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Abstract 

Studies of drug resistance mostly characterize genetic mutations, and we know much less 

about the phenotypic mechanisms of drug resistance, especially at a quantitative level. 

p53 is an important mediator that regulates the cellular response to chemotherapy, but 

even cancer cells with wild-type p53 exhibited variable drug sensitivity for unclear 

reasons. In this PhD thesis, I investigated the mechanistic basis underlying differential 

p53 pathway activation in response to two types of chemotherapeutics, i.e., etoposide (a 

DNA-damaging drug) and 5-fluorouracil (5-FU, an antimetabolites), which led to distinct 

cell fate outcome in drug sensitive vs. resistant cancer cells. Specifically, I uncovered a 

new resistance mechanism to etoposide through bimodal modulation of p53 activation 

dynamics and characterized a four-component regulatory module, involving ATM, p53, 

Mdm2 and Wip1, which generates bimodal p53 dynamics through coupled feed-forward 

and feedback loops. Moreover, I found that the inhibitory strength between ATM and 

Mdm2 determined the differential modular output between drug sensitive and resistant 

cancer cell lines, and that combinatorial inhibition of Mdm2 and Wip1 was an effective 

strategy to alter p53 dynamics in resistant cancer cells and sensitize their apoptotic 

response, pointing to p53 pulsing as a potentially druggable mechanism that mediates 

resistance to DNA damaging chemotherapy. As for response to 5-FU, preliminary results 

illustrated that 5-FU activated p53 and differential cell fate outcome via ribosomal stress, 

rather than DNA damage. Different from dose response to etoposide, 5-FU-induced p53 

activity was not only regulated by p53 induction level but also p53 phosphorylation by 

kinases, such as DNA-PK. Overall, this thesis presented original results that elucidated 
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phenotypic mechanism of chemoresistance and provide new angles towards developing 

more effective combinatorial anticancer therapy.  
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Chapter 1 Introduction 

1.1 Cancer and cancer therapy 

        Cancer is a primary cause of death before age 70 in over 50% of countries and 

regions of the world. Approximately 1/8 of all men and 1/10 of all women will suffer 

from cancer during their lifetime, and the incidence of cancer increases concomitantly 

with socioeconomic level. Overall, 80-90% of all cancer cases are carcinomas: the 

malignancies of epithelium [1]. Among all cancer types, lung, breast and colorectal 

cancers rank in the top three in morbidity and the top five in mortality [2, 3]. Cancer, 

which was first described in Egypt in approximately 3000 BC [4], is the uncontrolled 

growth of cells caused by cumulative genetic mutations. These mutations disrupt the 

normal balance between cell proliferation and cell death, and is often accompanied by 

tissue invasion and further metastasis to distant sites, ending with demise of the host [5]. 

The causes of cancer are related to genetic defects, lifestyle and environment [2]. 

Tobacco, obesity, ultraviolet (UV) radiation and infection have been shown to increase 

the rate of genetic mutations and the subsequent risk of cancer [6]. For example, UV 

irradiation is epidemiologically and mechanistically implicated in melanoma, accounting 

for 75% of skin cancer-related mortality [7, 8]. Fine particle air pollution is a crucial 

environmental factor in lung cancer mortality [9]. Persistent infection by specific 

genotypes of human papilloma virus (HPV), especially HPV 16 and 18, accounts for 

approximately 70% of all cervical cancers [10]. Epstein-Barr virus (EBV), the first 

discovered human tumor virus, is linked to the pathogenesis of lymphomas, 

nasopharyngeal carcinoma and gastric cancer [11]. Microsatellite instability (MSI), 
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caused by inherited mutations of DNA mismatch-repair (MMR) genes, is accountable for 

over 90% of hereditary non-polyposis colon cancer cases throughout the world [12, 13].  

        To better characterize this malignant disease, Hanahan and Weinberg defined 

hallmarks of cancer in 2000 and 2011 (Fig. 1.1), including self-perpetuating growth 

signals, avoidance of growth inhibition, resistance to programmed cell death, infinite 

replication and proliferation, angiogenesis, invasion and metastasis, alteration of energy 

metabolism and against immune defenses [14, 15]. In the context of cancer, the signals 

that promote cell growth and cell division to produce daughter cells are sustained; most 

studies have reported the involvement of the activation of oncogenes (such as KRAS, 

EGFR and HER2) in these processes [14, 16]. In contrast, growth-suppressive signals are 

required to limit cell proliferation in order to maintain tissue homeostasis. The 

inactivation of tumor suppressor genes, such as retinoblastoma (Rb) and p53, results in 

the failure to inhibit the growth of cells with genomic damage or cellular abnormalities, 

leading to the increased occurrence of cancer [15]. Programmed cell death is essential for 

removing abnormal and superfluous cells during normal tissue development. Cancer cells 

attenuate the pro-death effect (e.g., apoptosis, necrosis and autophagy-associated cell 

death) to maintain their survival and proliferation [15]. Through the expression of 

telomerase or interchromosomal recombination, cancer cells obtain the ability to maintain 

their telomeres, thus avoiding the growth inhibition induced by telomere erosion and 

consequently enabling replicative immortality for continuous proliferation [14]. 

Unrestricted growth of malignant tissue also requires a sufficient nutrient supply. 

Angiogenesis has been demonstrated to benefit the sustained survival of tumors, although 

the vessels in tumor tissues are aberrantly organized compared with those in normal 
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tissues [14]. Cancer cells can also invade adjacent tissues as well as blood and lymphatic 

vessels to further expand into distant sites via metastasis. This process is associated with 

the epithelial-to-mesenchymal transition (EMT) program [15]. Since tumor tissues 

usually grow in hypoxic and acidic environments and have a high energy demand, cancer 

cells can reprogram their metabolic pathways. Even in the presence of normal oxygen 

levels, cancer cells prefer to produce energy through glycolysis although oxidative 

phosphorylation is still available. Of note, one metabolite of glycolysis, lactate, can 

produce ATP and biomaterials as fuel, supporting the survival of neoplasms [15]. Finally, 

cancer cells can escape surveillance of the immune system by loss of antigenicity, loss of 

immunogenicity and creation of an immunosuppressive microenvironment [17]. 

Furthermore, the development of hallmark capabilities is driven by genome instability 

and tumor proinflammation [15].  
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Figure. 1.1 The hallmarks of cancer and drugs that interfere each hallmark and 

characteristic. (Figure taken from reference [15]) 

        Intratumor heterogeneity, which reflects the phenotypic variation in tumor tissues, 

poses a critical obstacle for cancer diagnosis and precision medicine. Intratumor 

heterogeneity is caused by genetic and/or nongenetic variability, making cancer a highly 

heterogeneous disease. Tumors of large size usually have higher genetic and clonal 

diversity. For genetic heterogeneity, cancer cells tend to escape from telomere crisis by 

either gene mutations or chromosomal rearrangement. In contrast, nongenetic 
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heterogeneity can be caused by epigenetic modifications, differentiation hierarchies and 

stochastic mechanisms [18].  

        Current cancer treatments include surgery, radiation therapy, chemotherapy, 

hormone therapy, and novel treatments such as targeted therapy, immunotherapy and 

stem cell transplant, which are still under development. Because of the heterogeneous 

nature of cancer, clinical treatment of cancer depends on the cancer type, stage and grade 

of the tumor, and the age and medical condition of the patient. Surgery is employed to 

remove the solid tumor partially or entirely from one area. Some cancer patients can be 

cured by simply surgical resection, but most patients require additional treatments, such 

as chemotherapy or/and radiotherapy, to eliminate any residual cancerous cells in situ or 

in distant sites. Radiotherapy is a cancer treatment that utilizes radiation at high doses to 

kill malignant cells or inhibit the proliferation of cancer cells, therefore shrinking the 

tumors. A high dose of radiation engenders cytotoxicity by damaging DNA. Neoplastic 

cells will continue to die after radiotherapy ends, which further contributes to tumor 

shrinkage [19].  

        Chemotherapy is the treatment modality that utilizes cytotoxic drugs to inhibit the 

survival of cancer cells by either killing them or stopping their proliferation. Drugs can 

be given via oral administration, intramuscular injection, intravenous infusion, or topical 

application on the skin, according to the type and stage of the cancer as well as the 

condition of the patients [19]. Despite the development of targeted therapy and 

immunotherapy, conventional cytotoxic chemotherapy remains the main treatment 

modality for most cancer patients. As shown in Fig. 1.2, based on the mechanisms of 

action, cytotoxic chemotherapeutics can be divided into three major categories: DNA-
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damaging agents, antimetabolites and antimitotic agents [20]. Most cancer cells divide 

more frequently than normal cells; therefore, targeting cell proliferation can arrest cell 

cycle progression and/or induce cell death. DNA-damaging agents cause a range of DNA 

lesion and often stall DNA replication, subsequently inducing cell cycle arrest and cell 

death [21]. DNA-damaging drugs can be classified into different groups by their 

structures and mechanisms, including alkylating agents, platinum-based drugs and DNA 

topoisomerase inhibitors [22]. Antimetabolites are compounds with structures similar to 

their endogenous metabolites that compete with the endogenous molecules and thus 

interrupt normal biosynthetic processes [23]. Antimetabolites interfere with DNA and 

RNA biogenesis, leading to cell growth inhibition and cell death [23, 24]. 

Antimetabolites can be divided into three types, including folate antagonists, pyrimidine 

analogs and purine analogs [23]. Antimitotic cancer drugs disrupt the key machinery of 

mitosis, such as microtubule, motor proteins or mitosis kinases, and consequently inhibit 

cell division and proliferation. Mitotic stress induced by antimitotic drugs can also lead to 

activation of apoptosis. Clinically, the most widely used antimitotic drugs are 

microtubule inhibitors, e.g., docetaxel and paclitaxel [25]. Spindle-targeting agents, 

including inhibitors of motor proteins and several essential kinases for mitosis, have also 

been developed, however their clinical efficacy was shown to be no better and even less 

than the microtubule inhibitors  [20].   
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Figure. 1.2 Classification of cytotoxic anticancer drugs. See text for details. 

 

1.2 The tumor suppressor p53 

        p53 was originally discovered in 1979 as a 53 kD protein bound to tumor Simian 

Virus 40 large T antigen in transformed cells [26, 27]. p53 was misidentified as a proto-

oncogene until subsequent work about wild-type p53 was established in 1989 [28]. p53, 

encoded by the TP53 gene, is a transcription factor that was recognized as the first tumor 

suppressor to inhibit growth and oncogenic transformation in humans and animals [28]. 

The human TP53 gene, which encodes a 393 amino acid protein, is located on the short 

arm of chromosome 17 (17p13.1). The p53 protein consists of the following domains 

(Fig. 1.3): N-terminal transactivation domain (amino acids 1-92), DNA-binding domain 

(amino acids 100-300), tetramerization domain (amino acids 307-355), and C-terminal 

negative regulation domain (amino acids 356-393) [29–31]. The N-terminal 

transactivation and C-terminal tetramerization domains also contain two nuclear export 

signal regulatory domains within residues 11-27 and 339-350, respectively. A nuclear 

localization signal modular domain (amino acids 305-321) locates in tetramerization 

domain [29, 31]. These regulatory domains are essential for the regulation and 
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transcriptional activity of p53. The majority of tumor-associated mutations occur in the 

sequence-specific DNA-binding domain of p53, which may alter the protein structure and 

its ability to bind target DNA sequences [32]. Over 50% of sporadic human tumor types, 

including leukemia, lung cancer and colorectal cancer, exhibit different p53 mutations 

[33]. As shown in Fig. 1.4, p53 plays an important role in regulating the cellular response 

to various types of environmental and intracellular stresses, such as DNA damage, 

oncogene activation, ribosomal stress, hypoxia and nutrient depletion. p53 activity has 

been linked to diverse phenotypic outcomes, such as growth, cell division, DNA repair, 

cell death, senescence, autophagy, differentiation, angiogenesis, and the immune 

response [34].  

 

Figure. 1.3 Illustration of the functional domains of the p53 protein. The sequence 

number of amino acids is marked either below or above the diagram. (Figure adapted 

from references [31])  

        The cellular production of p53 is regulated by transcription, translation and mRNA 

splicing [35]. Nonetheless, the accumulation and activity of p53 are controlled more at 

the level of protein degradation, posttranslational modifications, and interactions with 

cofactors [29].  p53 degradation is regulated by the ubiquitin-proteasome pathway. 

Mdm2 is the central E3 ubiquitin ligase that binds to p53 and promotes p53 degradation. 

As a transcriptional target of p53, Mdm2 expression is activated by p53. In turn, Mdm2 
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suppresses p53 via ubiquitination and proteasomal degradation. Specifically, Mdm2 

binds to the N-terminal end of p53 to inhibit the transcriptional function of p53. Secondly, 

Mdm2 mediates the nuclear export of p53 by monoubiquitination. Thirdly, Mdm2 

promotes p53 degradation by ubiquitin-dependent proteolysis [36, 37]. Such p53-Mdm2 

interaction forms a negative feedback loop that controls the accumulation and activity of 

p53 (Fig. 1.4). p53 is maintained at a relatively low level by this negative feedback under 

normal physiological conditions, whereas p53 accumulates rapidly in response to stress 

signals through stress-induced disruption of the inhibitory interaction with Mdm2 [38].  

        p53 level and activity is also regulated by a spectrum of posttranslational 

modifications (e.g., phosphorylation, acetylation, methylation, and ubiquitination) both 

during normal and stressed situations. Over 36 distinct amino acids of p53 have been 

shown to be modified by various biochemical and cell culture studies. Phosphorylation, 

the first identified and most frequent posttranslational modification of p53, has been 

established as a positive modulator of p53, and a broad range of kinases phosphorylates 

as many as 18 distinct amino acids of p53 in response to various stress stimuli [39]. For 

instance, Serine 15 can be phosphorylated by DNA-PK, ATR, ATM, Chk1 and Chk2 

[30]. Phosphorylation of p53 at Serine 15 and Serine 20 promotes p53 stabilization by 

blocking the p53 binding sites with Mdm2 and thus maintains the nuclear localization of 

p53 [40–44]. Phosphorylation at Serine 46 has been shown to particularly regulate the 

proapoptotic activity of p53. The extent of apoptosis decreased in cells with mutant p53 

at Serine 46 in response to DNA-damaging agent. The attenuation of apoptosis may be 

due to not only reduced activation of apoptosis target genes (e.g., p53AIP1 and PTEN) 

but also decreased inhibition towards anti-apoptotic target genes of p53 (e.g., galectin-3) 
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[45–47]. Moreover, Serine 46 can be phosphorylated by p38 mitogen-activated protein 

kinase (p38 MAPK), and indirectly dephosphorylated by Wip1 (a transcriptional target of 

p53 that acts as a phosphatase) through regulation of p38 MAPK [48]. These p53 

pathway components form a negative feedback loop to modulate p53-dependent 

apoptosis by modifying p53 at specific residues.  

