelial-stromal interactions in 

the tumor microenvironment155.  

In addition, GC is a highly heterogeneous disease, encompassing not only inter-

patient variability, but also variations within the same tumors (intratumoral 

heterogeneity). The gastric organoid culture is able to capture the wide spectrum of 

variability in pre-invasive and  metastatic lesions that are currently not available in 

conventional 2D culture cell lines157. The organoid panel thus offers a unique pre-

clinical model for drug screening, in particular to address the key challenge of drug 
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response variability that shall ultimately guide patient treatment. Initial drug screening 

with the gastric tumor organoid panel that includes all major molecular subtypes of GC 

illustrated that response of GC organoids to standard chemotherapy recapitulated actual 

patient responses, validating this 3D model for performing drug response analysis. 

Sensitivity screen of several preclinical targeted drugs in a subset of GCs also revealed 

some new therapeutic opportunities, pointing to the high potential of using this model 

system to develop new drugs and drug combinations158.  

 

 
Figure 1.14 Multiple applications of organoid technology (Figure taken from reference 

[154]). 
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1.7  Aims of the study 

In this study, I aimed to elucidate the mechanistic basis of variable sensitivities to 

the chemotherapeutic, 5-fluourocil, and unravel the underlying nucleolar stress 

response cascade. By examining the drug response in a panel of human cancer cell lines, 

I illustrated the cell type-dependent sensitivity and p53 activation in the response to 5-

FU. Based on the differential responses, I profiled the potential regulators to investigate 

the key signaling components mediating the response to 5-FU, in particular the 5-FU-

induced cell apoptosis. By knocking down p53 or RPL11, I validated the regulatory 

role of p53 in cell death responding to 5-FU and the stabilization of p53 by RPL11. To 

explore the mediation of kinases in the 5-FU signaling pathway, I screened several 

potential kinases in the sensitive cell lines. The acquired data exhibited that the 5-FU-

induced p53 activity and cell death are regulated by multiple signaling kinases. In this 

study, the involvement of nucleolar stress in the responsive pathway of 5-FU was found 

through the translocation of NPM1, which is a hallmark of nucleolar stress. According 

to the comparison between 5-FU and the typical nucleolar stress inducer Act D, I further 

established the correlation between p53 activation and the nucleolar stress induced by 

5-FU. The collective activities and mutual effects of these essential regulatory 

molecules regarding the determination of differential sensitivities to 5-FU are presented 

in this study. Moreover, by evaluating the drug response based on 3D spheroids and 

organoids, I identified the differential response dynamics to 5-FU between the 2D and 
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3D models. Overall, this study acquired novel data manifesting drug response dynamics 

to 5-FU, in particular the nucleolar stress-induced p53 pathway activation, and provided 

insight into the investigation of chemoresistance based on 3D culture model as well. 
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Chapter 2 Materials and Methods 

 

2.1  2D cell culture 

The 2D cell lines were purchased from the American Type Culture Collection 

(USA) and cultured under 37°C and 5% CO2 in an appropriate medium supplemented 

with 10% fetal bovine serum (FBS), penicillin (100 U/ml), and streptomycin (100 

mg/ml). H460 and 769-P was maintained in Roswell Park Memorial Institute 1640 

medium (RPMI, Thermo Fisher Scientific). A375 was maintained in Dulbecco’s 

modified Eagle’s medium (DMEM, Thermo Fisher Scientific). HCT116 and U-2 OS 

was maintained in McCoy’s 5A (modified) medium (Thermo Fisher Scientific). HepG2 

was maintained in minimum essential medium (MEM, Thermo Fisher Scientific). A549 

was maintained in Ham's F-12K (Kaighn's) medium (Thermo Fisher Scientific).  

 

 

2.2  3D cell culture 

The 3D spheroids were generated directly from the 2D adherent cell line H460 

according to the protocol below. 
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1. Detach cells from the culture dish by Trypsin (Thermo Fisher Scientific, #25200-

072) and neutralize the action of trypsin with complete medium RPMI.  

2. Determine the total number of cells using a hemocytometer then seed cells in the 

24-well ultra-low attachment plate (Corning, #3473) with a number of 2×105 cells 

per well.  

3. Slightly pipette up and down to let the cells evenly distribute in each well before 

place the plate into the incubator. Cells were cultured under 37°C and 5% CO2 to 

generate the 3D spheroids.  

4. During the incubation, gently rock the culture plate or slightly pipette up and down 

the cell suspension intermittently to avoid the excessive aggregation.  

5. After 48-hour’s culture, cells grow into 3D spheroids with distinct sizes and are 

ready for treatment. 

The 3D gastric organoid was a generous gift from Prof. Leung at the Department 

of Pathology, The University of Hong Kong. The gastric organoid crypts were cultured 

in 80% of Matrigel (Corning, #356231). In 5-7 days, the single crypts grew larger and 

started forming new crypts on the surface of the “old” crypts. The crypts could grow 5 

fold larger than the original isolated ones. The splitting ratio is usually 1:2-1:6. The 

splitting was performed according to the protocol below. 

1. Remove the medium from the original 24-well culture well along the side of the 

well to avoid disturbing the matrigel droplet.  
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2. For tumor organoids, add 500uL TrypLE™ Select Enzyme (Thermo Fisher 

Scientific, #12563029) per well then transfer to 15mL tube to dissolve and 

trypsinize the culture droplet under 37°C.  

3. Add 5mL Advanced DEME/F-12 +++ (Table 1.1) to neutralize the action of 

TrypLE™ Select Enzyme then centrifuge at 500-800g for 5 minutes to pellet the 

organoid crypts. 

4. For organoids of normal tissues, add 1mL of Advanced DEME/F-12 +++ per well 

and transfer to 15mL tube.  

5. Add another 1mL of Advanced DEME/F-12 +++ and pipette up and down using 

Pasteur pipet to break up the organoid crypts. Fill the cell suspension with 

Advanced DEME/F-12 +++ to 5mL and centrifuge at 200g for 5 minutes to pellet 

the crypts.  

6. Remove the supernatant and add 20% complete medium (volume) to the pellet. 

Pipette up and down (avoid bubbles) to break up the organoid crypts. Add 80% 

matrigel (volume) to the above solution and mix well (avoid bubbles).  

7. Put 50uL mixture per well in a pre-warmed 24-well plate and place the plate in the 

incubator for 10 minutes.  

8. After the solidification of matrigel, add 500uL of standard gastric organoid 

medium (Table 1.2) to each well. Change the culture medium every 2-3 days. 
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Table 1.1 Components of the basic Advanced DMEM/F-12 +++ medium. 

Components Volume (mL) Brand name and catalog No. 

Advanced DMEM/F-12 500 Thermofisher, #12634010 

HEPES 5 Thermofisher, #15630080 

GlutaMAX™ Supplement 5 Thermofisher, #35050061 

Penicillin streptomycin 5 Thermofisher, #15140122 
 
 

Table 1.2 Components of the standard gastric organoid medium. 

Components Final Conc. Brand name and catalog No. 