        In addition to the induction levels and posttranslational modifications of p53, 

cellular cofactors are also essential for activating p53 activity to execute its 

transcriptional and nontranscriptional functions. The transcription of a majority of p53 

target genes requires acetylation of p53 at Lysine K164 by p300 and CREB-binding 

protein (CBP) coactivators [49]. In addition, p53 can translocate to mitochondria and 

facilitate the permeabilization of the mitochondrial membrane and consequently induce 

apoptosis by directly activating Bax to form a complex with Bcl-xL to release the 

proapoptotic BH3-only proteins [50, 51].  
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Figure. 1.4 Activation of p53 pathway in response to cellular stress. Under the normal 

condition, Mdm2 inhibits p53 by ubiquitination and promotes the proteolysis of p53, 

keeping p53 at a low level. Upon encountering the stress stimulus, signaling mediators 

(e.g., kinases and ribosomal proteins) activate p53 via disrupting the inhibitory 

interaction between Mdm2 and p53, e.g., by directly inhibiting Mdm2 activity and/or 
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phosphorylation of p53 at specific residues. p53 can be also modified by 

acetyltransferases (e.g., p300 and CBP) and methyltransferases (e.g., SET9) for further 

stabilization and increasing specific DNA binding. Together with cofactors, p53 then 

transcriptionally actives distinct target genes, leading to differential phenotypic outcomes, 

such as DNA repair, cell cycle arrest, senescence and apoptosis. (Figure adapted from 

reference [52])  

 

1.3 The p53-mediated DNA damage response 

          The mechanistic basis underlying p53 activation can be influenced by different 

cellular contexts, including cell type, stimulus, epigenetic state and tissue 

microenvironment, followed by distinct biological outcomes of the p53 response. In this 

thesis study, I focus on understanding the activation and regulation of p53 induced by 

DNA damage and ribosomal stress. DNA is the carrier of genetic information for living 

organisms. The integrity of DNA is required for normal physiological activity and 

genetic inheritance to maintain the growth and development of every species. However, a 

variety of intracellular and environmental factors, such as replication errors, reactive 

oxygen species (ROS), UV irradiation, virus infection and tobacco use [6, 53], may 

disrupt DNA stability by damaging DNA. Without an effective DNA damage response to 

either repair the damage or eliminate the heavily damaged cells, mutations and 

chromosomal aberrations may alter cell proliferation or cell death, potentially causing the 

development of cancer. In mammalian cells, the p53 pathway-mediate DNA damage 

response is a key mechanism to maintain and restore genomic integrity in response to 

DNA damage. This most widely studied program of the DNA damage response mainly 
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consists of p53, the upstream kinases, and the downstream target genes. When cells 

encounter a low or medium level of DNA insult, cell cycle arrest and DNA repair are 

activated by the p53 pathway. If the damage is too severe to repair, p53 will activate pro-

apoptotic genes to eliminate the damaged cells [54]. This DNA damage response follows 

the sensor-transducer-effector cascade to detect the type, severity and duration of the 

damage, make a decision on how to proceed, and execute specific biological outcomes 

[55]. 

        The DNA damage is sensed by signaling pathways with components and 

organization that are highly conserved from yeasts to humans. The ATM-Chk2 and ATR-

Chk1 pathways are the two dominant biochemical pathways for DNA damage sensing in 

vertebrates [56]. Both ataxia telangiectasia mutated (ATM) and ataxia telangiectasia and 

Rad-3 related (ATR) belong to the PI3 kinase-related kinase (PIKK) family that act as 

principal regulators for the checkpoint response and DNA repair [57]. ATM is the main 

transducer and primary activator of the DNA double-strand break (DSB) response. 

Absence or mutation of ATM causes the genetic disorder ataxia telangiectasia (A-T), 

which is characterized by progressive cerebellar degeneration, immunodeficiency, acute 

sensitivity to radiation, chromosomal instability and predisposition to malignancies [55]. 

As shown in Fig. 1.5, when DNA suffers DSBs, a large group of sensor proteins, 

including the Mre11, Rad50 and Nbs1 (MRN) sensor complex, are recruited to the DSB 

sites and stimulate ATM to exert its kinase activity to phosphorylate Chk2 and histone 

H2AX [57–60]. Chk2 is an important substrate of ATM for cell cycle control. In the 

DNA DSB response, Chk2 is directly phosphorylated by ATM at multiple sites, including 

Threonine 68. Moreover, Chk2 homodimerizes and autophosphorylates itself via an 
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intermolecular activation loop. In turn, Chk2 inactivates CDC25A and CDC25C directly 

by phosphorylating Serine 123 and Serine 216, respectively [58, 61–63]. The inactive 

CDC25A and CDC25C proteins fail to dephosphorylate CDC2 at Threonine 14 and 

Tyrosine 15 [64]; thus, cell cycle progression pauses at intra-S phase and G2 checkpoint 

[61, 65]. 

        For cell proliferation, ATR serves as the apical activator that plays a key role in 

response to DNA single strand break, nucleotide depletion and stalled replication 

checkpoints [66]. As shown in Fig. 1.5, ATR, together with its partner protein ATRIP, is 

recruited to RPA-coated single-stranded DNA (ssDNA) sites upon detection of DNA 

damage [56]. ATR is activated to induce robust checkpoint signaling, with its 

phosphorylation at Threonine 1989 and/or Serine 428 [67–69]. In terms of checkpoint 

signaling, the pivotal function of ATR is in phosphorylation and activation of Chk1 in 

response to genotoxic stress [70]. Chk1, which is structurally unrelated but functionally 

similar to Chk2, phosphorylates CDC25C at Serine 216 to promote proteolysis and 

creates a 14-3-3 binding site, thus inhibiting CDC25C function as a phosphatase in 

response to diverse genotoxic insults [71–73]. Activated Chk1 inhibits CDC25A through 

proteasomal degradation and causes cell cycle arrest, allowing time for either DNA repair 

or the induction of senescence or apoptosis if the damage is too severe [74]. Moreover, 

Chk1 can directly phosphorylate WEE1, a kinase that delays cell cycle progression by 

phosphorylating CDC2 at Tyrosine 15 [75]. 

        As shown in Fig. 1.5, upon DSBs, ATM also directly phosphorylates p53 at Serine 

15, the most widely studied phosphorylation site of p53, to stabilize p53 by blocking the 

inhibitory interaction between p53 and Mdm2 [76–78]. In addition to direct regulation of 
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p53, ATM also indirectly controls p53 through other proteins, such as Mdm2, MdmX and 

hnRNPK [79, 80]. For instance, ATM accelerates the degradation of Mdm2 to promote 

the accumulation of p53 [81]. ATR can function in a similar manner as ATM to activate 

p53 in response to other types of DNA damage [70]. Upon activation by ATM or ATR, 

p53 subsequently activates various downstream target genes involved in cell cycle arrest, 

apoptosis, and metabolism. Defects or mutations of any of these key components in the 

signaling cascade will impede the DNA damage response and increase genomic 

instability, resulting in neoplastic transformation [82].  

        Another key kinase associated with p53 activation is the DNA-dependent protein 

kinase (DNA-PK), first identified in 1990 as a double-stranded DNA stimulated kinase 

[83–85]. A later study revealed that DNA-PK could also be activated by DSBs in vivo 

[86]. DNA-PK was re-named DNA-PKcs because its catalytic subunit provided the 

kinase activity of this enzyme [87]. The recruitment and activation of DNA-PKcs require 

Ku, a heterodimer comprising two subunits of approximately 70 and 80 kDa in size [86, 

88]. Ku has been shown to preferentially bind double-strand DNA (dsDNA) ends [89]. 

As shown in Fig. 1.5, DNA-PKcs is activated by the recruitment of Ku, whose crystal 

structure is a ring shape with a central cavity that encompasses the dsDNA end [90]. The 

DNA-PKcs/Ku complex (also known as DNA-PK holoenzyme) is important for DSB 

repair by nonhomologous end joining (NHEJ), which is its major biological function [91, 

92]. Upon DSB stress, NHEJ is activated by Ku and DNA-PKcs interacting with dsDNA 

sites and thus promoting DNA-end tethering, with additional NHEJ factors (such as 

XRCC4 and Artemis) recruited to the end of the breaks [93–95]. DNA-PK holoenzyme 

modifies the factors that regulate NHEJ, including γH2AX and DNA-PKcs itself [96, 97]. 
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The autophosphorylation of DNA-PKcs acts as a physical block to NHEJ and allows 

DNA-end alignment and the initiation of repair [93]. In addition to its role in DNA 

damage, DNA-PK also acts in various cancer-associated pathways, including 

transcriptional modulation, metabolism, hypoxia, and the inflammatory response [98]. 

        p53 was identified as one of the substrates of DNA-PKcs in 1990 [83, 85]. DNA-PK 

holoenzyme activates p53 by phosphorylating p53 at Serine 15 and Serine 37 and induces 

a conformational change of p53 (Fig. 1.5), disrupting Mdm2’s inhibition of p53 and p53-

dependent transactivation [77, 99, 100]. DNA-PK has been reported to execute tumor 

suppressor functions by inhibiting p21 in a p53-dependent manner via direct interaction 

with p53 at the CDKN1A promoter to block the transcription of p21 [101]. In addition, it 

has been shown that DNA-PK can activate p53 by phosphorylating histones that repress 

p53-dependent transcription [102]. 
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Figure. 1.5 Activation of the p53-mediated DNA damage response. In response to DNA 

damage, DNA-PKcs and ATM are activated and recruited to the DSB ends by Ku and 

MRN, while ATR is recruited to RPA-coated ssDNA sites by binding to ATRIP. Chk2 is 

activated by ATM, and Chk1 is activated by ATR. These kinases further activate p53 via 

phosphorylation at specific sites of p53 protein. (Based on references [30] and [70])  

        The three DNA damage-related kinases, ATM, ATR and DNA-PK, share the PIKK 

domain organization and engage in crosstalk in response to genomic toxicity [70]. Firstly, 

ATM and ATR mutually influence the localization of DNA damage sites. The ATR-

Chk1 pathway is also activated in response to the RPA-ssDNA signal generated by 

ATM-dependent DNA-end resection. In turn, ATR can recruit ATM to stressed 

replication forks by phosphorylating histone H2AX upon DNA replication stress. 

Secondly, ATM and ATR can phosphorylate each other directly. Thirdly, ATM and ATR 
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can regulate the modulators of each other. Finally, ATM and ATR can phosphorylate 

many substrates redundantly. Although ATM and ATR share extensive crosstalk, genetic 

evidence shows that they have nonredundant activities and can behave independent of 

each other [103]. The ATR-Chk1 pathway serves as the principal and direct modulator in 

response to DNA damage and replication stress, whereas the ATM-Chk2 pathway plays 

an adjuvant role, particularly in DSBs, as illustrated by the observation that defect in 

functional ATR or Chk1 induces embryonic lethality or rapid death of somatic cells, 

while those in ATM or Chk2 do not [56]. Moreover, DNA-PKcs can be phosphorylated 

in an ATM- and ATR-dependent manner; and in turn, DNA-PK phosphorylates ATM to 

maintain its activity [70]. 

In general, upon activation by the upstream kinases in response to stress stimuli, p53 

transcriptionally activates distinct downstream target genes in the p53 pathway, such as 

the pro-arrest genes (e.g., p21) and pro-death genes (e.g., Puma, Bax and Noxa), and 

subsequently renders differential cell fate outcome, including cell cycle arrest, senescence 

or apoptosis. The decision of cells to stay alive or undergo death typically depends on the 

stress level and cell types [104]. And the cell fate decision is regulated by different 

mechanism including DNA binding, post-translational modifications and cofactors (Fig. 

1.6). It is reported that p53 has different binding affinity to the promoter of various target 

genes [105], i.e., the binding affinity of p53 towards promoter of growth arrest genes is 

high, whereas low towards pro-apoptotic genes. Therefore, the initiation of apoptosis 

requires severe DNA damage, which triggered high induction level or activity of p53 to 

strongly activate the transcription of pro-apoptotic genes. The differential post-

translational modifications of p53 also contribute to the decision-making process as a 
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function of the type and intensity of DNA damage [106]. For example, upon DNA 

damage, p53 is acetylated at Lysine 120 by acetyltransferases Tip60 and hMOF in a 

damage dose-dependent manner, which promotes apoptosis through transcriptional 

induction of proapoptotic genes (e.g., Bax and Puma) and increasing interaction between 

p53 and Bax [107–110]. Moreover, the transcriptional cofactors also influence the p53 

response in cell fate control. For instance, upon DNA damage, p300/JMY are recruited to 

bind p53 by the ATM-phosphorylated Strap, and significantly increases the p53-mediated 

transcription of Bax [111]. In addition to the transcriptional activity, p53 also mediates 

apoptosis by transcription-independent function, in which the cytosolic p53 directly 

activates Bax and releases the pro-apoptotic proteins that are sequestered by the anti-

apoptotic protein, Bcl-xL, subsequently triggering the onset of apoptosis [51]. 

 

Figure. 1.6 Cell fate control mechanism of p53-mediated DNA damage response. See text 

for details. (Figure adapted from reference [109])  
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1.4 p53 activation dynamics in single living cells 

        More recently, single cell studies both by us and others showed that alteration of the 

activation dynamics of p53 is another mechanism to modulate p53 activity in response to 

DNA damage, in addition to posttranslational modifications and cofactor binding as 

discussed above [110, 112, 113]. p53 dynamics were found to show dose-dependent and 

stimulus-dependent behaviors (Fig. 1.7). For example, UV irradiation causes DNA single 

strand break and triggers a single pulse dynamics of p53 activation with increasing 

amplitude and duration as the UV dose elevates [114]. And γ-radiation-induced DNA 

DSBs trigger multiple p53 pulses with fixed amplitude and duration independent of the 

dose, but the number of pulses increases in proportion to the damage level [115]. 

Interestingly, our lab observed p53 exhibits bimodal activation dynamics, i.e., periodic 

pulsing and monotonic induction, in response to distinct levels of DNA damage induced 

by etoposide, a DNA damaging chemotherapeutic [110]. Specifically, at low DNA 

damage, human cancer cells activated p53 oscillation followed by cell-cycle arrest. As 

DNA damage increased, cells switched in a bimodal manner to monotonic dynamics and 

underwent rapid and extensive damage-induced apoptosis. We think the lack of 

monotonic p53 induction and cell death response in the previous single cell studies of UV 

and γ-radiation may be due to the low level of DNA damage used and the transient nature 

of the irradiation treatment.  

        As the distinct p53 dynamic modes mainly result in different induction level of p53, 

p53 dynamics is likely to control differential cell fate response by modulating p53 level 

and subsequently p53 activity. Mild DNA damage mostly triggers periodic oscillation of 

p53, which restrains p53 induction at a low level, and such low-level p53 activity was not 
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sufficient to significantly activate pro-apoptotic genes and thus cell cycle arrest and DNA 

damage repair dominate. In contrast, severe DNA damage induces strong monotonic 

elevation of p53 with high p53 activity to activate sufficient pro-apoptotic genes, thus 

resulting in mainly cell death and superseding the cell-cycle arrest response [110]. 