Advanced DMEM/F-12 +++   

EGF 50ng/ml PeproTech, #AF-100-15 

FGF-10 100ng/ml PeproTech, #100-26 

B-27 Supplement (50X) 1x Thermofisher, #17504-044 

NAC 1mM Sigma, #A9165 

1/10 Gastrin 1nM Sigma, #G9145 

A83-01 2μM PeproTech, #9094360 

R-spod1# 10% In house 

Nogging# 100ng/ml PeproTech, #120-10c 

Y27632* 10μM Tocris, #1254 

Wnt-Fc# 0.25nM U-Protein Express BV, #N001 

Nutlin-3** 10μM Cayman, #10004372 

*: only needed when splitting the organoids. 
**: only needed when culturing the p53-mutant organoids, i.e., GX022 (TO), GX061 (TO) and 
GX068 (TO). 
#: not needed when culturing GX061 (TO). 
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2.3  Chemicals and reagents  

5-Fluorouracil was purchased from Sigma-Aldrich. Actinomycin D was purchased 

from Thermofisher Scientific. The ATM kinase inhibitor KU60019 was purchased from 

Selleckchem. The ATR kinase inhibitor AZ20 was purchased from AXON Medchem. 

The p38-MAPK kinase inhibitor Doramapimod was purchased from Cayman. The 

DNA-PKcs kinase inhibitor NU7026 was purchased from Abcam. The pan-caspase 

inhibitor Z-VAD(OMe)-FMK was purchased from Santa Cruz.  

 

 

2.4  RNA interference 

siRNA oligos to silence DNA-PKcs (GAUCGCACCUUACUCUGUU; used at 

80nM in H460, at 50nM in A375 and HCT116), NPM1 

(AGGUGGUAGCAAGGUUCCA; used at a final concentration of 100nM), RPL11 

(AAGGUGCGGGAGUAUGAGUUA or AAGCAUUGGUAUCUACGGCCU; used 

at 20nM), and RPL5 (ACGCUUGGUGAUACAAGAU or 

AAGGGAGCUGUGGAUGGAGGC; used at 20nM) were custom synthesized by 

Dharmacon. siRNA oligos to silence p53 (UGAACCAUUGUUCAAUAUCGUCCGG; 

used at 20nM) was obtained from Invitrogen. The non-targeting siRNA oligo (On-

Target plus siControl, #D-001818-01) was purchased from Dharmacon. HiPerFect 
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Transfection Reagent (Qiagen) was used in siRNA transfections in HCT116 cells. 

Lipofectamine RNAiMAX Reagent (Thermo Fisher Scientific) was used in siRNA 

transfections in all other cell lines. The transfection was performed according to the 

manufacturers’ instructions. Experiments were conducted after 48-hour of gene 

silencing. 

 

 

2.5  Western blot analysis 

Cells were lysed by the lithium dodecyl sulfate (LDS) sample buffer (Invitrogen) 

with 2% 2-mercaptoethanol (Sigma-Aldrich). Protein samples were denatured by 

heating at 90qC for 10 minutes and separated on 8 to 12% tris-glycine gel. Then proteins 

were transferred from gel onto PVDF membranes (Bio-Rad) at 100V for 1 hour. The 

membrane was blocked by 5% milk in TBST and the blots on membrane were probed 

with commercially available primary antibodies and chemiluminescent detection using 

ECL Prime Western Blotting Detection Reagent (GE Healthcare). Antibodies, 

including Parp1 (#9542), phospho-p53 (Ser9) (#9288), phospho-p53 (Ser15) (#9284), 

phospho-p53 (Ser20) (#9287), phospho-p53 (Ser37) (#9289), phospho-p53 (Ser46) 

(#2521), phospho-p53 (Thr81) (#2676), phospho-Akt (Ser473) (#4060), phospho-

AMPKα (Thr172) (#2535), phospho-Chk1 (Ser345) (#2348), phospho-Chk2 (Thr68) 
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(#2661), phospho-IRF-3 (Ser386) (#37829), phospho-c-Jun (Ser63) (#2361), phospho-

SAPK/JNKp (Thr183/Tyr185), (#4668), phospho-mTOR (Ser2448) (#5536), phospho-

p38-MAPK (Thr180/Tyr183) (#4511), phospho-p70 S6 Kinase (Thr389) (#9205), 

phospho-Stat1 (Tyr701) (#9167), phospho-TBK1/NAK (Ser172) (#5483), RPL11 

(#18163), RPL5 (#14568), p21 (#2947) were purchased from Cell Signaling 

Technology. Antibodies such as p53 (#sc-126), and DNA-PKcs (#sc-5282) were 

purchased from Santa Cruz Biotechnology. Antibodies such as phospho-ATM (S1981) 

(#ab81292), phospho-DNA-PKcs (S2056) (#ab124918) and phospho-PKR (Thr446) 

(#ab32036) were purchased from Abcam. NPM1 antibody (#32-5200) was purchased 

from Thermo Fisher Scientific. β-actin antibody (#A5316) was purchased from Sigma-

Aldrich and used as a loading control.  

 

 

2.6  Immunofluorescence 

After the treatment in cells grown on coverslips (8mm, No.1.5H), the 

immunostaining was performed according to the protocol below. 

1. Fix cells with 4% paraformaldehyde for 15 minutes.  

2. Permeabilize cells with 0.5% Triton X-100 for 30 minutes at room temperature and 

100% pre-chilled Methanol for 3 minutes at -20℃ successively.  
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3. Wash cells with PBS three times and each time for 5 minutes. 

4. Block cells with 3% BSA-0.2% Triton X-100 for 1 hour at room temperature.  

5. Incubate cells with 3% BSA containing primary antibodies against NPM1 (Thermo 

Fisher Scientific, #32-5200, 1: 1000 dilution) at 4℃ overnight.  

6. Wash cells with PBS three times and each time for 5 minutes. 

7. Incubate cells with 3% BSA containing Alexa Fluor 488-labelled goat anti-mouse 

antibodies (Invitrogen) for 1 h at room temperature.  

8. Wash cells with PBS three times and each time for 5 minutes. 

9. Counterstain cells with Hoechst 33342 (Invitrogen) for 10 minutes.  

10. Wash cells with PBS three times and each time for 5 minutes. 

11. Mount the coverslips with ProLong™ Diamond Antifade Mountants (Thermo 

Fisher Scientific, #P36965).  

The cell coverslips were imaged by the Andor Dragonfly confocal microscope 

with a 60X oil objective. Imaging data were viewed and analyzed using the Imaris. 

 

 

2.7  Live-cell imaging 

The 2D cells, 3D spheroids of H460, and matrigel-cell mixture of GX036 tumor 

organoids were plated in a 24-well glass bottom imaging plate (Cellvis, USA) and 
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cultured in original medium. Cell images were acquired by a Nikon Eclipse Ti2 inverted 

microscope with either a 20X phase contrast objective (NA = 0.45) or a 20X Plan Apo 

objective (NA = 0.75). Images were viewed and analyzed using NIS-Elements software 

(Nikon). 

 

 

2.8  Human phospho-kinase array   

The Human Phospho-Kinase Array Kit was purchased from R&D Systems 

(ARY003C). The experiment was performed according to the manufacturer’s 

instruction.  

1. Block the 8 nitrocellulose membranes (4 part A and 4 part B) with 1mL of Array 

Buffer 1 per well of the 8-well multi-dish for 1 hour at room temperature.  

2. Rinse cells with PBS and lyse cells by Lysis Buffer 6.  

3. Centrifuge the lysis suspension at 14000g for 5 minutes then transfer the 

supernatant into a clean test tube.  

4. Remove Array Buffer 1 in the 8-well multi-dish and add 1mL of cell lysate to part 

A and part B membranes respectively. Incubate the membranes overnight at 4℃ 

on a rocking platform shaker.  
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5. Wash the membranes with 1X Wash Buffer three times and each time for 10 

minutes. 