Recently, Paek et al. have shown that cisplatin-induced apoptosis was determined by the 

induction rate of p53 [113]. As shown in Fig. 1.7, rapid accumulation of p53 engenders 

more cell death, whereas slow activation requires higher p53 levels to induce cell death 

owing to the increase of p53 apoptotic threshold over time [113]. 

        Although the major phenotypes of p53 dynamics are pulsing and monotonic 

induction, the quantitative characteristics of p53 dynamics in individual cells vary 

substantially. For instance, single cell p53 dynamics in response to ionizing radiation 

showed highly variable induction time, levels of p53 as well as diverse patterns of p53 

target genes up-regulation, including pulsing, plateaus and continuous accumulation 

[109]. These differences were attributed to variable mRNA stability of distinct target 

genes but not the DNA-binding dynamics of p53. Moreover, the phenotypic outcome of 

cell fate is the collective result of the dynamic expression of multiple p53 target genes 

rather than the effects of a single gene. The balance between p21 and Puma induction is 

likely a key cell fate determinant between cell cycle arrest and cell death [109]. 

        The above single cell studies have elegantly demonstrated the interesting dynamic 

features of p53 and its target genes as well as their functional impact on cell fate control. 

However, for cell lines that exhibit distinct sensitivity to chemotherapeutic agents, 

whether p53 dynamic modes are differentially activated and consequently cause 

divergent cell fates is largely unknown, and thus is a main focus of this thesis study. As 
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elaborated in Chapter 3, p53 dynamics is highly variable across different cancer cell types 

[116]. And modulating p53 induction dynamics in drug resistant cancer cell lines could 

significantly sensitize their apoptotic response, providing new combinatorial strategy to 

combat chemoresistance. 

 

Figure. 1.7 p53 level show differential dynamics in response to various stimuli. (A) γ-

radiation triggered dose-independent p53 pulses with uniform height and duration. The 

number of p53 pulses increases as the intensity of DNA damage increases (Figure taken 

from reference [115]). Representative single-cell trajectory of p53 dynamics in response 

to (B) UV light (Figure taken from reference [114]), (C) etoposide (Figure taken from 

reference [110]) and (D) cisplatin (Apoptotic cells are in red and surviving cells in blue. 

Figure taken from reference [113]).  
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1.5 p53 pathway-mediated ribosomal stress response 

        Organ size and tissue homeostasis require the normal production of functional 

proteins for cell growth and survival. Ribosomes are organelles responsible for the 

translation of mRNA into protein [117]. Ribosome biogenesis, the necessary step to 

generate functional ribosomes, is one of the most complicated cellular processes and 

involves hundreds of biological factors as well as transcriptional, post-transcriptional and 

translational processes [118–121]. Dysregulation of ribosomal biogenesis causes a 

number of diseases and conditions, such as infertility, anemia, dysplasia, and cancer 

predisposition [122]. Dysfunction of the synthesis of specific proteins, such as amplified 

oncogene expression or limited translation of tumor suppressor genes, is linked to the 

neoplasia [123, 124].  

The ribosome consists of a large 60S subunit, a small 40S subunit and four 

distinct noncoding ribosomal RNAs (rRNAs). The 60S large subunit is composed of 47 

ribosomal proteins (RPs) and single molecules of 28S, 5.8S and 5S rRNA. The 40S small 

subunit contains 33 RPs and one molecule of 18S rRNA [125]. RPs in the 60S large 

subunit and 40S small subunit are customarily denoted as RPL and RPS, respectively. 

With their different compositions, 40S and 60S subunits execute distinct functions. The 

40S subunit binds, unwinds and scans the mRNA during the protein synthesis process, 

while the 60S subunit mediates peptide bond formation and quality control of nascent 

peptides. Ribosomal biogenesis (Fig. 1.8), involving several hundred factors, is one of the 

most complicated and energy-intensive biological processes and mainly occurs in the 

nucleolus, a region containing several hundred ribosomal DNAs (rDNAs) around a 

nucleolar organizer. Through the catalysis of RNA polymerase I (Pol I), rDNA is 
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transcribed into 47S precursor rRNA (containing the sequences for 5.8S, 18S and 28S 

rRNAs), whereas 5S rDNA is located on chromosome 1 and is transcribed by RNA 

polymerase III in the nucleoplasm. In addition, RP genes are located on nearly all 

chromosomes except chromosomes 7 and 21 and are transcribed by RNA polymerase II. 

Subsequently, 47S precursor rRNA, most RPs and 5S rRNA are assembled into 90S 

processomes that are further processed into precursor 40S and 60S by assembly factors 

and about 200 small nucleolar RNAs (snoRNAs). After the late maturation of precursor 

40S and 60S, the 40S and 60S subunits are exported to the cytoplasm to function as 80S 

ribosomes to execute translational activities [35, 126].  

 

Figure. 1.8 The process of ribosome biogenesis. See text for details. (Figure taken from 

reference [126])  
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        p53 has been shown to be a vital regulator in response to ribosomal stress (also 

known as nucleolar stress) caused by biomaterial defects, drug treatments (such as 5-FU), 

dysfunction of nucleophosmin and proteins involved in ribosomal biogenesis, or 

attenuation of RPS6 or RPL7a [127–129]. Nucleolus disruption was found to induce p53 

stabilization in response to large amounts of DNA damage, providing a scenario to study 

ribosomal stress [128]. A number of RPs, such as RPL5, RPL11, RPL23, RPS7, RPL26, 

and RPS27a, have been linked to p53 activation in response to ribosomal perturbation 

[127, 130]. RPL5, RPL11, RPL23 and RPL26 have been shown to bind to the central 

region of Mdm2 and inhibit Mdm2-mediated p53 ubiquitination and degradation. These 

interactions increase p53-mediated transactivation and induce p53-dependent cell cycle 

arrest, which can be enhanced by a low dose of actinomycin D, an RNA Pol I inhibitor 

[127, 131, 132]. However, downregulation of RPS7 or RPL23, but not RPL5 nor RPL11, 

was also found to activate a p53 response similar to depletion of RPS6 or RPL7a, which 

may be attributed to inhibition of global translation [129]. Upon nucleolar stress, RPL5 

and RPL11, the most important contributors to nucleolar integrity, are released from the 

ribosome and bind to Mdm2 [133, 134]. Knockdown of RPL5, RPL11 or RPS27a 

inhibited p53 activation, pointing to their functional involvement in activating p53 in 

response to growth inhibitory signals, such as serum depletion and actinomycin D- or 5-

fluorouracil-induced ribosomal stress [135–138]. RPL11 deficiency is also associated 

with Diamond-Blackfan anemia (DBA) and radiation-induced lymphomagenesis [139]. 

        Mdm2 is known to interact with RPL11 through an acidic domain and two zinc 

fingers, followed by conformational changes in both proteins. RPL11 binds to Mdm2 

through the same domain as 28S rRNA, preventing the interaction between ribosome and 
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Mdm2 [140]. RPL11 with mutation in its acidic domain is not able to bind Mdm2 and 

thus cannot inhibit Mdm2-mediated p53 degradation [140]. RPL5, with 5S rRNA, binds 

to the central acidic domain and C4 zinc finger domain of Mdm2 [141]. RPL5 is 

associated with 5S rRNA in a nonribosomal pre-5S RNP complex in yeast, amphibians 

and mammals [142–144], and it binds to 5S rRNA via its 93 N-terminal amino acids and 

mediates 5S rRNA localization to the nucleolus by the C-terminal amino acids 151-296 

[145].  

        Interestingly, RPL5 and RPL11 function in a mutually dependent manner to trigger 

p53 activation [129, 133]. Recently, a number of publications have shown that RPL11, 

together with RPL5 and 5S rRNA, forms 5S RNP (a pre-ribosomal ternary complex) and 

acts as a Mdm2 trap and p53 stabilizer [145–150]. As shown in Fig. 1.9, the RPL5/5S 

rRNA complex preferentially forms to recruit RPL11 to generate the 5S RNP complex in 

a rate-limiting step [148]. In response to ribosomal stress, the 5S RNP pre-ribosomal 

complex is redirected from the assembly into precursor 60S subunits to suppress Mdm2 

(Fig. 1.9) [149]. The regulatory activity of 5S rRNP on Mdm2 is dependent on the 

presence of all three components in the complex. Depletion of RPL11, RPL5 or 5S rRNA 

abolished the interaction of the other two molecules with Mdm2 [149]. Moreover, both 

RPL5 and RPL11 can interact with Mdm2 in the absence of 5S rRNA, but the p53 

activation level is much lower than that induced by 5S RNP, illustrating the critical role 

of 5S rRNA in p53 activation [147]. The formation of 5S rRNA is regulated by factors 

essential for ribosome integration, such as PICT1 and PAK1IP1 [151, 152]. In addition to 

activating p53 via inhibiting Mdm2, 5S RNP is also crucial for p53 induction by p14ARF, 



 

27 

 

a tumor suppressor that is activated by oncogenic stimulus and exhibits inhibitory activity 

against ribosomal biogenesis [148, 153–155].  

        Activation of MYC proto-oncogene protein has been linked to enhanced ribosomal 

biogenesis [156], which may trigger ribosomal stress due to the amplification of 5S RNP, 

leading to the accumulation of 5S RNP-induced p53 through inhibition of Mdm2. Upon 

overexpression of oncogenes, treatments with RNA Pol I inhibitors strengthen p53 

stabilization via 5S RNP in cancer cells. Chemotherapeutics that target Pol I are thus 

potential therapeutic option for cancers with hyperactive ribosome biogenesis [126]. 

 

Figure. 1.9 Illustration showing the involvement of 5S RNP in the regulation of p53 

homeostasis upon ribosomal stress. See text for details. (Figure adapted from reference 

[148]) 
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1.6 Aims of the study 

       In this PhD study, using quantitative single cell imaging and ensemble measurements, 

I aim to investigate the mechanistic basis of differential p53 pathway activation in 

response to different chemotherapeutics and identify phenotypic mechanisms of 

chemoresistance in cancers harboring wild-type p53. By using live cell imaging at the 

single cell level, I measured the dynamic mode, amplitude, and duration of p53 dynamics 

in response to etoposide treatment, and I identified the key regulatory modules in the p53 

pathway that engendered distinct p53 dynamic mode and cell fate (cell cycle arrest or 

apoptosis). Preliminary data were also obtained regarding differential control by p53 

pathway over the response dynamics to 5-fluouracil, another key cytotoxic anticancer 

drug used in the clinic. To compare the p53 activation in different mammalian cell types, 

a panel of sensitive and resistance cancer cell lines were engineered with a live-cell 

fluorescent p53 reporter, p53-Venus. By combining the single cell and ensemble data, I 

was able to pinpoint the key molecular regulators in the p53 pathway that modulate the 

differential p53 dynamics and drug response in sensitive vs. resistant cancer cells. The 

collective control by these key molecular regulators revealed new drug resistance 

mechanisms and potentially new combinatorial drug targets for developing more 

effective cancer treatment. Overall, I believe my PhD study not only acquires novel 

quantitative data for understanding p53 dynamics and cell fate control in response to 

chemotherapeutics but also provide insight for improving cancer chemotherapy. 
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Chapter 2 Materials and Methods 

2.1 Cell culture 

        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, Gibco), penicillin (100 U/ml), and streptomycin (100 μg/ml). 293T 

and A375 were maintained in Dulbecco’s modified Eagle’s medium (DMEM, Gibco), 

HCT116 and U-2 OS in McCoy’s 5A (modified) medium (Gibco), A549 in Ham's F-12K 

(Kaighn's) medium (Gibco), MCF7 and 769-P in Roswell Park Memorial Institute 1640 

medium (RPMI, Gibco), and HepG2 in Minimum Essential medium (MEM, Gibco). To 

generate fluorescent reporter cells for live-cell imaging analysis of p53 dynamics, I 

infected the individual cell lines with lentiviruses encoding an established p53-Venus 

reporter and selected isogenic clones that exhibited dose responses most similar to their 

respective parental line for conducting the study. The p53-Venus reporter construct, 

consisting of wild-type p53 fused to a yellow fluorescent protein, Venus, was a generous 

gift from Prof. Galit Lahav at the Department of Systems Biology, Harvard Medical 

School. 

 

2.2 Chemicals and reagents 

        Etoposide and Nutlin-3 were purchased from Tocris. The ATM kinase inhibitors 

KU55933 and KU60019 were purchased from Selleckchem. 5-FU was purchased from 

Sigma-Aldrich. Nu7026 was purchased from abcam. siRNA oligos for gene knockdown 

were obtained from Dharmacon, including siWip1 (UUGGCCUUGUGCCUACUAA; 
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used at a final concentration of 20 nM), sip53 

(UGAACCAUUGUUCAAUAUCGUCCGG; used at 20 nM), siRPL5 

(ACGCTTGGTGATACAAGATAA; used at 20nM) and siRPL11 

(AAGGTGCGGGAGTATGAGTTA; used at 20nM) and siATM-1 (GCCUCC 

AGGCAGAAAAAGA; used at 40 nM in A375 and A549. This oligo was a generous gift 

from Dr. Michael Huen, School of Biomedical Sciences, University of Hong Kong [157]), 

and siATM-2 (used at 60 nM in U-2 OS; #sc-29761, Santa Cruz Biotechnology). 

Dharmacon On-Target plus siControl (#D-001810-01) was used as a nontargeting siRNA 

control. siRNA transfections were performed in U-2 OS cells using HiPerFect 

Transfection Reagent (Qiagen), and in all other cell lines using Lipofectamine 

RNAiMAX Reagent (Thermo Fisher Scientific) according to the manufacturers’ 

instructions. Experiments were conducted after 36 to 48 hours of gene silencing. 

 

2.3 Time-lapse microscopy 

        Cells were plated in a 24-well glass-bottom imaging plate (Cellvis, USA) and 

cultured in a phenol red–free CO2-independent medium (Invitrogen) supplemented with 

10% FBS, penicillin (100 U/ml), and streptomycin (100 μg/ml). Cell images were 

acquired with a Nikon TE2000-PFS inverted microscope enclosed in a humidified 

chamber maintained at 37°C. Cells were imaged every 10 min using a motorized stage 

and a 20× objective (numerical aperture, NA=0.95). 

        I viewed and analyzed the images manually to determine the drug response 

phenotypes using the MetaMorph software (Molecular Dynamics). Cell fate was scored 
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by morphological tracking as follows: interphase (by flat morphology), entry into mitosis 

(by cell rounding), cell division (by respreading and splitting), cell cycle arrest (by 

absence of cell division for 72 hours), and cell death (by blebbing followed by cell lysis). 