6. Pipette 1mL of diluted Detection Antibody Cocktail A and B into wells for part A 

and B membranes respectively. Incubate for 2 hours at room temperature on a 

rocking platform.  

7. Wash the membranes with 1X Wash Buffer three times and each time for 10 

minutes. 

8. Pipette 1mL of diluted Streptavidin-HRP into each well and incubate the 

membranes for 30 minutes at room temperature on a rocking platform.  

9. Wash the membranes with 1X Wash Buffer three times and each time for 10 

minutes. 

10. Arrange the membranes on a sheet protector. Add the ECL Prime Western Blotting 

Detection Reagent (GE Healthcare) and expose to film. The signals on the scanned 

films were analyzed by ImageJ. 
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Table 1.3 Materials provided in The Human Phospho-Kinase Array Kit 

Part Description 

Human Phospho-Kinase 
Array 

8 nitrocellulose membranes (4 part A, 4 part B) each 
containing 39 different capture antibodies printed in 
duplicate 

Array Buffer 1 A buffered protein base with preservation 

Array Buffer 2 
5X concentration 

A concentrated buffered protein base with preservation 

Array Buffer 3 A buffered protein base with preservation 

Lysis Buffer 6 A denaturing buffered solution 

Wash Buffer Concentrate A 25-fold concentrated solution of buffered surfactant 
with preservation 

Detection Antibody 
Cocktail A 

Biotinylated antibody cocktail; lyophilized 

Detection Antibody 
Cocktail B 

Biotinylated antibody cocktail; lyophilized 

Streptavidin-HRP Streptavidin conjugated to horseradish-peroxidase 

Chemical Reagent 1 Stabilized hydrogen peroxide with preservation 

Chemical Reagent 2 Stabilized luminol with preservation 

8-Well Multi-dish Clear 8-well rectangular multi-dish 

Transparency Overlay 
Template 

Transparency overlay template for coordinate reference 
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Chapter 3 The p53-mediated response dynamics to 5-

Fluorouracil 

 

3.1  Cell-type dependent response to 5-FU of a panel of human cancer 

cell lines 

In order to study the mechanism underlying variable sensitivity to 5-FU and its 

association with differential p53 pathway activation, I first performed an ensemble 

profiling analysis of the dose response of a selected panel of human cancer cell lines,  

including H460 (derived from lung cancer), A375 (skin), HCT116 (colon), U-2 OS 

(bone), A549 (lung), and HepG2 (liver). As p53 has been previously found to be a key 

regulator of 5-FU cytotoxicity, in my study I intend to examine how other molecular 

factors under a p53 wild-type background can alter 5-FU sensitivity so I selected cell 

lines that all harbor wild-type p53 to perform the analysis .  

For each cell line, I first performed dose titration and to determine the minimal 

dose that inhibits cell proliferation (i.e., the low dose that exerts an cell cycle effect) 

and the minimal dose that is able to induce about 80% cell death after 48 or 72-hour of 

5-FU treatment (i.e., the high dose that activate cell death). The extents of drug response 

in terms of cell proliferation and cell death were first quantified by data from live cell 

imaging, in which I monitored cell fate of individual cells by morphological tracking 
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(Fig. 3.1A). To further measure the extent of cell death induced by 5-FU at the ensemble 

level, cleavage of Parp1 (a member of the Poly (ADP-ribose) polymerase (PARP) 

family), a signature event of apoptosis induction, was employed as a marker by western 

blotting. As shown in Figure 3.1, after 48 to 72-hour treatment of 100-200 μM 5-FU, 

over 80% of cells died in H460, A375, and HCT116 cells (Fig. 3.1B). In contrast, less 

than 20% cell death was observed in U-2 OS, HepG2, and A549 cells after 72-hour 

treatment of 200 μM 5-FU (Fig. 3.1C). Therefore, H460, A375, and HCT116 were 

defined as cancer cell lines that are sensitive to 5-FU-induced cell death, while U-2 OS, 

HepG2, and A549 were defined as resistant to 5-FU-induced cell death in my study.  

To profile p53 pathway activity in response to 5-FU, I measured key proteins 

previously implicated to be involved in regulating stress-induced p53 pathway 

activation in the six selected cancer cell lines. As shown in Figure 3.1B and 3.1C, 

treatment of 5-FU induced p53 and its key downstream target gene p21 and puma in 

both the sensitive and resistant cell lines. However, the dose-dependent response of 

these cell lines differed. As 5-FU dose increased, obvious upregulation of p53 and p21 

as well as the extent of cell death were concomitantly increased only in the sensitive 

cell lines. Moreover, direct comparison of the sensitive and resistant cell lines on the 

same western blot at low and high concentration of 5-FU showed that 5-FU induced a 

much higher level of p53 and p21 in the sensitive cell lines (Fig. 3.1D). These data 

indicated that p53 and the p53 pathway were more highly activated in the sensitive than 
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resistant cell lines in response to 5-FU. This may contribute to the more effective cell 

death induction in the sensitive cell lines. 
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Figure 3.1 Cell death response to different concentrations of 5-FU. (A) Cell death ratio 

of six cell lines treated with low and high dose of 5-FU. (B) Western blot of dose 

response of sensitive cell lines, H460, A375, and HCT116. (C) Western blot of dose 

response of resistant cell lines, U-2 OS, HepG2, and A549. (D) Western blot 

comparison of the six cell lines after 48-hour treatment of 5-FU at the indicated 

concentrations.  
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3.2  The cytotoxicity induced by 5-FU is p53-dependent 

As p53 was strongly upregulated in cancer cell lines that were sensitive to cell 

death induction by high dose of 5-FU, I first tested the role of p53 in mediating 5-FU-

induced cell death. I knocked down p53 by RNA interference (RNAi) in the three 

sensitive cell lines, i.e., H460, A375, and HCT116. After 48 hours of gene silencing, 

cells were treated with high dose of 5-FU at different time points. As shown in Figure 

3.2, loss of p53 significantly attenuated cell death in response to 5-FU in all three 

sensitive cell lines (indicated by the decrease of Parp1 cleavage). This result illustrated 

that 5-FU-induced cell death in these p53-wildtypee cell lines was mediated by p53. 
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Figure 3.2 Cell death response to 5-FU treatment at the indicated time points in the 

three sensitive cell lines after p53 knockdown. p53 was knocked down by RNAi. Cells 

with no RNAi treatment or treated with non-targeting siRNA oligo (to control for 

toxicity from RNAi) were shown as control (ctrl) and siRNA control (sic). Cells with 

p53 siRNA treatment were shown as p53 knockdown (p53 kd). After 48 hour of gene 

silencing, cells were treated with the indicated concentrations of 5-FU, i.e., 100 μM for 

H460 and A375, 200 μM for HCT116. 
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3.3  Ribosomal proteins mediate the upregulation of p53 level upon 5-

FU treatment 

As elaborated in the introduction, 5-FU has been reported to activate p53 via 

triggering DNA damage and/or RNA damage. In order to investigate the mechanism of 

p53 and p53 pathway activation by 5-FU, I examined the contribution of the DNA 

damage and RNA damage, respectively. To test the involvement of DNA damage, I 

measured the activation (via the phosphorylation level) of kinases known to be involved 

in mediating DNA damage response, e.g., ATM, Chk1 and Chk2, in the three sensitive 

cell lines. As shown in Figure 3.3A, all three kinases can be activated by 5-FU. These 

data suggested that DNA damage was likely involved in the 5-FU apoptotic response.  

Next, I treated the three sensitive cell lines with 5-FU in combination with either 

AZ20 (ATR inhibitor) or KU60019 (ATM inhibitor) to further explore the potential 

involvement of these kinases in mediating the p53 activation and subsequent cell death 

in response to 5-FU. To determine the proper concentration of AZ20 and KU60019 for 

inhibiting the respective kinase activities, I first performed a dose titration of these two 

inhibitors for the three sensitive cell lines, respectively. With 0.2 μM AZ20 treatment, 

the activation of Chk1, the downstream phosphorylation target of ATR, was 

significantly inhibited as measured by western blotting of p-Chk1 level, confirming the 

inhibitory effect of AZ20 on ATR. I found the activation of Chk2, the phosphorylation 

target of ATM was also inhibited by AZ20, indicating AZ20 has off-target effect on 
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Chk2 and possibly also ATM. Upon AZ20 treatment, p53 upregulation was only 

attenuated in A375, but not in H460 or HCT116 (Fig 3.3B). Treatment of the ATM 

inhibitor, 1 μM KU60019, showed similar results as AZ20. These data indicated that 

DNA damage is not the dominant upstream trigger of the p53 activation in 5-FU 

response in the sensitive cell lines. 
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Figure 3.3 Activation of the DNA damage response pathway upon 5-FU treatment. (A) 

Activation of ATM, Chk1 and, Chk2 probed by their phosphorylation levels in the dose 

response of 5-FU. Cells were treated with low and high concentration of 5-FU for the 

indicated time. (B) The p53 levels under 5-FU alone or in combination of AZ20 (ATR 

inhibitor) or KU60019 (ATM inhibitor). Cells were pre-treated with 0.2 μM AZ20 or 1 

μM KU60019 for 1 hour and then treated with high concentration of 5-FU (100 μM for 

H460 and A375; 200 μM for HCT116) for 24 hours.  
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Next I examined the involvement of RNA damage in triggering 5-FU-induced cell 

death, as previous studies have reported that p53 is upregulated as a result of 5-FU-

induced ribosomal stress. The subsequent activation of ribosomal proteins, such as 

RPL5 and RPL11, allow them to bind and sequester Mdm2, the key p53 negative 

regulator, resulting in p53 stabilization and upregulation. To confirm these previous 

findings in the sensitive cell lines selected in my study, I first examined the levels and 

dynamic changes of RPL11 and RPL5 in the dose response of 5-FU in the sensitive cell 

lines. As shown in Figure 3.4A, RPL11 showed a slight downregulation at the high 

concentration of 5-FU, which could be due to the increased cell death. RPL5 exhibited 

a relatively stable level at different concentrations of 5-FU. This result suggested that 

5-FU treatment does not significantly affect the levels of RPL11 and RPL5. Next, I 

employed RNAi to knock down RPL11 and RPL5 in three sensitive cell lines. Loss of 

RPL11 and RPL5 significantly attenuated the p53 induction levels in response to 5-FU 

in all three sensitive cell lines (Fig. 3.4B and 3.4C). It was noted that knockdown of 

RPL5 using the selected siRNA oligo also attenuated the expression level of RPL11. 

This may be due the fact that RPL11 and RPL5 shared significant homology so the 

RLP5 siRNA oligo had off-target effect also on RPL11 silencing. In addition, 5-FU-

induced cell death was also significantly reduced by the knockdown of RPL11 and 

RPL5 in H460 and HCT116 cells, though not in A375 cells. The lack of cell death 

rescue in the A375 cells upon RPL11 and RPL5 knockdown may be due to added 
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cytotoxicity arising from the ribosomal protein knockdown because these proteins 

likely play a critical role in other cellular processes essential for cell survival or the 

participation of DNA damage response in this cell line. Nonetheless, given that 

knockdown of both RPL11 and RPL5 significantly attenuated p53 induction induced 

by 5-FU as well as reduce cell death in two out of the three sensitive cell lines, our data 

confirmed the previous results that p53 upregulation in particular associated with cell 

death induced by 5-FU, is mediated by activation of the nucleolar stress response and 

the ribosomal proteins. 
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Figure 3.4 The levels of RPL11 and RPL5 in the dose response of 5-FU and the effect 

of RPL11 and RPL5 knockdown in 5-FU response in the sensitive cell lines. (A) 

Western blot of RPL11 and RPL5 in the three sensitive cell lines treated with the 

indicated 5-FU concentrations for different time. (B, C) The knockdown of RPL11 (B) 

and RPL5 (C) were by RNAi. Cells with no RNAi treatment or treated with non-

targeting siRNA oligo were shown as control (ctrl) and siRNA control (sic). Cells with 

RPL11 or RPL5 siRNA treatment were shown as RPL11 or RPL5 knockdown (RPL11 

kd or RPL5 kd). After 48 hours of gene silencing, cells were treated with high 

concentration of 5-FU (100 μM for H460 and A375; 200 μM for HCT116). 
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3.4  Nucleophosmin 1 upregulates p53 activity upon 5-FU treatment 

To further investigate the involvement of nucleolar stress response in mediating 

the 5-FU response, in particular the cell death response, I next examined the role of 

nucleophosmin 1 (NPM1). NPM1 is considered the hallmark of nucleolar stress and 

acts to activate the nucleolar stress response cascade by translocating from the nucleoli 

to the nucleoplasm upon stress induction. I thus measured the localization of NPM1 in 

the three sensitive cell lines that were treated with low and high concentration of 5-FU 

for 24 hours. As shown in Figure 3.5A, NPM1 is mainly located in the nucleoli under 

normal culture condition as well as under low concentration of 5-FU. In contrast, high 

concentration of 5-FU induced a significant translocation of NPM1 from the nucleoli 

to the nucleoplasm, illustrating high dose of 5-FU strongly activated NPM1 activity in 

the nucleoplasm where it is thought to interaction with Mdm2159.  

A well-known nucleolar stress inducer is Actinomycin D (Act D). Low dose of Act 

D (e.g., 5-30 nM) has been shown to inhibit rRNA transcription, leading to nucleolar 

stress. I therefore compared the changes of NPM1 localization induced by 5-FU with 

that by Act D. Translocation of NPM1 from the nucleoli to the nucleoplasm were 

prominently observed in the sensitive cells, e.g., H460 and A375, treated with 20 nM 

Act D and to an even more extensive degree (Fig. 3.5B). These data indicated that 5-

FU indeed induced RNA damage and nucleolar stress.  
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Figure 3.5 The immunostaining of NPM1 in the three sensitive cell lines. (A) Cells 

were fixed and stained after the treatment of 5-FU at the indicated concentration for 24 

hours in H460, A375, and HCT116. (B) Cells were fixed and stained after the treatment 

of 20 nM Act D for 24 hours in H460 and A375. Scale bar: 10 Pm.  

 

 

I next explored whether and how 5-FU-induced NPM1 translocation contributed 

to the upregulation of p53 level and/or activity and the subsequent drug-induced cell 
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death. I knocked down NPM1 by RNAi and NPM1 level was successfully reduced in 

H460 and HCT116, but not A375. So I only performed further experiments in H460 

and HCT116. Loss of NPM1 did not alter the p53 levels induced by 5-FU. However, 

the level of p21 was significantly attenuated, suggesting that NPM1 is critical to 

activate p53’s transcriptional activity in upregulating the key downstream target genes 

in the p53 pathway (Fig. 3.6). Knockdown of NPM1 did not decrease the extent of 5-

FU-induced cell death. This could be due to cytotoxicity arising from the loss of NPM1, 

as NPM1 likely has other essential function in cell survival. Overall, the data suggest 

NPM1 acts to modulate p53 activity, not p53 level, in response to 5-FU. 
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Figure 3.6 The cell death response and inhibition of p53 transcriptional activity in H460 

and HCT116 treated with 5-FU. The knockdown of NPM1 was completed by RNAi. 