The dynamic mode of nuclear p53 was scored on the basis of the p53-Venus fluorescence 

in the nucleus. To quantify the single-cell p53 trajectories, I used an automatic cell 

tracking program that Dr. Bo Huang developed using MATLAB. The program consists of 

image analysis procedures that sequentially segment the individual cells, track them in 

time, identify the nucleus, and measure the p53 fluorescence intensity in the nucleus. 

 

2.4 Western blot analysis 

        Cells were washed once with PBS and lysed using a lithium dodecyl sulfate (LDS) 

sample buffer (NuPAGE, Invitrogen) with 2% 2-mercaptoethanol (Sigma-Aldrich). Cell 

lysates were denatured by heating at 90C for 10 min and stored at -20C. Protein 

samples were loaded into 5% polyacrylamide gels for stacking and resolved on 8 to 15% 

tris-glycine gels and transferred onto polyvinylidene difluoride membranes. After 

separation on SDS-PAGE gels, proteins were transferred onto 0.2μm PVDF membranes 

(Bio-Rad) for 1 hour at 100V or 400mA at 4C. Blots 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 (S15) (#9284), ATM (#2873), phospho-Chk2 (Thr68) (#2197), p21 (#2947), 

and Puma (#4976), p73 (#14620), RPL5 (#14568), RPL11 (#18163) were purchased from 

Cell Signaling Technology; p53 (#sc-126), Mdm2 (#sc-965) and Wip1 (#sc-20712) from 

Santa Cruz Biotechnology; γH2A.X (#06-570) from Millipore; and phospho-ATM 
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(S1981) (#ab81292), phospho-p53 (S46) (#ab76242), phospho-DNA-PKcs (S2056) 

(#ab124918) (#ab195049) from Abcam. Anti-actin (#A5316) from Sigma-Aldrich was 

used as a loading control. 

 

2.5 Flow cytometry analysis of Cell cycle  

        After 72-hour treatment of 5-FU, cells were harvested, stained with Zombie NIR 

Fixable Viability Dye at room temperature for 15 to 30 min and fixed with 70% 

ethanol/PBS at -20℃ for overnight. Cells were washed in PBS and then stained with 25 

μg/mL propidium iodide, 0.2 mg/mL RNase A, and 0.1% Triton in PBS at room 

temperature for 30 min. Flow cytometric measurement of live vs. dead cell status and 

DNA content was conducted with a BD FACSCanto™ II flow cytometer. Data were 

analyzed using the FCS Express and Origin software programs. 
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Chapter 3 Cell type-dependent bimodal p53 activation in 

response to etoposide 

3.1 Introduction 

        Tumors exhibit large intrinsic variation in drug responsiveness due to both 

intratumoral and intertumoral heterogeneity; previously sensitive tumors commonly 

evolve to be drug resistant during chemotherapy. To improve therapy, we need better 

understanding of both intrinsic and acquired drug resistance. Most well-known 

mechanisms of drug resistance involve genetic mutation, such as mutation of target genes 

of kinase inhibitors and mutation of genes that mediate drug responses, e.g., p53 for 

DNA-damaging drugs [158, 159]. However, for most commonly used cytotoxic 

chemotherapy, the mechanistic basis of drug sensitivity is unclear at both genotype and 

phenotype levels. 

        The p53 pathway, consisting of the tumor suppressor protein p53, its upstream 

regulators, and downstream target genes, plays a central role in mediating cellular 

response to chemotherapeutics [54, 160, 161]. Loss of p53 function due to p53 mutation 

has been widely studied with respect to chemoresistance. However, drug resistance is 

also often seen, and may be even greater, in tumors with wild-type p53 [162–164]. 

Extensive biochemical and cell biology studies have revealed that p53 activity is 

regulated by multiple posttranslational modifications [30, 165], differential subcellular 

localization [51], and interaction with cofactors [166]. Drug resistance may arise from all 

of these venues. More recently, single-cell studies both by our lab and others showed that 

alteration of the activation dynamics of p53 is another mechanism to modulate p53 
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activity in response to DNA damage, raising the interesting possibility of a mechanistic 

link between p53 activation dynamics and radio-/chemo- sensitivity [110, 112]. 

        The control of p53 dynamics in response to DNA damage was first examined for 

transient γ-radiation or UV radiation and revealed intriguing oscillation of p53 levels that 

culminated in mostly cell cycle arrest and senescence, but not cell death [114, 115, 167, 

168]. In a recent study of a cancer cell line panel, p53 dynamics were found to vary 

substantially between cell lines [169]. Nonetheless, despite the difference in p53 

activation dynamics, cell cycle arrest was the primary damage response phenotype for all 

cell types. The lack of differential cellular response, in particular cell death response, in 

these previous studies was probably due to the low level of DNA damage used. By 

examining a much larger dose range of DNA damage triggered by a DNA-damaging 

chemotherapeutic, etoposide, our lab uncovered a new dynamical regime of p53 

activation at high DNA damage, i.e., monotonic induction, which specifically led to 

apoptosis [110]. We further showed that changing p53 dynamics from oscillation to 

monotonic increase was sufficient to switch cellular response from cell cycle arrest to 

apoptosis in drug-sensitive cell lines. However, the above studies left unexplained the 

role of p53 dynamics in drug resistance, in particular resistance to drug-induced cell 

death. I thus set out to investigate p53 activation dynamics of a panel of cancer cell lines 

that showed variable sensitivity to a DNA-damaging drug, and explore how p53 

dynamics can be differentially activated in a cell-type dependent manner, leading to 

chemoresistance. The results presented in this chapter have been published in Science 

Advances [170].  
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3.2 Results 

3.2.1 Cell type variation in p53 dynamics and cellular response 

        Etoposide induces DNA double-stranded breaks by inhibiting topoisomerase II and 

is a DNA-damaging chemotherapeutic commonly used in the clinic [171]. I first 

compared the dose response of etoposide-sensitive (A375, U-2 OS, and A549) and 

etoposide-resistant cell lines (MCF7, HepG2, and 769-P) that harbor wild-type p53, as 

well as their respective drug-induced p53 dynamics. To monitor real-time p53 dynamics 

in individual cells, clonal fluorescent reporter cell lines that stably express a p53-Venus 

construct were used [110]. Dynamics of the p53-Venus construct have been confirmed to 

behave similarly to its wild-type counterpart [110, 115]. Time-lapse imaging of the 

fluorescent reporter lines showed that upon drug treatment, the fluorescent signal of p53-

Venus primarily localized in the nucleus and showed a dose-dependent bimodal 

regulation (Fig. 3.1, A and B). At low drug doses (1 to 10 μM), nuclear p53 mostly 

exhibited periodic pulsing in both the sensitive and resistant cell lines. As etoposide 

concentration increased, p53 switched from periodic pulsing to two distinct dynamic 

modes, i.e., monotonic induction in etoposide-sensitive cell lines and an extended large 

pulse in the resistant lines (Fig. 3.1E). Under different etoposide dosages, cells exhibited 

periodic pulsing or monotonic increase of p53 in the sensitive cancer cell lines, whereas 

resistant cell lines showed periodic pulsing or an extended large pulse of p53. Single-cell 

statistics demonstrated that, although cell-to-cell variability was significant in terms of 

the timing and p53 induction level, cells within the sensitive lines predominantly showed 

sustained p53 induction at high drug dose, while p53 level evidently decreased after the 

initial rise in cells from the resistant lines with periods of 10 to 15 hours, which were 
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about 1.5- to 2-fold longer than the oscillatory period at low drug dose (Fig. 3.1C and Fig. 

3.2). Moreover, the average peak level of p53 induced by high drug concentrations was 

7- to 9-fold higher than that by low drug concentrations in the sensitive lines, as 

compared to a 2- to 5-fold increase in the resistant lines (Fig. 3.1D). The combination of 

pulsing dynamics and lower activation amplitudes resulted in a substantially lower 

integrated level of p53 induction in the resistant cell lines in response to high 

concentration of etoposide. 

        I next examined the dose-response phenotype and its correlation with the differential 

p53 dynamics observed in individual cells. As shown in the top panel of Fig. 3.1E, >95% 

of cells from all six cell lines (summed over all drug concentrations) that went into cell 

cycle arrest showed pulsing dynamics of p53, i.e., either periodic pulsing or an extended 

large pulse, revealing a strong correlation between pulsing p53 and the response 

phenotype of cell cycle arrest and survival. As etoposide concentration increased, both 

the sensitive and resistant cell lines showed increase of cell death, but the extent of 

etoposide-induced cell death was significantly less in the resistant lines, i.e., MCF7, 

HepG2, and 769-P (Fig. 3.1E, bottom). Seventy-two–hour treatment of 200 μM etoposide 

only induced less than 36% cell death in the resistant lines, as compared with more than 

80% cell death in the three sensitive lines upon treatment of 100 μM etoposide. Moreover, 

the high level of cell death exhibited by the sensitive lines strongly correlated with the 

p53 dynamic mode of monotonic increase (Fig. 3.1E, bottom). These data thus suggest 

that resistance of MCF7, HepG2, and 769-P to etoposide-induced cell death may be due 

to the significantly lower activation level of p53 rendered by the extended large-pulse 
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dynamics of p53, as compared with the strong monotonic induction seen in the sensitive 

lines (Fig. 3.1, B to D). 

        It is noted that the extended large-pulse mode of p53 dynamics could lead to the 

response phenotypes of both cell cycle arrest and cell death. For instance, among MCF7 

cells that showed a large p53 pulse, 80% were found to go into cell cycle arrest, while the 

other 20% died. This can be attributed to the low induction level of p53 in the large-pulse 

mode and the resulting low accumulative p53 activity that obviously was not sufficient to 

cross the threshold for triggering cell death for most of the cells from the resistant cell 

lines. Although the reporter cell lines are isogenic, the threshold for triggering cell death 

may still vary between individual cells, e.g., because of stochasticity in gene expression 

[172, 173]. Therefore, cell-to-cell variability in sensitivity to cell death coupled with the 

intermediate level of p53 induction resulting from an extended p53 pulse likely accounted 

for p53 inducing alternative cell fate of arrest and death in individual cells. Overall, the 

results demonstrated the importance of cell type–dependent bimodal p53 dynamics in 

regulating the sensitivity of distinct cancer cells to DNA-damaging chemotherapeutics, 

and the single-cell data also pointed to a suppressive role of p53 pulsing in attenuating 

the p53 induction level and subsequent p53-mediated cell death. 
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Figure. 3.1 p53 dynamics and cellular response to etoposide were both dose and cell type 

dependent. (A) p53 dynamics monitored by p53-Venue fluorescence in the representative 

drug-sensitive cell line U-2 OS (top) and resistant cell line MCF7 (bottom) at low and 

high concentrations of etoposide. Still images were from time-lapse movies. Time (unit: 

hour) is indicated at the top right corner of each image. (B) Representative single-cell 

trajectories of p53 dynamics quantified from fluorescence of the p53-Venus reporter in 

the nucleus of the six cancer cell lines at the indicated low (black lines) and high (red 

lines) etoposide doses. The abrupt end of p53 trajectories in the sensitive cell lines 

corresponds to the time of death. (C) Heat maps of nuclear p53-Venus fluorescence in U-

2 OS (left) and MCF7 cells (right) at high drug dose. Black squares indicate the time of 
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cell death. (D) Ratio of the average peak level of p53-Venus fluorescence at high and low 

drug doses in the six cell lines. Error bars indicate standard deviation (SD). The two-

tailed P value was obtained by Welch’s unpaired t test with A375 as the reference group. 

N.S., not statistically significant. *P < 0.0003 and **P < 0.0001. (E) Fraction of cells that 

exhibited the three distinct p53 dynamics, i.e., periodic pulsing, an extended large pulse, 

and a monotonic increase, and went into cell cycle arrest (top) or cell death (bottom) 

under the indicated etoposide concentration. Data were averaged from two independent 

sets of single-cell imaging experiments. The total number of cells analyzed for each 

condition in each imaging experiment ranged from 51 to 143. Error bars indicate SD. The 

A549 data were replotted from Fig. 2B published in reference [110] for direct comparison 

with new data of the other five cell lines. 

 

 



 

40 

 

 

Figure. 3.2 Single-cell trajectories of p53 dynamics from the six cell lines in response to 

high dose of etoposide. Ten additional single-cell trajectories of p53 dynamics quantified 

from fluorescence of the p53-Venus reporter in the nucleus of the six cancer cell lines in 

response to high dose of etoposide, where the sensitive and resistant cancer cell lines 

differ in terms of p53 activation dynamics. The abrupt ends of p53 trajectories from the 

three sensitive cell lines in the top panel correspond to the time of death. 
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3.2.2 Variable p53 dynamics correlated with phosphor-ATM and Mdm2 levels 

        To identify molecular mechanisms underlying the dose-dependent bimodal 

regulation of p53 and its cell type dependence, I profiled, by Western blotting, the 

expression and/or posttranslational modification of key regulators that are known to 

modulate p53 expression and activity, including ATM, Chk2, Mdm2, and Wip1 (Fig. 

3.3A) [165, 174–176]. U-2 OS and MCF7 were chosen as the representative sensitive and 

resistant cell lines, and their cellular responses were compared at one low (i.e., 1 μM 

etoposide for U-2 OS and 5 μM for MCF7) and one high drug concentration (i.e., 100 μM 

etoposide for U-2 OS and 200 μM for MCF7), under which cells within the same cell line 

exhibited one primary p53 dynamic mode, i.e., periodic pulsing at low drug dose and 

monotonic increase or an extended large pulse at high drug dose. 

        As shown in Fig. 3.3 (B and C), for both U-2 OS and MCF7 cells, higher drug 

concentration induced a higher level of p53, similar to the single-cell imaging data. 

Among the immediate p53 regulators, the dose-dependent expression of Mdm2 and Wip1, 

the two main negative regulators and transcriptional target genes of p53, were found to 

vary significantly between U-2 OS and MCF7. For U-2 OS cells, expressions of both 

Mdm2 and Wip1 steadily increased over time at low etoposide concentration, but such 

up-regulation was suppressed under high drug dose (Fig. 3.3B). Inhibition of the negative 

feedbacks from Mdm2 and Wip1 likely enabled p53 to accumulate to a high level, 

resulting in its monotonic rise in U-2 OS cells. MCF7 cells, however, exhibited strong 

up-regulation of Mdm2 and Wip1 at both low and high drug doses (Fig. 3.3C), which 

correlated with the much lower level of p53 induction, especially at high drug 

concentration. Direct comparison of U-2 OS and MCF7 on the same gel further 
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confirmed the differential expression of Mdm2 and Wip1 in these two cell lines that 

correlated with their differential responses at high drug dose (Fig. 3.3D). It also revealed 

a much lower expression of total ATM and phospho-ATM, but higher basal expression of 

Wip1, in MCF7 than U-2 OS, which may also contribute to an attenuated p53 induction 

in MCF7. 

        To examine whether the above differential expression features are common in the 

other sensitive and resistant cell lines, levels of ATM, phospho-ATM, Mdm2, and Wip1 

were compared under low and high drug doses for all six cell lines. As shown in Fig. 

3.3E and Fig. 3.4, the sensitive lines all expressed substantial levels of ATM and 

phospho-ATM and exhibited significant attenuation of Mdm2 up-regulation under high 

drug treatment. Although A375 expressed substantially higher levels of γH2AX, 

phospho-ATM, ATM and Mdm2, the p53 dynamics and induction kinetics of the above 

DNA damage marker and regulatory proteins in A375 were similar to those in U-2 OS 

and A549 under low versus high drug doses, indicating that the higher protein expression 

in A375 was not a determining factor in regulating its variable p53 dynamics and drug 

sensitivity as observed in all the sensitive lines. In contrast, Mdm2 expression remained 

strongly induced in all resistant lines at high drug dose. Distinct from MCF7 and HepG2, 

the resistant line 769-P did not significantly express Wip1 or have a lower level of total 

ATM or phospho-ATM. These data suggest that the cell line–dependent p53 dynamics 

and variable drug sensitivity are mainly due to differential Mdm2 up-regulation. 

Moreover, the level of DNA damage induced by etoposide in the same dynamical regime 

of p53 (indicated by the γH2A.X signal) was largely similar in the sensitive and resistant 

lines (Fig. 3.3E). Therefore, the cell line–dependent drug-induced dynamics of p53 and 
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its regulators were not due to difference in the DNA damage signal, but rather due to the 

variable activation of the p53 regulatory pathway. 

        To determine whether the distinct p53 dynamics resulted in differential p53 activity, 

I also measured the expression of p53 target genes critical for cell fate response, such as 

p21 (cell cycle arrest gene) and Puma (cell death gene). Both p21 and Puma were more 

rapidly and strongly up-regulated at high drug dose when p53 induction level was higher 

(Fig. 3.3F). In particular, high drug dose increased Puma expression by more than 8-fold 

in U-2 OS cells, which was evidently sufficient to trigger extensive cell death and 

switched the primary response phenotype from cell cycle arrest to cell death. In contrast, 

MCF7 cells exhibited only a 3-fold increase in Puma expression, correlating with the 

much lower level of cell death activation. These data corroborated the role of differential 

p53 dynamics in regulating p53 activity and subsequent cell fate response, most likely via 

modulating p53 induction level. 
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Figure. 3.3 p53 dynamics and p53-mediated drug response correlated with kinetics of a 

number of proteins/protein modifications. (A) Network diagram of key regulatory 

components of the p53 pathway associated with response to etoposide. (B and C) 

Western blot comparison of dose response of (B) U-2 OS cells and (C) MCF7 cells at low 

versus high drug concentration. (D) Comparison of U-2 OS and MCF7 response at high 

etoposide concentration. (E) Comparison of the six cell lines after an 8-hour treatment of 

the indicated etoposide concentration. (F) Expression of p21 and Puma in U-2 OS and 

MCF7 at the indicated low versus high etoposide concentration. The quantified Western 

blot results were color-coded by cell line and drug concentration as indicated. Error bars 

were SDs calculated on the basis of three independent sets of Western blots. For all 

Western blotting analysis, actin served as the loading control. DNA damage level was 

indicated by a DNA damage marker, γH2A.X, and the extent of cell death was indicated 

by Parp1 cleavage. All data shown are representative of at least three independent 

Western blot measurements. 
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Figure. 3.4 Quantification of Western blot comparison of the six cell lines shown in Fig. 

3.3E. Quantified ATM, phospho-ATM and Mdm2 levels of the six cell lines at low vs. 

high drug treatment from western blots shown in Fig. 3.3E. Western blot signals were 

normalized to that of U-2 OS at low drug dose in each gel so as to compare results from 

different sets of western blot measurements. The results were quantified and averaged 

from three independent western blot analyses and the error bars are standard deviations. 
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3.2.3 ATM-mediated Mdm2 degradation accounted for attenuated Mdm2 up-

regulation 

        Given the level and dynamics of Mdm2 correlated with cell type–dependent bimodal 

p53 dynamics, I next examined the mechanism underlying the dose-dependent up-

regulation of Mdm2. Suppression of Mdm2 up-regulation in the sensitive lines at high 

drug concentration, which was not seen in the resistant lines, could be due to reduced 

gene transcription or translation or increased protein degradation. Our lab had previously 

performed quantitative real-time polymerase chain reaction analysis and found no 

differential transcription of the Mdm2 gene at low versus high DNA damage in U-2 OS 

cells [110], indicating that the posttranscriptional mechanism likely accounted for the 

dose-dependent Mdm2 expression. Moreover, ATM was observed to promote 

autodegradation of Mdm2 [81], which led me to test whether the strong elevation of 

phospho-ATM activity in response to high drug dose triggered more extensive Mdm2 

autodegradation, thus restraining Mdm2 expression at a low level. To measure the 

degradation kinetics of Mdm2 protein, cycloheximide was used to inhibit overall protein 

translation. For U-2 OS cells, the levels of Mdm2 decreased with a half-life of about 1.96 

hours under control condition (no etoposide treatment), 2.02 hours under 1 μM etoposide, 

and 0.31 hours under 100 μM etoposide (Fig. 3.5A). That is, the rate of Mdm2 

degradation increased by about 6.5-fold at high drug dose as compared with that of low 

drug dose and control. Moreover, the combinatorial treatment of 100 μM etoposide and 

20 μM KU55933, a small-molecule inhibitor of ATM, significantly prolonged the half-

life of Mdm2 to 1.16 hours, indicating that the accelerated Mdm2 degradation under high 

etoposide concentration was mainly mediated by increased ATM activity (Fig. 3.5A and 
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Fig. 3.6). In contrast, half-life measurement of MCF7 cells revealed only a less than 2-

fold decrease of Mdm2 half-life at high drug dose versus low drug dose and control (Fig. 

3.5B), demonstrating that Mdm2 degradation was significantly less in MCF7 compared 

to U-2 OS cells and not sufficient to suppress Mdm2 up-regulation. 

        Similar characteristics of Mdm2 degradation kinetics were also observed in the other 

two sensitive and resistant cell lines (Fig. 3.5C and Fig. 3.7). Hence, the results point to 

enhanced Mdm2 degradation mediated by increased ATM activity as the key mechanism 

underlying the attenuation of Mdm2 up-regulation. The combined inhibitory interaction 

of ATM-Mdm2 and Mdm2-p53 thus formed a double negative, i.e., positive feed-forward 

control that could render strong, monotonically increasing p53 in the etoposide-sensitive 

cell lines in response to high drug dose, and the inhibitory strength of ATM-Mdm2 

interaction was significantly attenuated in the resistant cell lines. For MCF7 and HepG2, 

this can be attributed to the substantially lower level of phospho-ATM (a surrogate of 

ATM activity), likely resulting from the low expression of total ATM. As for 769-P, the 

attenuation of ATM-Mdm2 interaction may be due to reduced ATM-Mdm2 binding or 

reduced ATM activity in catalyzing Mdm2 degradation. 



 

48 

 

 

Figure. 3.5 Dose-dependent Mdm2 expression was mainly regulated by ATM-mediated 

Mdm2 degradation. (A) Mdm2 degradation kinetics in U-2 OS cells under the indicated 

treatment condition plus cycloheximide (2.5 μg/ml) were measured by Western blot 

analysis of Mdm2 level at 12 selected time points (unit: minute). Actin, which served as a 

loading control, was shown beneath each Mdm2 sample. Mdm2 half-life τ under different 

treatment conditions was derived from the exponential fit of the Mdm2 degradation 

kinetics averaged from three independent sets of Western blots. (B) Mdm2 degradation 

kinetics of MCF7 cells and the respective exponential fits under the indicated treatment 

conditions. (C) Mdm2 half-life of the six cell lines at low (top) or high (bottom) drug 

dose in comparison with that under the control condition. The bottom panel also showed 

Mdm2 half-life of the three sensitive lines under the combined treatment of 100 μM 

etoposide and 20 μM KU55933, an ATM inhibitor (ATMi). ctrl, control. 
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Figure. 3.6 Inhibitory effect of KU55933 on ATM activation. Western blot comparison of 

U-2 OS cells treated with 100 μM etoposide alone, 100 μM etoposide plus 20 μM 

KU55933 and 20 μM KU55933 alone after 6 or 8 hours of the single or combined 

treatment. KU55933 significantly reduced the extent of ATM phosphorylation in 

response to etoposide, confirming the inhibitory effect of KU55933 on ATM activation. 

Moreover, upon the decrease in ATM phosphorylation by KU55933, Mdm2 expression 

was up-regulated while p53 induction was down-regulated, which suggested that 

attenuation of ATM activity reduced p53 induction and that ATM likely attenuated 

Mdm2 expression in response to DNA damage through post-transcriptional mechanism.   
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Figure. 3.7 Mdm2 degradation kinetics and the derived Mdm2 half-life τ of A375, A549, 

HepG2, and 769-P. Mdm2 degradation kinetics and the derived Mdm2 half-life of the 

two sensitive cell lines, A375 and A549, as well as the two resistant lines, HepG2 and 

769-P, under the indicated treatment conditions. Data for each cell line were quantified 

and averaged from two independent sets of western blot measurements. 
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3.2.4 ATM activity accounted for the differential p53 dynamics 

        As discussed above, a positive feed-forward loop was formed by combined 

inhibitory interaction of ATM-Mdm2 and Mdm2-p53, which could account for the 

sustained accumulation of p53 in etoposide-sensitive lines under the treatment of high 

dose of etoposide. To further validate the results regarding the modulation of p53 

dynamics by ATM, I inhibited ATM activity by RNA interference (RNAi) knockdown of 

ATM in the three sensitive cell lines, i.e., A375, U-2 OS, and A549 (Fig. 3.8A). 

Considering the high expression level of ATM in A375, I found RNAi alone could not 

sufficiently reduced its phospho-ATM level, so I combined ATM knockdown with 0.5 

μM KU60019 (an ATM inhibitor) to reduce ATM activity in A375 (Fig. 3.8A). As 

shown in Fig. 3.8B and C, attenuating ATM activity in etoposide-sensitive cell lines was 

found to alter their p53 dynamics from more than 75% monotonic induction to about 60% 

pulsing (both periodic pulsing and extended large pulse) in response to high 

concentration of etoposide, and this change toward pulsing p53 reduced etoposide-

induced cell death from more than 75% to about 40% in the three sensitive lines. These 

data further confirmed the key role of ATM activity in regulating p53 dynamics and that 

p53 pulsing promoted cell cycle arrest and chemoresistance.  
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Figure. 3.8 Effects of ATM knockdown on promoting p53 pulsing and attenuating cell 

death of the three sensitive cell lines in response to high concentration of etoposide. (A) 

Western blot analysis of ATM, phospho-ATM and p53 levels upon the indicated RNAi 

knockdown and after 8-hour treatment of high dose of etoposide (50 μM for A375 and 

U2OS, 100 μM for A549). *ATM knockdown and 0.5 μM ATM inhibitor (KU60019) 

were combined to attenuate ATM activity in A375 in all our experiments. (B) 

Representative single-cell trajectories of p53 dynamics of A375, U-2 OS and A549 under 

control siRNA treatment (siCtrl, black lines) and ATM knockdown (siATM, red lines) in 

response to high dose of etoposide. (C) Fraction of cells exhibited the distinct response 

phenotypes to high concentration of etoposide with respect to p53 dynamics and cell fate 

under the indicated control siRNA or siATM treatment, including pulsing p53 followed 

by cell cycle arrest, pulsing p53 followed by cell death, monotonic p53 induction 

followed by cell cycle arrest and monotonic p53 induction followed by cell death. Results 



 

53 

 

were averaged from two independent sets of single-cell imaging experiments, and error 

bars are standard deviations. Total number of cells analyzed for each condition in each 

imaging experiment ranged from 60 to 139. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

54 

 

3.2.5 Alternation of p53 dynamics sensitized resistant cancer to apoptosis  

        The strong variation in both basal expression and induction kinetics of Wip1 in U-2 

OS and MCF7 cells indicated a possible role of the phosphatase, Wip1, in addition to 

ATM and Mdm2, in regulating the observed cell-type specific p53 dynamics and cell fate 

response (Fig. 3.3D). To test the involvement of Wip1, RNA interference (RNAi) was 

used to knock it down. Knockdown efficiency was generally more than 90%, and Wip1 

knockdown alone induced little cell death (<5%) up to 72 hours of experiment. As shown 

in Fig. 3.9A and B, the loss of Wip1 did not alter the large-pulse dynamics of p53 

induction or enhance cell death in MCF7 cells in response to high concentration of 

etoposide. Upon Mdm2 inhibition by Nutlin-3, p53 dynamics changed from a short pulse 

(duration of 8 to 12 hours) to a long pulse (duration of 18 to 25 hours), which was 

accompanied by higher level of cell death, i.e., from less than 10% to about 33% at 24-

hour under high etoposide treatment. The increase in cell death may be due to the higher 

activation level of p53 rendered by the longer duration of p53 pulse. Strong, monotonic 

induction of p53 was observed in MCF7 under the combinatorial treatment of Nutlin-3, 

Wip1 knockdown, and 200 μM etoposide. Moreover, it was found that the change of p53 

dynamics to monotonic induction significantly enhanced and accelerated etoposide-

induced cell death (Fig. 3.9B). Compared with less than 10% MCF7 cell death after a 36-

hour treatment of etoposide alone, the monotonically increasing p53 engendered by the 

triple treatment triggered more than 80% cell death for the same time duration, 

illustrating that altering p53 dynamics is sufficient to sensitize MCF7 cells to etoposide-

induced cell death and that Mdm2 and Wip1 are viable combinatorial targets to enhance 

the response of resistant cancers to DNA-damaging drugs. The other two resistant cell 
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lines, HepG2 and 769-P, also exhibited a similar change of p53 dynamics and a 

significant increase of cell death, with the combined inhibition of Mdm2 and Wip1 (Fig. 

3.9C).  