Cells with no RNAi treatment or treated with non-targeting siRNA oligo were shown 

as control (ctrl) and siRNA control (sic). Cells with NPM1 siRNA treatment were 

shown as NPM1 knockdown (NPM1 kd). After 48 hours of gene silencing, H460 cells 

were treated with 100 PM 5-FU, and HCT116 cells were treated with 200 PM 5-FU. 
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3.5  Cellular response to 5-FU in three-dimensional cancer spheroids 

and tumor organoids 

Drug response is known to differ between traditional two-dimensional (2D) cell 

culture model and tumor in 3 dimension (3D). To explore the 2D vs. 3D difference in 

5-FU response, I used two established 3D culture models, including 3D spheroids 

grown from 2D cancer cell lines in ultralow adhesion surface and 3D gastric cancer 

organoids derived from primary tumor tissues of the patients. I first compared the 5-FU 

response in 2D versus 3D spheroids grown from H460 cells. To generate H460 

spheroids, the 2D H460 cells were cultured in the ultra-low adhesion plate for 48 hours. 

After 3D spheroids were formed, I treated both the 2D culture cells and the 3D 

spheroids with 100 PM 5-FU (i.e., high drug dose), and measured the signature proteins 

in the 5-FU response found in the 2D cell culture model, including p53, p21 and the 

cell death marker, cleaved Parp1. As shown in Figure 3.7, compared with the 2D cells, 

the extent of cell death was substantially attenuated in 3D spheroids after 48-hour 

treatment of high concentration of 5-FU, despite similar level of p53 induction and the 

high activation of p53 transcriptional activity indicated by the strong p21 upregulation 

exhibited by the 3D spheroids. This data not only confirmed the finding of previous 

studies that suggests cancer cells are more drug resistant in 3D than 2D, but more 

importantly, pointed to the 3D drug resistance may originate from regulatory 

mechanism not as critical in 2D. Although this examination of variability between 2D 
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and 3D cancer cell line model is very preliminary, it already revealed interesting new 

angle to investigate 3D drug resistance to 5-FU using 3D spheroids as a more 

representative cancer model. 

 

 

Figure 3.7 Morphology of 3D H460 spheroids and cell death response to high 

concentration of 5-FU in 2D versus 3D spheroids of H460 cancer cell. (A) Phase-

contrast imaging of 3D H460 spheroids generated from 2D H460 cells cultured in the 

ultra-low adhesion plate for 48 hours. Scale bar: 50 μm. (B) After the generation of 3D 

spheroids, the 2D cells and 3D spheroids were treated with 100μM 5-FU for the 

indicated time. 
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I also analyzed 5-FU response in 3D using a more clinically relevant 3D culture 

tumor model, i.e., gastric tumor organoids derived from primary patient tumor samples. 

Specifically, I performed the dose titration of 5-FU in a panel of gastric tumor organoids 

and profiled the drug-induced cell death response and p53 pathway activation. Among 

the five gastric organoids in my analysis, two tumor organoids, i.e., GX036 and GX048, 

harbor wildtype p53, and the other three, i.e., GX022, GX061 and GX068, harbor 

mutant p53. As shown in Figure 3.8B, at 200 PM 5-FU, over 80% of cells died in two 

p53-mutant tumor organoids, i.e., GX022 and GX061, while no more than 50% of cell 

death was observed in the p53-wildtype organoids, GX036 and GX048. For GX061, 

p53 was still strongly induced upon 5-FU treatment, indicating that the mutant p53 in 

GX061 maintained some levels of wildtype p53 characteristics and possibly wildtype 

function. The tumor organoid that is most resistant to 5-FU-induced cell death is GX068. 

Less than 50% of cells in GX068 died at 400 PM 5-FU. The paired normal organoid of 

GX068 derived from normal tissue of the same patient also showed strong 5-FU 

resistance, despite having inducible, wildtype p53. Again this points to mechanism 

beyond p53 that determines the sensitivity to 5-FU in the tumor organoids, which needs 

to be investigated in follow-up studies. Identifying the key regulators underlying 

differential sensitivity of 3D tumor organoids from primary patient samples to 5-FU 

will reveal not only novel mechanistic understanding of drug resistance in 3D but also 

biomarkers that can be employed to predict drug response in the clinical context. 
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Figure 3.8 Representative microscope of the GX036 tumor organoids and cell death 

response to 5-FU in different subtypes of gastric tumor organoids and one paired normal 

organoid. TO: tumor organoids; BO: organoids from normal body. (A) Live-cell 

imaging of GX036 (TO) cultured for 5 days. The organoids were transfected with 

Histone-2B mRFP, which is the label for nucleus. Left panel: phase-contrast imaging 

of the GX036 (TO). Middle panel: wide-field imaging with Histone-2B mRFP. Right 

panel: overlay of the bright field image and the fluorescent image. Scale bar: 50 Pm. 

(B) Western blot of dose titration of 5-FU in five subtypes of gastric tumor organoids 

and one paired normal organoids.  
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Chapter 4 The complex role of kinases in modulating 

p53 response to 5-FU 

 

4.1  Screening of the regulatory kinases involving in the 5-FU 

signaling pathway 

Data shown in the previous chapter demonstrated the important role of p53 activity 

in determining the sensitivity of cancer cells to 5-FU cytotoxicity, at least for some 

cancer types. p53 level and activity are known to be regulated by post-translational 

modifications, such as phosphorylation. In addition to ribosomal proteins and NPM1, 

the signaling kinases have been previously implicated to be important mediators of 5-

FU response, e.g., by phosphorylating p53 at distinct phosphorylation sites and 

subsequently stabilizing and activating p53 transcriptional activity upon 5-FU 

treatment. To identify kinases key in modulating p53 activity and 5-FU-induced 

cytotoxicity, I performed a small screen to measure the activation levels of well-known 

protein kinases involved in stress response. I treated both the sensitive and resistant cell 

lines with high concentration of 5-FU for 24 hours and then measured the activation 

(i.e., level of their phosphorylated forms) of a panel of kinases by western blotting. As 

shown in Figure 4.1A, in addition to ATM, Chk1 and Chk2, which were already 

examined in the previous chapter, three other signaling kinases showed significantly 
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more upregulation of their active, phosphorylated form in the sensitive cell lines than 

the resistant cell lines, including p38-MAPK, DNA-PKcs, and TBK1/NAL.  

To examine the involvement of these three kinases in mediating the 5-FU 

cytotoxicity, I next compared their levels induced by 5-FU treatment with their basal 

levels without drug treatment. Of the three, p38-MAPK exhibited significant 

upregulated activity by the 5-FU treatment in all three sensitive cell lines, DNA-PKcs 

in two (i.e., H460 and HCT116) and TBK1/NAL only in H460 (Fig 4.1B). I thus 

decided to further investigate the dose-dependent responses of p38-MAPK and DNA-

PKcs to 5-FU. Both p38-MAPK and DNA-PKcs showed higher activation levels to 

high dose of 5-FU that triggers substantial cell death than low dose, with DNA-PKcs 

exhibiting a stronger dose-dependent response (Fig. 4.1C). Taken together, the kinase 

profiling data suggest that p38-MAPK and DNA-PKcs could be signaling kinases 

potentially involved in mediating 5-FU cytotoxicity. 
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Figure 4.1 Profiling of potential 5-FU-induced kinases in the selected cell line panel. 