In addition, further Western blot analysis of MCF7 cells showed that Wip1 

knockdown strongly enhanced p53 phosphorylation, e.g., at Serine 15 and Serine 46, and 

moderately reduced Mdm2 expression, but did not affect the phosphorylation level of 

ATM (Fig. 3.9D). Phosphorylation of p53 at Serine 15 is known to stabilize p53 [30, 

177], and phosphorylation at Serine 46 particularly activates the proapoptotic target genes 

of p53 [45, 178, 179]. Therefore, the Wip1-p53 negative feedback likely attenuates p53 

induction by simultaneously destabilizing p53 and stabilizing Mdm2, and also decreases 

the cell death response to etoposide by mitigating p53’s transcriptional activation of pro-

apoptotic genes.  
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Figure. 3.9 Inhibition of Mdm2 or Mdm2 plus Wip1 altered p53 dynamics in the resistant 

cell lines and sensitized their drug-induced cell death. (A) Representative single-cell 

trajectories and heat maps of p53-Venus fluorescence in individual MCF7 cells under the 

indicated treatment conditions, including etoposide (200 μM) alone, Nutlin-3 (10 μM) 

alone, etoposide + Nutlin-3, etoposide + Wip1 knockdown (KD), and etoposide + Nutlin-

3 + Wip1 KD. Cells under treatment conditions without Wip1 knockdown were 

transfected with nontargeting small interfering RNA (siRNA) to control for transfection 

toxicity. The abrupt end of p53 trajectory and the black squares in the heat map under 

etoposide + Nutlin-3 + Wip1 KD correspond to the time of death. (B) Cumulative 

survival curves of MCF7 cells under the indicated treatment conditions. Data were 

averaged from three independent imaging experiments, and the total number of cells 

analyzed for each condition in each experiment ranged from 62 to 132. Cell death was 
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scored morphologically on the basis of time-lapse movies, and the kinetics of cell death 

were plotted as cumulative survival curves. The shaded area of each curve indicates SD. 

(C) Representative single-cell p53 trajectories of HepG2 and 769-P cells and their 

survival statistics after 24 or 48 hours of the indicated treatment conditions. Data were 

averaged from two independent imaging experiments, and the total number of cells 

analyzed for each condition in each experiment ranged from 40 to 129. (D) Western blot 

comparison of selected proteins/protein modifications of MCF7 cells treated with 200 

μM etoposide plus control siRNA or Wip1 KD or 200 μM etoposide + 10 μM Nutlin-3 

versus etoposide + Nutlin-3 + Wip1 KD. 
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3.3 Conclusion 

This study not only elucidates a new dynamic mechanism underlying resistance to 

DNA damaging drug but also provides new insight to understand cell-type dependent 

variability in p53 pathway-mediated DNA damage response. Variation in cell death 

response to cytotoxic chemotherapy is possibly the most crucial factor that distinguishes 

the sensitive and resistant tumors, as clinical response of tumor regression or delay in 

tumor growth often correlates with the cell death response [180, 181]. My data showed 

that the dynamic mode of p53 activation, especially at regime of high concentration of 

DNA damaging drug, determines the sensitivity of p53-wild-type cancers to drug-

induced cell death. In the resistant cancer cells that I studied, the dynamic output is 

dampened mainly by attenuating Mdm2 inhibition by ATM due to either down-regulation 

of ATM expression or reduced ATM binding/activity towards Mdm2. Although the 

precise molecular mechanisms that contribute to p53 pulsing upon drug treatment may 

differ, our data pointed to combinatorial inhibition of Mdm2 and Wip1 as a promising 

strategy to change p53 dynamics from pulsing to monotonic induction and combat this 

dynamic chemoresistance.  
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Chapter 4 Cell-type variation in response to 5-fluorouracil 

4.1 Introduction 

        In 1954, the absorption of radioactive uracil was found to be more rapid in rat 

hepatomas than in normal tissues, which inspired Charles Heidelberger to create 5-FU 

[182, 183]. Since its original synthesis in the 1950s, 5-FU has been widely used to treat 

many types of solid tumors. After rapidly entering the cell with the same transport system 

as uracil, 5-FU is anabolized into several active nucleotides, including 

fluorodeoxyuridine monophosphate (FdUMP), fluorodeoxyuridine triphosphate (FdUTP) 

and fluorouridine triphosphate (FUTP). The activities of these metabolites contribute to 

the cytotoxicity of 5-FU. Overall, the antineoplastic mechanism of 5-FU mainly ascribes 

to the inhibition of thymidylate synthase (TS) and misincorporation of fluoronucleotides 

into DNA and RNA [183, 184]. TS uses the reduced 5,10-methylenetetrahydrofolate 

(CH2THF) as a methyl donor and catalyzes the methylation of deoxyuridine 

monophosphate (dUMP) to form deoxythymidine monophosphate (dTMP). This reaction 

is essential for DNA replication and repair because it provides the sole source of 

thymidylate. FdUMP competes with dUMP and binds to the nucleotide-binding site of 

TS, which further inhibits the synthesis of dTMP [184]. FUTP, an active metabolite of 5-

FU, can be competitively incorporated into RNA instead of uridine triphosphate (UTP) 

[185]. It has been revealed that the presence of 5-FU interferes with processes of many 

types of RNA, including ribosome, messenger and transfer RNAs [186]. Moreover, 5-

FU-induced apoptosis has been linked to its incorporation into RNA [187]. 5-FU and its 
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metabolite FdUTP have been reported to incorporate into DNA and induce DNA strand 

breaks, thus activating DNA repair responses and even cell death [184, 186].  

        Chemoresistance to 5-FU is attributed to both innate and acquired factors of cancer 

cells [186]. The clinical response rate of 5-FU alone is only 10-30% for a variety of 

malignancies, including gastrointestinal cancer, breast cancer and head and neck cancer 

[188]. As with other anticancer drugs, the resistance of 5-FU chemotherapy consists of a 

wide range of cellular mechanisms, such as involving catabolism into active metabolites, 

alteration of cellular targets, inactivation of the drug, processing of 5-FU-induced damage, 

and dysfunction of apoptosis pathways [186, 189, 190]. For example, the conversion 

from 5-FU to its active metabolites fails due to the absence of the catalysis of relevant 

cellular enzymes, including orotate phosphoribosyl transferase (OPRT), thymidine 

phosphorylase (TP) and uridine phosphorylase (UP) [191–194]. Patients with low TS 

tumor expression have been shown to achieve better clinical effects under 5-FU-based 

chemotherapy [195, 196]. The poor bioavailability of 5-FU is also attributed to the over-

expression of dihydropyrimidine dehydrogenase (DPD), a rate-limiting enzyme that 

degrades 80% of 5-FU into dihydrofluorouracil (DHFU) mainly in the liver in vivo [197–

200]. The hypermethylation of MLH1, an essential modulator of DNA mismatch repair, 

has also been shown to confer chemoresistance to 5-FU in ovarian cancer cells [201, 202]. 

An enhanced threshold of apoptosis owing to protein overexpression of Bcl-2, Bcl-xL 

and Mcl-1 also decreased the sensitivity of cells to 5-FU [190].  

        To enhance the effect of 5-FU, many combinatorial strategies have been developed. 

For instance, 5'-formyltetrahydrofolate (Leucovorin) increases the intracellular 

concentration of CH2THF, thereby enhancing the availability of 5-FU both in vitro and in 
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vivo. Uracil or DPD inhibitors enhanced the bioavailability of 5-FU by either saturating 

DPD with uracil or competitively binding to DPD. Pretreatment with methotrexate 

increases the transformation of 5-FU ribonucleotides and augments 5-FU incorporation 

into RNA [184]. Although these drug combination therapies enhance the clinical 

response rate at different levels, serious toxicity of these compounds is the major side 

effect to normal tissues. Therefore, studying the cell-type variation in the 5-FU-induced 

cellular response is important for understanding the chemoresistance mechanism and for 

establishing new biomarkers to predict treatment response. Comparing the drug-induced 

response dynamics using distinct cancer cell lines will also provide new insight on tumor 

heterogeneity and novel druggable targets to combat response heterogeneity.  

       Data in published literature have demonstrated that 5-FU cytotoxicity is related to the 

status of p53 [196, 203–206]. And defects in p53 function have been implicated to confer 

5-FU resistance [207, 208]. For example, cell lines with wild-type p53 (RKO, HCT8 and 

HCT116) were observed to undergo acute apoptosis through distinct mechanisms in 

response to 5-FU chemotherapy, while cell death of HT29 cells, a cell line with mutant 

p53, is much more delayed [209]. 5-FU-based chemotherapy performs better in colorectal 

cancer patients harboring wild-type p53 tumors than those carrying mutant p53 tumors 

[210, 211]. 5-FU treatment activates p53 through DNA- and/or RNA-directed 

mechanisms, including DNA damage induced by TS inhibition, incorporation of 5-FU 

and its metabolites into DNA, and disruption of RNA process [127, 184, 212]. Activated 

p53 triggers 5-FU-induced apoptosis through intrinsic and extrinsic pathways mediated 

by, e.g., Bax, ferredoxin reductase and Fas [213–215]. However, how p53 is activated in 

response to 5-FU has not been well studied. Therefore, it is necessary to study the 
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mechanisms of differential p53 activation in response to 5-FU and how these mechanisms 

contribute to the variable drug sensitivity of cancer cells harboring wild-type p53.  

 

4.2 Results 

4.2.1 Dose response of human cancer cell lines to 5-FU 

As shown in Fig. 4.1A to B, 72 hours after drug treatment, increased percentage 

of the cell population in S phase was observed in A375 and HCT116 cells exposed to 

increasing concentration of 5-FU, which was accompanied by a corresponding reduction 

in the ratio of cells at G1 phase. In contrast, the percentage of U-2 OS cells in G1 phase 

elevated under 5-FU treatment, with a significant attenuation of cells in S phase (Fig. 

4.1C). This result suggests that 5-FU induce G1 phase or S phase cell cycle arrest in 

different cell lines. Moreover, the percentage of cells in the sub-G1 DNA corresponded to 

the ratio of cells undergoing apoptosis. All three cell lines showed increase in cell death 

as 5-FU dosage increased. The extent of 5-FU-induced cell death was also evaluated 

using a Zombie Fixable Dye that can distinguish live and dead cells. As shown in Fig. 

4.1D to F, the results obtained using DNA content analysis and Zombie showed relatively 

similar results for HCT116 and U-2 OS, whereas the results for A375 varied significantly. 

I thus used live-cell imaging as a third method to score cell death based on morphology, 

as discussed in the previous chapter. I found the results obtained by Zombie dye staining 

in terms of percentage of cell death induction was more consistent with those obtained by 

phase-contrast imaging (data not shown). The discrepancy between DNA content 

analysis and cell death activation as revealed by the Zombie dye staining and 
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morphological live-cell imaging may be due to the possibility that apoptosis was not 

accompanied by extensive DNA fragmentation or simply that the fragmented DNA has 

leaked out from the dead cells so was not picked up by the DNA PI staining. I thus used 

the Zombie staining results to quantify cell death. As shown in Figure 4.1 (D to F), 200 

μM 5-FU already induced around 80% of cell death in A375 and HCT116, while 400 μM 

5-FU triggered only about 30% of apoptosis in U-2 OS. This result revealed that A375 

and HCT116 were sensitive and U-2 OS was resistant to 5-FU-induced cell death.  
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Figure. 4.1 Cell cycle distribution of (A) A375, (B) HCT116 and (C) U-2 OS in response 

to distinct concentrations of 5-FU after 72 h of treatment. Comparison of the rate of 5-

FU-induced cell death in (D) A375, (E) HCT116 and (F) U-2 OS as measured by 

propidium iodide (PI) staining and Zombie Fixable Dye staining using flow cytometry.  
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4.2.2 p53 played a critical role in 5-FU-induced cell death 

p53 has been reported as the main modulator of cytotoxicity of many anticancer 

drugs, including 5-FU [207, 208]. To confirm this, I used siRNA to knock down p53 in 

A375, HCT116 and U-2 OS, human cancer cell lines that all harbor wild-type p53. As 

shown in Fig. 4.2, the expression of p53 in cells with siRNA targeting p53 was much 

lower than that in the respective control (ctrl) and control siRNA (sic) in all cell lines 

after siRNA silencing. Moreover, the ratio of cleaved Parp1 (the marker of apoptosis) 

also significantly decreased after p53 knockdown. These results suggest that p53 is 

responsible for cell death induced by 5-FU in both sensitive and resistant cell lines.  
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Figure. 4.2 Cell death response induced by 5-FU treatment of (A) A375, (B) HCT116 and 

(C) U-2 OS after p53 knockdown 
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4.2.3 Cell-type variations in response to distinct concentrations of 5-FU 

To characterize the molecular mechanisms underlying the drug response to 5-FU, 

a number of selected proteins and/or their post-translational modifications were probed 

using Western blotting analysis (Fig. 4.3). I compared the cellular response at one low 

and one high drug concentration, under which cells within the same cell line exhibited 

one specific cell fate, i.e., cell cycle arrest and cell death.  

As shown in Fig. 4.3A, higher dose of 5-FU induced a higher level of p53 only in 

A375, whereas the p53 level was similar in both low and high drug concentrations in 

HCT116 and U-2 OS. However, higher 5-FU concentration strongly enhanced the 

phosphorylation level of p53 at Serine 15 and Serine 46 in both sensitive lines (A375 and 

HCT116). The levels of phospho-p53 (S15) and phospho-p53 (S46) did not show any 

difference between low and high doses of 5-FU in the resistant line (U-2 OS). The higher 

up-regulation level of phospho-p53 (S15) and phospho-p53 (S46) likely enabled p53 to 

execute stronger pro-apoptotic function under high 5-FU concentrations. It was also 

noticed that a much lower expression of p53 and phospho-DNA-PKcs (S2056) (the 

surrogate of DNA-PK activation) was induced in U-2 OS (Fig. 4.3B). Moreover, 

although RPL5 and RPL11 showed decreasing trend in all cell lines, the two sensitive 

lines expressed higher basal levels of RPL5 and RPL11, which were 1.7 to 2.7 folds to 

those of the resistant line, U-2 OS (Fig. 4.3C). Overall, these data suggest that the 

phenotypic sensitivity towards 5-FU may be mostly due to the activation level of p53. 

The higher DNA-PK activity and lower basal levels of RPL5 and RPL11 may likely 

contribute to the substantially lower p53 activation in U-2 OS.  
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Figure. 4.3 p53-regulated 5-FU response correlated with the levels of a number of 

protein/protein modifications. (A) Immunoblotting comparison of the dose response of 
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A375, HCT116 and U-2 OS at low and high doses of 5-FU at the selected time points. (B) 

Comparison of A375, HCT116 and U-2 OS response at high concentration of 5-FU. (C) 

Immunoblotting comparison of RPL5 and RPL11 basal levels in A375 (lane 1), HCT116 

(lane 2) and U-2 OS (lane 3). (D) Quantitative comparison of basal expression of RPL5 

and RPL11 in A375, HCT116 and U-2 OS. Western blotting results of RPL5 and RPL11 

in each cell line were normalized to those in U-2 OS. 
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4.2.4 Knockdown of RPL5 and RPL11 by siRNA attenuated 5-FU-mediated p53 

induction 

The interaction between RPs and Mdm2 has been shown to reduce the inhibitory effect of 

Mdm2 towards p53, and knockdown of specific RPs has been reported to inhibit the p53 

activation in response to ribosomal stress induced by chemotherapeutics, including 5-FU 

[127]. To confirm this, I knocked down RPL5 or RPL11 by siRNA and then subjected 

cells to low and high doses of 5-FU treatment. Consistent with the previous result by 

other groups [133, 138], RPL5 or RPL11 knockdown strongly reduced p53 accumulation 

in all three cell lines at both low and high doses of 5-FU (Fig. 4.4). Interestingly, RPL5 

knockdown also attenuated the level of RPL11 protein to different extents in all cell lines, 

and the down-regulation of RPL5 protein could also be observed after RPL11 knockdown 

in U-2 OS, which might be due to that RPL5 was required to protect the newly 

synthesized RPL11 from degradation by proteasomes[133], or vice versa in some cell 

types. Upon attenuation of RPL5/11 in cells treated with high dose of 5-FU, attenuation 

of cell death could be observed in HCT116, which was indicated by the decreased ratio of 

cleaved Parp1 to full-length Parp1 at 72h (Fig. 4.4B). In contrast, as shown in Fig. 4.4A 

and C, limited rescue of cell death was observed after knockdown of RPL5/11 in A375 

and U-2 OS under high dose of 5-FU, which might be due to the activation of p53-

independent pathways after RPL5/11 knockdown in these cell lines. Overall, the results 

suggest that RPL5 and RPL11 are key mediators of p53 activation in response to 5-FU. 

And the rescue level of 5-FU-induced cell death after reducing p53 activation by 

attenuation of RPL5 or RPL11 may be dependent on cell types.  
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Figure. 4.4 Immunoblotting of RPL5 and RPL11 knockdown in (A) A375, (B) HCT116 

and (C) U-2 OS compared to the respective control siRNA treatment in response to high 

doses of 5-FU.  
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4.2.5 DNA-PK modulated the p53-mediated response to 5-FU treatment 

Given that DNA-PK activity was different between 5-FU-sensitive and 5-FU-

resistant cell lines and DNA-PK holoenzyme was observed to activate p53 through 

phosphorylation [77, 100], I inhibited DNA-PK activity by Nu7026, a small-molecule 

inhibitor of DNA-PK. Titration of Nu7026 in combination with a lethal concentration of 

5-FU (200 μM) was performed in the two sensitive cell lines. As shown in Fig. 4.5A and 

B, the level of phospho-DNA-PKcs (S2056) decreased as the concentration of Nu7026 

increased from 0 to 100 μM after 48 hours of drug treatment, accompanied by increasing 

attenuation of cell death from 0 to 50 μM Nu7026. More cell death was induced in 100 

μM Nu7026 + 200 μM 5-FU than that in 50 μM Nu7026 + 200 μM 5-FU, especially in 

A375, which might be due to that the high dose of Nu7026 induced non-specific 

cytotoxicity in these cells. I thus selected to use 50 μM Nu7026 for the subsequent 

experiment. As shown in Fig. 4.5C, compared with 200 μM 5-FU treatment alone, 50 μM 

Nu7026 reduced the level of phospho-DNA-PKcs (S2056) and also drastically inhibited 

the 5-FU-induced upregulation of p53, phospho-p53(S15) and phospho-p53(S46). 

Concomitantly, according to the ratio of cleaved Parp1 to total Parp1, the 5-FU-induced 

cell death was significantly attenuated upon DNA-PK inhibition after 48 to 72 hours. 

Overall, these results suggested that DNA-PK was involved in mediating the induction 

and phosphorylation of 5-FU-induced p53, which contributed to cell fate control in 

response to 5-FU.  
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Figure. 4.5 Immunoblotting of specific proteins in (A) A375 and (B) HCT116 at 

indicated time points after treatment with multiple concentrations of Nu7026. (C) 

Molecular comparison of expression in A375 and HCT116 treated with 200 μM 5-FU in 

the presence or absence of 50 μM Nu7026. 
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4.3 Conclusion 

5-FU is a widely used clinical chemotherapeutic to treat many types of cancer. However, 

most previous investigations of 5-FU have focused on enhancing its chemical 

transformation, reducing its biodegradation, and improving its response rate in the 

clinical practices, which are largely independent of the cellular response of 5-FU at the 

molecular level. By exploring chemoresistance mechanism to 5-FU at the signaling 

pathway level, I found that the differential activation of 5-FU-induced p53 was mainly 

regulated by ribosomal proteins, such as RPL5 and RPL11, and signaling kinase, such as 

DNA-PK. The expression level of RPL5 and RPL11 determined the induction level of 

p53, and the activation level of DNA-PK mainly controlled the pro-apoptotic activity of 

p53 via phosphorylating p53. These findings provide the initial data and reveal the 

specific molecule components in p53 pathway for further investigation of 

chemoresistance mechanism to 5-FU. 
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Chapter 5 Discussion and future direction 

Although the era of targeted therapy has arrived, conventional chemotherapy is still the 

primary approach for the systematic treatment of many types of cancer. p53, as a tumor 

suppressor, has been shown to regulate the sensitivity of cancers to multiple anticancer 

drugs, in particular cytotoxic chemotherapeutics [207, 208]. However, chemoresistance is 

still commonly found in tumors harboring wild-type p53 [162–164]. Factors such as the 

activity of p53 regulators, the interaction between p53 and DNA, posttranslational 

modification of p53, dynamics of protein expression and the binding with cofactors may 

all affect the cell fate decision [109, 216]. Moreover, intratumoral and intertumoral 

heterogeneity also poses a challenge to overcoming this malignant disease. Therefore, it 

is crucial to investigate how p53 pathway is activated in response to distinct 

chemotherapeutics and determine the mechanistic basis of variable p53 pathway 

activation and its impact on differential phenotypic outcomes in different cancer types.  

 

5.1 Stimulus-dependent responses to p53 activation 

Aiming to study the mechanistic basis of distinct p53 pathway activation in 

response to different anticancer drugs, in this thesis study I used quantitative single cell 

imaging and ensemble measurements to evaluate the biochemical features of p53 and its 

regulators. I found that the different dosages of etoposide, an agent causing DNA DSBs, 

engendered a bimodal p53 dynamics in cancer cells carrying wild-type p53. p53 

underwent periodic pulsing in response to low DNA damage, whereas high DNA damage 

triggered monotonic induction or extended large pulse of p53. The distinct dynamic mode 
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of p53 also showed a strong correlation with the variable sensitivity to etoposide-induced 

cell death. The pulsing behavior of p53 expression attenuated the p53 activation level and 

subsequent p53-induced apoptosis. Previous publications both by our lab and others 

showed that p53 dynamics is another mechanism to control p53 activity and determine 

subsequent cell fate in response to DNA damage. The results of etoposide-induced 

bimodal p53 dynamics shown in this thesis expand the picture of p53 dynamical 

behaviors and provide the evidence of the key role of p53 dynamics in regulating cell 

fates.  

Although both γ-irradiation and etoposide both induce DNA DSBs, the p53 

dynamics patterns were different. High dose of γ-irradiation engendered an increased 

number of p53 pulses, whereas high concentration of etoposide triggered monotonic 

induction or extended large pulse of p53. The differential p53 activation by γ-irradiation 

and etoposide might be due to the duration of treatment. The γ-irradiation was given as a 

single pulse, thus causing only transient DNA damage, while the DNA damage induced 

by etoposide was sustained.  

On the basic biology of signaling molecule dynamics and pathway control, data 

presented in this thesis provide new evidence that a major function of p53 pulsing, both 

in the form of periodic pulsing and an extended large pulse, is to suppress p53 induction 

level and its activity to trigger cell death. Periodic pulsing of p53 dynamics has been 

extensively investigated before, with most studies attributing it to a time-delayed negative 

feedback loop between p53 and Mdm2 [217]. The dynamic mode of a large p53 pulse 

was also previously analyzed for response to transient UV radiation and was attributed to 

differential activation of Wip1 [114]. However, my results showed that Wip1 did not play 
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a significant role in engendering a large p53 pulse in the model system that this thesis 

studied. Quantitative analysis of the ATM/p53/Mdm2/Wip1 regulatory module showed 

that attenuation of the positive feed-forward loop of ATM-Mdm2-p53 is the key to 

generating a large p53 pulse at high DNA damage. It appears that mechanisms that 

activate even the same p53 dynamic mode may differ, depending on the stimulus. To 

unravel how the regulatory module that controls p53 dynamics may be differentially 

activated in a stimulus-dependent manner, one will need to investigate and compare 

single-cell p53 dynamics in response to a wider variety of stress stimuli. 

Many anticancer drugs induce cellular alterations by perturbing multiple 

biological components. For example, 5-FU is the antimetabolite that has been shown to 

engender damages of both DNA and RNA [184, 186]. My own results, consistent with 

previous findings, showed that 5-FU-induced p53 in cancer cells with wild-type p53 

could be strongly down-regulated by removing RPL5/11, which implicated the role of 5-

FU in eliciting ribosomal stress in cancer cells via the possible incorporation of 5-FU 

metabolites into rRNA. Moreover, I showed DNA-PK, a kinase that can bind to sites of 

DNA DSBs, exhibited differential activity in sensitive and resistant cells, and modulated 

p53 activity via phosphorylation, e.g., at Serine 15 and Serine 46. These results suggest 

that the activation and activity of p53 is the collective outcome of multiple regulators 

stimulated by the drug. On the other hand, although A375 was sensitive to both etoposide 

and 5-FU, p53 dynamics varied in response to different drugs at high doses. In A375 cells, 

high dose of etoposide induced monotonic increase of p53, while high 5-FU 

concentration triggered an extended large pulse of p53 (data not shown). These results 

suggest that p53 dynamics in cell fate control is stimulus-dependent. The fact that 
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etoposide and 5-FU exert its effects via activating distinct regulatory modules of the p53 

pathways, i.e., ATM-p53-Mdm2-Wip1 for etoposide and RPL5/RPL11-DNA-PK-p53-

Mdm2 for 5-FU, pointed to intriguing new questions regarding the p53 pathway 

regulation at the system level. 

 

5.2 Cell type-dependent p53 pathway activation 

Besides stimulus, cellular response mediated by p53 and p53 pathway also 

depends on cell types. In particular, I found that cancer cell lines with reduced inhibitory 

interaction between ATM and Mdm2, either due to low basal expression of ATM or 

reduced ATM-Mdm2 binding or reduced ATM activity in catalyzing Mdm2 degradation, 

activated only low level of p53 in the mode of extended p53 pulse even in response to 

high dose of etoposide, thus leading to resistance to etoposide-induced cell death. The 

fact that we found that the down-regulation of ATM reduced the cellular sensitivity to 

DNA-damaging drugs puts a cautious note on combining ATM inhibitors with DNA-

damaging chemotherapeutics for cancer treatment [218]. The loss of ATM activity was 

first found to sensitize cells to ionizing radiation (IR), sparking the interest to develop 

ATM inhibitors as anticancer drugs, particularly as a combinatorial therapy with IR and 

DNA-damaging drugs [219]. Early data showed tumor cells with defective p53 were 

more pronouncedly sensitized by ATM inhibitors to IR and chemo drugs [220], while a 

recent study concluded that the sensitizing effect was significant in both p53 wild-type 

and p53-deficient cells [221]. It remains unclear whether and how the functional status of 

p53 affects response to ATM inhibitors. My thesis study showed that the attenuation of 

ATM activity desensitizes, rather than sensitizes, the response of p53 wild-type cancer 
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cells to DNA-damaging drugs. Although the down-regulation of ATM activity may not 

give rise to exactly the same phenotypic response as that of complete inhibition of the 

kinase, both my results and some others’ do argue against combining ATM inhibitors 

with chemo drugs for tumors with wild-type p53 [222, 223].  

By investigating a large range of DNA damage doses, this thesis study 

characterized p53 activation dynamics and drug response at a dynamical regime that is 

more associated with cell death. The typical etoposide dose applied to patients is 100 

mg/m2 per day, which results in a peak plasma drug concentration of approximately 20 

μg/ml, i.e., 34 μM [224]. As shown in Fig. 3.1E, this dose level of etoposide is sufficient 

to activate monotonic p53 induction and cell death in >80% of A375 and U-2 OS cells, 

suggesting that their dose responses are possibly informative of sensitive tumors in the 

clinical context. At the same dose level, less than 5% cell death was induced in the 

resistant lines, validating them as models of resistant cancer. The resistance mechanism 

elucidated for the three resistant cancer lines thus may help to guide the identification of 

some resistant tumors. Less clear is how normal cells respond to etoposide at this 

treatment dosage. For the cytotoxic therapy to work, a favorable efficacy-to-toxicity ratio 

(“therapeutic index”) has to be achieved, i.e., the drug needs to kill tumors without killing 

the patient. Normal cells obviously have wild-type p53, and my results suggest that 

retraining p53 dynamics to the pulsing mode protects cells from drug-induced cell death. 

It is not yet known how the regulatory module that controls p53 dynamics differs 

between normal and cancer cells and whether it is possible to develop a combinatorial 

target that can achieve a better therapeutic index, e.g., by protecting normal cells or 

sensitizing cancer to respond to a lower drug dose. Nonetheless, my results point to the 
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modulation of p53 activation dynamics as a new possible angle to explore new drug 

targets and drug combinations. Moreover, as p53 mutation is observed in nearly half of 

human tumor types [33], it is important to examine dynamics and functional outcome of 

mutant p53. Existing data in the literature show that mutant p53 not only losses its tumor 

suppressive activity but also contributes to the malignant transformation [225]. Yet the 

correlation between p53 dynamics and pro-oncogenic activity in cancer cells with p53 

mutation is not clearly understood. Studying the dynamics of mutant p53 induced by 

different chemotherapeutics may provide new knowledge about the mechanisms of 

chemoresistance and the development of tumor heterogeneity.  

As discussed before, 5-FU activates p53 by multiple regulators. I also found that 

in resistant cancer cells, the chemoresistance of 5-FU might be due to the low basal levels 

of RPL5 and RPL11, as well as the attenuated activation of DNA-PK. However, many 

key questions remain unresolved. For example, how to sensitize the resistant cancer cells 

upon 5-FU treatment; which p53-independent pathway is activated to promote cell death 

after knockdown of RPL5 or RPL11. Therefore, further study is needed to identify the 

combinatorial strategy to combat the chemoresistance to 5-FU, and the mechanistic 

involvement of p53-independent pathway in response to 5-FU.  

This thesis focuses on studying the intrinsic chemoresistance caused by 

differential activation of p53 pathway. However, whether variable activation of p53 

pathway contributes to the acquired resistance to etoposide and 5-FU is also largely 

unknown. Previous results have showed that the mRNA levels of p53 and its target gene, 

DFNA5, were lower in melanoma cells with acquired resistance to etoposide as 

compared with those of the parental cells [226–228], pointing to the possibility that a 
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reduced p53 expression and activity were involved in the mechanism of acquired 

resistance to etoposide. Studying the mechanism of acquired resistance to 

chemotherapeutics may provide new insight to the development of drug resistance during 

cancer treatments.   