(A) Western blot analysis of the activation/phosphorylation levels of a small panel of 

signaling kinases. Cells were treated with high concentration of 5-FU (100 μM for H460 

and A375; 200 μM for the other cell lines) for 24 hours. (B) Comparison of the kinase 

activation levels between non-treatment and 5-FU treatment in the sensitive and 

resistant cell lines. Both the sensitive and resistant cell lines were treated with high 

concentration of 5-FU (100 μM for H460 and A375; 200 μM for the other cell lines) 

for 24 hours. (C) Dose-dependent activation levels of p38-MAPK and DNA-PKcs in 

response to 5-FU. The three sensitive cell lines were treated with the indicated low and 

high concentration of 5-FU for the indicated time. 
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4.2  p38-MAPK and DNA-PKcs are not the key signaling kinases that 

mediate 5-FU cytotoxicity 

Next I used both kinase inhibitors and gene knockdown by RNAi to examine the 

functional involvement p38-MAPK and DNA-PKcs in mediating 5-FU cytotoxicity. I 

first treated the three sensitive cell lines with high dose of 5-FU in combination with 

kinase inhibitor Doramapimod (p38-MAPK inhibitor) or NU7026 (DNA-PKcs 

inhibitor). As shown in Figure 4.2, treatment of both 50 μM Doramapimod (Dora) and 

50 μM NU7026 significantly reduced the 5-FU-induced cell death in all three sensitive 

cell lines. Despite p38-MAPK being a well-known target of Doramapimod, the levels 

of phosphorylated p38-MAPK were not reduced under this kinase inhibitor treatment 

in all three sensitive cell lines, indicating p38-MAPK is unlikely the target kinase of 

Doramapimod that rescues the 5-FU cytotoxicity. In contrast, the levels of 

phosphorylated DNA-PKcs were substantially inhibited by both NU7026 and 

Doramapimod.  
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Figure 4.2 The cell death response under the treatment of kinase inhibitors and 5-FU. 

The three sensitive cell lines were pre-treated with 50 μM Doramapimod (p38-MAPK 

inhibitor) and 50 μM NU7026 (DNA-PKcs inhibitor) respectively for 1 hour. High 

concentration of 5-FU (100 μM for H460 and A375; 200 μM for HCT116) were then 

added to the pre-treated cells for the indicated time.  

 

 

Given the above data, DNA-PKcs appears to be the only potential signaling kinase 

from my kinase profiling panel that may be involved in mediating 5-FU cytotoxicity. 

To more specifically perturb the function of DNA-PKcs, I knocked down DNA-PKcs 

by RNAi in the three sensitive cell lines. After 48 hours of gene silencing, DNA-PKcs 

level was significantly depleted (Fig. 4.3A). However, p53 induction level, p53 activity 

(indicated by p21 level) and cell death in response to 5-FU were not attenuated in the 
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DNA-PKcs depleted cells in the sensitive cell lines, illustrating that DNA-PKcs is not 

the target kinase of Doramapimod or NU7026 that results in cell death rescue under 5-

FU treatment. It appears that the observed attenuation of DNA-PKcs activation level 

under the kinase inhibitor treatment is a consequence of reduced 5-FU-induced cell 

death, rather than the cause. When cells die via apoptosis, significant DNA damage 

occurs and likely highly activates DNA-PKcs activity as a result. To test whether DNA-

PKcs was activated by 5-FU-induced cell death, I treated the three sensitive cell lines 

with Z-VAD-FMK, a pan caspase inhibitor that can inhibits apoptosis, in combination 

with 5-FU. As shown in the Figure 4.3B, 5-FU-induced cell death was significantly 

attenuated by 100 to 200 PM Z-VAD-FMK, indicated by the much lower level of Parp1 

cleavage. Under the same treatment condition, activation (i.e., the phosphorylated form) 

of DNA-PKcs was also substantially reduced. These data thus suggest that DNA-PKcs 

is mainly a downstream consequence of 5-FU-induced cell death, rather than an 

upstream mediator/trigger of the cytotoxicity.  
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Figure 4.3 DNA-PKcs is the consequence rather than the trigger of the 5-FU-induced 

apoptosis. (A) Cell death response to 5-FU treatment for the indicated times in the three 

sensitive cell lines after DNA-PKcs knockdown. DNA-PKcs was knocked down by 

RNAi. Cells with no RNAi treatment or treated with non-targeting oligo were shown 

as control (ctrl) and siRNA control (sic). Cells with DNA-PKcs siRNA treatment were 

shown as DNA-PKcs knockdown (DNA-PK kd). After 48 hours of gene silencing, cells 

were treated with the indicated concentration of 5-FU. (B) The activation of DNA-PKcs 

under different concentration of Z-VAD-FMK (Z-Vad) treatment. Cells were pre-

treated with indicated dose of Z-Vad for 1 hour, and then the indicated high dose of 5-

FU were added. H460 cells were treated for 48 hours, and A375 and HCT116 cells for 

72 hours. 
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4.3  Doramapimod and NU7026 inhibit a broad spectrum of kinases 

As the known kinase targets of Doramapimod and NU7026 did not mediate their 

inhibitory effects on 5-FU-induced cell death, I performed a more extensive kinase 

profiling using the Human Phospho-Kinase Array kit (Fig. 4.4A), in an attempt to 

identify the kinase targets of Doramapimod and NU7026 that are critically involved in 

mediating 5-FU cytotoxicity. I used a representative sensitive cell line, HCT116, to 

perform this analysis. The Phospho-Kinase array includes 39 distinct phosphorylation 

sites of common human kinases. The profiling was accomplished by comparing the 

differential activation of phospho-kinases of HCT116 cells under four different 

treatment conditions, including: control cells with no drug treatment, cells only treated 

with 200 PM 5-FU, cells treated with 200 PM 5-FU plus 50 PM Doramapimod, and 

cells treated with 200 PM 5-FU plus 50 PM NU7026 (Fig. 4.4B). The arrays were 

quantified and data were shown in Figure 4.4C. I found 5-FU treatment upregulated a 

wide spectrum of kinases. Among the 39 phosphorylation sites of different kinases 

included in this array, 35 were evidently upregulated in response to high dose of 5-FU. 

Addition of both Doramapimod and NU7026 reduced the phosphorylation of nearly all 

activated kinases, illustrating that Doramapimod and NU7026 are highly non-specific 

and act to inhibit a broad spectrum of signaling kinases under the concentration that I 

used. Unfortunately, the kinase profiling did not pinpoint the kinase target of 

Doramapimod and NU7026, and suggest these inhibitors may act via inhibiting 
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multiple kinases simultaneously. 
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Figure 4.4 Data analysis of the phospho-kinase levels of HCT116 under the 5-FU 

treatment alone or in combination with Doramapimod or NU7026. Cell lysates obtained 
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from the different treatment conditions were processed and bound to the membrane 

consisting of 39 distinct antibodies. (A) The schema of the array and the list of phospho-

kinases included in the array. (B) Array for HCT116 cells under the indicated treatment 

conditions. (C) The quantified array data by measuring the pixel density on the dot plots. 

 

 

 

4.4  Kinases mediate the stabilization and activation of p53 

Although the specific kinase(s) responsible for mediating 5-FU cytotoxicity were 

not determined, it is still interesting and important to explore how kinase(s) may 

mechanistically modulate 5-FU-induced cell death, e.g., by regulating p53 induction 

and activation. Using Doramapimod and NU7026 to attenuate 5-FU cytotoxicity, I 

measured whether and how p53 induction levels and p53 transcriptional activity in 

response to 5-FU were affected by kinase inhibition. As shown in Figure 4.5, NU7026 

treatment significantly decreased the p53 induction level in all three sensitive cell lines, 

indicating that the cell death rescue by NU7026 was likely due to the inhibition of p53 

stabilization and the kinase target of NU7026 probably act to modulate the interaction 

of Mdm2 and p53 with the ribosomal proteins, e.g., RPL11 and RPL5, as my data 

showed this interaction critically controls the p53 induction levels upon 5-FU treatment 

(Fig. 3.4B and C). Meanwhile, Doramapimod treatment significantly reduced the p21 

induction level, but not p53, suggesting that the kinase target of Doramapimod 
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modulates the p53 transcriptional activity. 

 

 

Figure 4.5 The p53 response dynamics under the treatment of 5-FU along or in 

combination with Doramapimod or NU7026. Cells were pre-treated with 50 μM 

Doramapimod or 50 μM NU7026 for 1 hour and then high concentration of 5-FU (100 

μM for H460 and A375; 200 μM for HCT116) was added. Cells were treated with the 

drug combo for the indicated time.  
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Chapter 5 Differential drug response to 5-FU and 

Actinomycin D 

 

5.1  Comparison of cellular response to 5-FU and Actinomycin D 

Based on the signature translocation of NPM1 in the three sensitive cell lines, I 

confirmed the activation of nucleolar stress in the 5-FU response. However, the precise 

signaling cascade of this nucleolar stress response that mediates 5-FU cytotoxicity is 

still unclear. Considering that the low dose of Actinomycin D (Act D), e.g., 5-30 nM, 

is known to induce nucleolar stress by interrupting the rRNA synthesis, the cellular 

response to Act D may provide mechanistic clues to decipher for the regulatory pathway 

underlying the 5-FU-induced nucleolar stress response. Therefore, I performed drug 

response profiling of a selected panel of cancer cell lines to Act D in comparison with 

5-FU, and identified representative cell lines that showed distinct response phenotypes 

to these two drugs for further analysis. As shown in Figure 5.1, H460, A375 and 

HCT116 were sensitive to cell death induced by both 5-FU and Act D, while U-2 OS, 

HepG2 and A549 were sensitive to only cell death induced by Act D, but not 5-FU. And 

769-P (derived from kidney cancer) was resistant to cell death induced by both 5-FU 

and Act D.  
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Figure 5.1  The comparison of cell death response to 5-FU and Act D in a selected 

panel of cancer cell lines, including H460, A375, HCT116, U-2 OS, HepG2, A549, and 

769-P.  Cells were treated with high concentration of 5-FU (100 μM for H460 and 

A375; 200 μM for the other cell lines) and 20 nM Act D respectively for 72 hours.  

 

 

To further investigate the mechanism underlying the differential sensitivity to the 

nucleolar stress-associated cell death induced by 5-FU and Act D, I measured and 

compared the levels of key nucleolar stress regulators, including p53, NPM1 and RPL5, 

in three representative cell lines, i.e., H460 (sensitive to both 5-FU and Act D), HepG2 

(sensitive to Act D and resistant to 5-FU), and 769-P cell (resistant to both 5-FU and 

Act D). As shown in the Figure 5.2, p53 induction level appeared to correlate with the 
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differential drug sensitivity, i.e., p53 levels were generally higher in cell lines and 

conditions where drug-induced cell death was high. This again pointed to the possibly 

important role of p53 upregulation in mediating the nucleolar stress response. No 

obvious correlation between the extent of cell death and the expression levels of RPL5 

and NPM1 was found. This made sense, as my previous data showed that RPL5 and 

NPM1 regulated nucleolar stress response mainly by translocation rather than change 

in expression levels. 

 

 

Figure 5.2 Western blot analysis of p53, RPL5 and NPM1 in the response to the 

indicated concentration of 5-FU and Actinomycin D in the three representative cell lines. 

Cells were treated with different drug and drug concentrations for 72 hours. The 

concentration of 5-FU was 1-200 μM; the concentration of Act D was 20 nM. 
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5.2  The cytotoxicity induced by Actinomycin D is partially p53-

dependent. 

To further validate the involvement of p53 in mediating the Act D-induced cell 

death, similar to death induced by 5-FU, I again used RNAi to knock down p53 in two 

Act D sensitive cell line, HepG2 and A549. As shown in Figure 5.3, with the p53 

silencing, the cell death was inhibited in A549, but not HepG2, indicating that the 

cytotoxicity induced by Act D is partially p53-dependent.  

 

 

Figure 5.3 The cell death response to Actinomycin D in HepG2 and A549 after p53 

knockdown by RNAi. Cells with no RNAi treatment or treated with non-targeting 

siRNA oligo were shown as control (ctrl) and siRNA control (sic). Cells with p53 

siRNA treatment were shown as p53 knockdown (p53 kd). After 48 hours of gene 

silencing, cells were treated with 20 nM Act D for indicated times. 
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5.3  Variable NPM1 translocation account for the differential 

sensitivity to 5-FU in sensitive vs. resistant cell lines 

The differential sensitivity of U-2 OS, A549 and HepG2 to 5-FU and Act D is 

particularly interesting, as both 5-FU and Act D activate cell death via the similar 

nucleolar stress response pathway. Since these three cell lines were sensitive to cell 

death induced by Act D, it is likely that the downstream pathway activated by nucleolar 

stress is functional in these cell lines. The resistance to 5-FU cytotoxicity is then 

possibly due to the failure of 5-FU to induce high level of nucleolar stress for cell death 

activation. To investigate this hypothesis, I measured the extent of NPM1 translocation 

from the nucleoli to the nucleoplasm in A549 and HepG2 cells in response to 5-FU and 

Act D, as NPM1 translocation is the signature event of nucleolar stress induction. As 

shown in Figure 5.4, compared to the extensive NPM1 translocation induced by 20 nM 

Act D, treatment of A549 and HepG2 with 200 PM 5-FU only triggered limited NPM1 

translocation, illustrating that the extent of nucleolar stress induced by Act D is 

significantly higher than that by 5-FU. These data thus indicated that the 5-FU 

resistance seen in A549 and HepG2, and possibly some other p53-wildtype cancer cells, 

is due to dysregulation of nucleolar stress induction, e.g., these cancer cells were not 

able metabolize high concentration of 5-FU to their active metabolites that trigger 

nucleolar stress. 
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Figure 5.4 The immunostaining of NPM1 in HepG2 and A549 cell lines with different 

drug treatment. 200 PM 5-FU or 20 nM Act D were added for the indicated time before 

immunostaining and confocal imaging in (A) HepG2 and (B) A549. Scale bar: 10 Pm. 
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Chapter 6 Discussion and further direction 

 

To unravel the response dynamics of 5-FU and determine the mechanistic basis of 

variable cell death activation in the response of 5-FU, I profiled the drug response in a 

panel of cancer cell lines that exhibited variable sensitivity to 5-FU. By applying RNAi, 

I validated that the cytotoxicity induced by 5-FU is p53-dependent and ribosomal 

proteins mediate the stabilization of p53. The screening of potential signaling kinase(s) 

and the treatment of kinase inhibitors were performed to identify the regulatory role of 

kinases in modulating p53 activity and 5-FU-induced cell death. Although the specific 

kinase(s) responsible for mediating 5-FU cytotoxicity remain unclear, I elucidated the 

modulatory role of kinase on 5-FU-induced p53 stabilization and activation. By 

examining the translocation of NPM1, I corroborated that 5-FU can induce RNA 

damage and nucleolar stress. Furthermore, by the gene silencing of NPM1, I revealed 

that NPM1 mediates the p53 activity rather than induction level in response to 5-FU. 

Through the comparison of NPM1 translocation between 5-FU and Actinomycin D 

treatment, I found that the dysregulation of nucleolar stress induction accounts for the 

5-FU resistance. In this study, I finally validated and identified four modulative factors 

in the responsive pathway of 5-FU, i.e., p53, ribosomal proteins, protein kinase(s), and 

NPM1.  
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A majority of anticancer drugs exert cytotoxicity through perturbing multiple 

biological factors. p53 is one of the common factors that takes effect in the regulative 

pathway of drug response. Consistent with previous findings, the data of my study 

showed that 5-FU-induced apoptosis can be attenuated by knocking down p53 or 

ribosomal proteins, e.g., RPL11 or RPL5. However, the inhibition of p53 following the 

depletion of RPL11 or RPL5 didn’t attenuate the 5-FU-induced cell death in A375. This 

lack of cell death attenuation could arise from the irreplaceable critical role of ribosomal 

proteins in maintaining other cellular processes. On the other hand, how p53 activity 

can be regulated by ribosomal proteins remain unclear. It has been reported that 

ribosomal proteins stabilize p53 through translocating into cytoplasm to bind Mdm2, 

leading to the sequestration of p53 degradation130. However, my data didn’t show 

obvious translocation of RPL11 or RPL5 under the treatment of 5-FU even in the three 

sensitive cell lines (data not shown), which directed to interesting new issues regarding 

the pathway of p53 activation by ribosomal proteins in the response to 5-FU. 

Besides ribosomal proteins, the protein kinases are commonly considered as the 

regulator of p53 activation. In my study, I identified the regulatory role of kinases in 

cell death activation and eliminated the possibility of p38-MAPK and DNA-PKcs as 

the dominant regulative kinases in the response to 5-FU. Although the results regarding 

the mediation of certain kinases under the 5-FU treatment have been reported in 

previous publications160–163, I mainly focused on the involved kinase(s) that play the 
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regulatory role in all three sensitive cell lines in order to reveal the kinase signaling 

cascade and establish the correlation of kinase(s) with other regulatory components in 

the response to 5-FU. In addition, my results exhibited that the p53 activity including 

induction and activation was inhibited by Doramapimod or NU7026, suggesting that 

the kinase(s) target of these inhibitors regulates the 5-FU-induced apoptosis by directly 

activating p53. These results may help to guide the identification of the potential 

kinase(s) in future study. However, it is not yet known that how these protein kinase(s) 

work on the p53 effect. Therefore, further exploration on the perturbation of p53 by 

kinase(s), in particular the phosphorylation site of p53, is needed to uncover the kinase 

signaling pathway in the response to 5-FU. 

In view of the involvement of ribosomal proteins in 5-FU cytotoxicity, I next 

examined the translocation of NPM1 to explore the activation of nucleolar stress in the 

responsive pathway of 5-FU. By immunostaining, I discovered a more substantial 

translocation of NPM1 under the 5-FU treatment in the sensitive cell lines than resistant 

cell lines. Together with the comparison between 5-FU treatment and Actinomycin D 

treatment, my results elucidated that the differential cell death response to 5-FU is 

associated with the extent of NPM1 translocation, i.e., differential induction of 

nucleolar stress. Therefore, it is possible that promoting the NPM1 translocation can 

sensitize the cells that are resistant to 5-FU. However, I tried to block the NPM1 

translocation by direct knocking down NPM1 in the sensitive cell lines but there was 
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no cell death rescue. Previous publication reported that NPM1 undergoes S-

glutathionylation on cysteine 275, which triggers the dissociation of NPM1 from 

nucleolar nucleic acids and the subsequent translocation. Thus, blocking the S-

glutathionylation of NPM1on cysteine 275 could inhibit its translocation164. This may 

provide a way to further confirm the correlation between NPM1 translocation and the 

5-FU cytotoxicity without disrupting the primary function of NPM1. Overall, this novel 

finding provides a new angle for investigation on the differential response dynamics to 

5-FU. Nevertheless, owing to the limited time, the mechanism underlying the 

differential extent of nucleolar stress activation in various cell lines is not yet explored.  

With the objective of revealing the mechanistic basis of response dynamics to 5-

FU, my study mainly exhibited four regulatory factors, i.e., p53, ribosomal proteins, 

protein kinase(s), and NPM1. These four types of factors cooperate to mediate the 

apoptotic response to 5-FU. Upon the stimulation of 5-FU, the induced nucleolar stress 

activates the ribosomal proteins and NPM1, leading to the stabilization and activation 

of p53 respectively. Meanwhile, the protein kinase(s) participates in the regulation of 

p53 activity and the subsequent cell death. Notably, my results also showed that both 

ribosomal proteins and the kinase(s) target of NU7026 stabilize the p53 induction, while 

both NPM1 and the kinase(s) target of Doramapimod promote the p53 activation. These 

results raise the possibility that the upstream nucleolar stress-activated proteins, i.e., 

ribosomal proteins and NPM1, regulate the p53 activity through the activation of the 
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involved kinase(s). Nevertheless, more investigation is needed to elucidate the 

collective activities and mutual effects of these factors in modulation of variable 

apoptotic response to 5-FU.  

 

 

Figure 6.1 Schematic diagram of nucleolar stress-induced 5-FU response 

 

Given that the drug response is known to differ considerably in 2D versus 3D 

tumor model, I extend the 2D assays and analysis of 5-FU response to the novel 3D 

tumor models including spheroids and organoids. By performing the drug response, my 

results exhibited a differential cell death response to 5-FU in 2D vs. 3D spheroids. In 

addition, the distinct subtypes of 3D gastric organoids showed variable sensitivity to 5-

FU. Although the examination of variable drug response in 3D cancer cell lines model 

is very preliminary so far, the differential sensitivity showing in spheroids and 
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organoids has already presented the diversity and novelty of 3D culture model in the 

investigation on drug chemoresistance. In addition, these 3D culture models provide a 

promising system to predict drug response and improve the chemotherapeutic strategies 

in the clinical context. 

Admittedly the research methods employed in my study were mainly western blot 

and immunostaining, which is limited for the further exploration on the cooperation 

among different regulatory factors and the comparison between 2D versus 3D cell 

culture models. Extensive methods, e.g., protein-protein interaction assay and the live 

cell imaging could be used in future study to comprehensively reveal the 5-FU response 

cascade and investigate the mechanism of differential response in the 3D culture model.  

Overall, in this PhD thesis I validated and identified four biological regulatory 

factors, i.e., p53, ribosomal proteins, protein kinase(s), and NPM1, in the response 

dynamics of 5-FU, especially the apoptotic response. These findings contribute to a 

deeper understanding on the mechanistic basis of the 5-FU chemoresistance. Further 

investigation is needed to fill the gaps between these four factors. Moreover, I 

discovered the differential drug response of 5-FU in 3D culture models, which provides 

a new perspective for drug response investigation and possesses a more effective 

application in the future study. 
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