 

 

 

 

 

 

 

 



 

82 

 

References 

1. Cancer Classification | SEER Training. 10/9/2018. 

https://training.seer.cancer.gov/disease/categories/classification.html. Accessed 17 

Mar 2019. 

2. Anand P, Kunnumakkara AB, Kunnumakara AB, Sundaram C, Harikumar KB, 

Tharakan ST, et al. Cancer is a preventable disease that requires major lifestyle 

changes. Pharm Res. 2008;25:2097–116. doi:10.1007/s11095-008-9661-9. 

3. Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A. Global cancer 

statistics 2018: GLOBOCAN estimates of incidence and mortality worldwide for 36 

cancers in 185 countries. CA Cancer J Clin. 2018;68:394–424. 

doi:10.3322/caac.21492. 

4. Early History of Cancer | American Cancer Society. 3/17/2019. 

https://www.cancer.org/cancer/cancer-basics/history-of-cancer/what-is-cancer.html. 

Accessed 17 Mar 2019. 

5. Ruddon RW. Cancer biology. 4th ed. New York, Oxford: Oxford University Press; 

2007. 

6. Stewart B, Wild CP. World cancer report 2014. 2014. 

7. Pfeifer GP, Besaratinia A. UV wavelength-dependent DNA damage and human non-

melanoma and melanoma skin cancer. Photochem Photobiol Sci. 2012;11:90–7. 

doi:10.1039/c1pp05144j. 

8. Lo JA, Fisher DE. The melanoma revolution: From UV carcinogenesis to a new era 

in therapeutics. Science. 2014;346:945–9. doi:10.1126/science.1253735. 



 

83 

 

9. Pope CA, Burnett RT, Thun MJ, Calle EE, Krewski D, Ito K, Thurston GD. Lung 

cancer, cardiopulmonary mortality, and long-term exposure to fine particulate air 

pollution. JAMA. 2002;287:1132–41. doi:10.1001/jama.287.9.1132. 

10. Castellsagué X. Natural history and epidemiology of HPV infection and cervical 

cancer. Gynecol Oncol. 2008;110:S4-7. doi:10.1016/j.ygyno.2008.07.045. 

11. Young LS, Yap LF, Murray PG. Epstein-Barr virus: More than 50 years old and still 

providing surprises. Nat Rev Cancer. 2016;16:789–802. doi:10.1038/nrc.2016.92. 

12. Liu B, Parsons R, Papadopoulos N, Nicolaides NC, Lynch HT, Watson P, et al. 

Analysis of mismatch repair genes in hereditary non-polyposis colorectal cancer 

patients. Nat Med. 1996;2:169–74. 

13. Claij N, te Riele H. Microsatellite instability in human cancer: A prognostic marker 

for chemotherapy? Exp Cell Res. 1999;246:1–10. doi:10.1006/excr.1998.4299. 

14. Hanahan D, Weinberg RA. The Hallmarks of Cancer. Cell. 2000;100:57–70. 

doi:10.1016/S0092-8674(00)81683-9. 

15. Hanahan D, Weinberg RA. Hallmarks of cancer: The next generation. Cell. 

2011;144:646–74. doi:10.1016/j.cell.2011.02.013. 

16. Schubbert S, Shannon K, Bollag G. Hyperactive Ras in developmental disorders and 

cancer. Nat Rev Cancer. 2007;7:295–308. doi:10.1038/nrc2109. 

17. Beatty GL, Gladney WL. Immune escape mechanisms as a guide for cancer 

immunotherapy. Clin Cancer Res. 2015;21:687–92. doi:10.1158/1078-0432.CCR-14-

1860. 



 

84 

 

18. Almendro V, Marusyk A, Polyak K. Cellular heterogeneity and molecular evolution 

in cancer. Annu Rev Pathol. 2013;8:277–302. doi:10.1146/annurev-pathol-020712-

163923. 

19. Cancer Treatment. https://www.cancer.gov/about-cancer/treatment. Accessed 25 Mar 

2019. 

20. Shi J, Mitchison TJ. Cell death response to anti-mitotic drug treatment in cell culture, 

mouse tumor model and the clinic. Endocr Relat Cancer. 2017;24:T83-T96. 

doi:10.1530/ERC-17-0003. 

21. Helleday T, Petermann E, Lundin C, Hodgson B, Sharma RA. DNA repair pathways 

as targets for cancer therapy. Nat Rev Cancer. 2008;8:193–204. doi:10.1038/nrc2342. 

22. Swift LH, Golsteyn RM. Genotoxic anti-cancer agents and their relationship to DNA 

damage, mitosis, and checkpoint adaptation in proliferating cancer cells. Int J Mol 

Sci. 2014;15:3403–31. doi:10.3390/ijms15033403. 

23. Chu EY, Kong HH. Antimetabolite Reactions; 2013. 

24. Peters GJ. Novel developments in the use of antimetabolites. Nucleosides 

Nucleotides Nucleic Acids. 2014;33:358–74. doi:10.1080/15257770.2014.894197. 

25. Kavallaris M. Microtubules and resistance to tubulin-binding agents. Nat Rev Cancer. 

2010;10:194–204. doi:10.1038/nrc2803. 

26. Lane DP, Crawford LV. T antigen is bound to a host protein in SY40-transformed 

cells. Nature. 1979;278:261–3. doi:10.1038/278261a0. 

27. Linzer DIH, Levine AJ. Characterization of a 54K Dalton cellular SV40 tumor 

antigen present in SV40-transformed cells and uninfected embryonal carcinoma cells. 

Cell. 1979;17:43–52. doi:10.1016/0092-8674(79)90293-9. 



 

85 

 

28. Hinds P, Finlay C, Levine AJ. Mutation is required to activate the p53 gene for 

cooperation with the ras oncogene and transformation. J Virol. 1989;63:739–46. 

29. Jiang L, Sheikh MS, Huang Y. Decision Making by p53: Life versus Death. Mol Cell 

Pharmacol. 2010;2:69–77. 

30. Kruse J-P, Gu W. Modes of p53 regulation. Cell. 2009;137:609–22. 

doi:10.1016/j.cell.2009.04.050. 

31. Tanaka T, Watanabe M, Yamashita K. Potential therapeutic targets of TP53 gene in 

the context of its classically canonical functions and its latest non-canonical functions 

in human cancer. Oncotarget. 2018;9:16234–47. doi:10.18632/oncotarget.24611. 

32. Cho Y, Gorina S, Jeffrey PD, Pavletich NP. Crystal structure of a p53 tumor 

suppressor-DNA complex: Understanding tumorigenic mutations. Science. 

1994;265:346–55. 

33. Murray-Zmijewski F, Slee EA, Lu X. A complex barcode underlies the 

heterogeneous response of p53 to stress. Nat Rev Mol Cell Biol. 2008;9:702–12. 

doi:10.1038/nrm2451. 

34. Kruiswijk F, Labuschagne CF, Vousden KH. p53 in survival, death and metabolic 

health: A lifeguard with a licence to kill. Nat Rev Mol Cell Biol. 2015;16:393–405. 

doi:10.1038/nrm4007. 

35. Donati G, Montanaro L, Derenzini M. Ribosome biogenesis and control of cell 

proliferation: p53 is not alone. Cancer Res. 2012;72:1602–7. doi:10.1158/0008-

5472.CAN-11-3992. 



 

86 

 

36. Manfredi JJ. The Mdm2-p53 relationship evolves: Mdm2 swings both ways as an 

oncogene and a tumor suppressor. Genes Dev. 2010;24:1580–9. 

doi:10.1101/gad.1941710. 

37. Vassilev LT, Vu BT, Graves B, Carvajal D, Podlaski F, Filipovic Z, et al. In vivo 

activation of the p53 pathway by small-molecule antagonists of MDM2. Science. 

2004;303:844–8. doi:10.1126/science.1092472. 

38. Lahav G. Oscillations by the p53-Mdm2 feedback loop. Adv Exp Med Biol. 

2008;641:28–38. doi:10.1007/978-0-387-09794-7_2. 

39. Kruse J-P, Gu W. SnapShot: P53 posttranslational modifications. Cell. 

2008;133:930-30.e1. doi:10.1016/j.cell.2008.05.020. 

40. Nakagawa K, Taya Y, Tamai K, Yamaizumi M. Requirement of ATM in 

Phosphorylation of the Human p53 Protein at Serine 15 following DNA Double-

Strand Breaks. Mol Cell Biol. 1999;19:2828–34. doi:10.1128/MCB.19.4.2828. 

41. Appella E, Anderson CW. Post-translational modifications and activation of p53 by 

genotoxic stresses. European Journal of Biochemistry. 2001;268:2764–72. 

doi:10.1046/j.1432-1327.2001.02225.x. 

42. Zhang Y, Xiong Y. A p53 amino-terminal nuclear export signal inhibited by DNA 

damage-induced phosphorylation. Science. 2001;292:1910–5. 

doi:10.1126/science.1058637. 

43. Chao C, Herr D, Chun J, Xu Y. Ser18 and 23 phosphorylation is required for p53-

dependent apoptosis and tumor suppression. EMBO J. 2006;25:2615–22. 

doi:10.1038/sj.emboj.7601167. 



 

87 

 

44. Loughery J, Cox M, Smith LM, Meek DW. Critical role for p53-serine 15 

phosphorylation in stimulating transactivation at p53-responsive promoters. Nucleic 

Acids Res. 2014;42:7666–80. doi:10.1093/nar/gku501. 

45. Oda K, Arakawa H, Tanaka T, Matsuda K, Tanikawa C, Mori T, et al. p53AIP1, a 

Potential Mediator of p53-Dependent Apoptosis, and Its Regulation by Ser-46-

Phosphorylated p53. Cell. 2000;102:849–62. doi:10.1016/S0092-8674(00)00073-8. 

46. Mayo LD, Seo YR, Jackson MW, Smith ML, Rivera Guzman J, Korgaonkar CK, 

Donner DB. Phosphorylation of human p53 at serine 46 determines promoter 

selection and whether apoptosis is attenuated or amplified. J. Biol. Chem. 

2005;280:25953–9. doi:10.1074/jbc.M503026200. 

47. Cecchinelli B, Lavra L, Rinaldo C, Iacovelli S, Gurtner A, Gasbarri A, et al. 

Repression of the antiapoptotic molecule galectin-3 by homeodomain-interacting 

protein kinase 2-activated p53 is required for p53-induced apoptosis. Mol Cell Biol. 

2006;26:4746–57. doi:10.1128/MCB.00959-05. 

48. Bulavin DV, Demidov ON, Saito S'i, Kauraniemi P, Phillips C, Amundson SA, et al. 

Amplification of PPM1D in human tumors abrogates p53 tumor-suppressor activity. 

Nat Genet. 2002;31:210–5. doi:10.1038/ng894. 

49. Tang Y, Zhao W, Chen Y, Zhao Y, Gu W. Acetylation is indispensable for p53 

activation. Cell. 2008;133:612–26. doi:10.1016/j.cell.2008.03.025. 

50. Mihara M, Erster S, Zaika A, Petrenko O, Chittenden T, Pancoska P, Moll UM. p53 

Has a Direct Apoptogenic Role at the Mitochondria. Mol Cell. 2003;11:577–90. 

doi:10.1016/S1097-2765(03)00050-9. 



 

88 

 

51. Chipuk JE, Kuwana T, Bouchier-Hayes L, Droin NM, Newmeyer DD, Schuler M, 

Green DR. Direct activation of Bax by p53 mediates mitochondrial membrane 

permeabilization and apoptosis. Science. 2004;303:1010–4. 

doi:10.1126/science.1092734. 

52. Riley T, Sontag E, Chen P, Levine A. Transcriptional control of human p53-

regulated genes. Nat Rev Mol Cell Biol. 2008;9:402–12. doi:10.1038/nrm2395. 

53. Lengauer C, Kinzler KW, Vogelstein B. Genetic instabilities in human cancers. 

Nature. 1998;396:643–9. doi:10.1038/25292. 

54. Jackson SP, Bartek J. The DNA-damage response in human biology and disease. 

Nature. 2009;461:1071–8. doi:10.1038/nature08467. 

55. Shiloh Y, Ziv Y. The ATM protein kinase: Regulating the cellular response to 

genotoxic stress, and more. Nat Rev Mol Cell Biol. 2013;14:197–210. 

56. Smith J, Tho LM, Xu N, Gillespie DA. The ATM-Chk2 and ATR-Chk1 pathways in 

DNA damage signaling and cancer. Adv Cancer Res. 2010;108:73–112. 

doi:10.1016/B978-0-12-380888-2.00003-0. 

57. Falck J, Coates J, Jackson SP. Conserved modes of recruitment of ATM, ATR and 

DNA-PKcs to sites of DNA damage. Nature. 2005;434:605–11. 

doi:10.1038/nature03442. 

58. Uziel T, Lerenthal Y, Moyal L, Andegeko Y, Mittelman L, Shiloh Y. Requirement of 

the MRN complex for ATM activation by DNA damage. EMBO J. 2003;22:5612–21. 

doi:10.1093/emboj/cdg541. 

59. Lee J-H, Paull TT. Direct activation of the ATM protein kinase by the 

Mre11/Rad50/Nbs1 complex. Science. 2004;304:93–6. doi:10.1126/science.1091496. 



 

89 

 

60. Chaturvedi P, Eng WK, Zhu Y, Mattern MR, Mishra R, Hurle MR, et al. Mammalian 

Chk2 is a downstream effector of the ATM-dependent DNA damage checkpoint 

pathway. Oncogene. 1999;18:4047–54. doi:10.1038/sj.onc.1202925. 

61. Falck J, Mailand N, Syljuåsen RG, Bartek J, Lukas J. The ATM-Chk2-Cdc25A 

checkpoint pathway guards against radioresistant DNA synthesis. Nature. 

2001;410:842–7. doi:10.1038/35071124. 

62. Mailand N, Podtelejnikov AV, Groth A, Mann M, Bartek J, Lukas J. Regulation of 

G(2)/M events by Cdc25A through phosphorylation-dependent modulation of its 

stability. EMBO J. 2002;21:5911–20. 

63. Matsuoka S, Rotman G, Ogawa A, Shiloh Y, Tamai K, Elledge SJ. Ataxia 

telangiectasia-mutated phosphorylates Chk2 in vivo and in vitro. Proceedings of the 

National Academy of Sciences. 2000;97:10389–94. doi:10.1073/pnas.190030497. 

64. Morgan DO. Principles of CDK regulation. Nature. 1995;374:131–4. 

doi:10.1038/374131a0. 

65. Zhou BB, Elledge SJ. The DNA damage response: Putting checkpoints in perspective. 

Nature. 2000;408:433–9. doi:10.1038/35044005. 

66. Matsuoka S, Ballif BA, Smogorzewska A, McDonald ER, Hurov KE, Luo J, et al. 

ATM and ATR substrate analysis reveals extensive protein networks responsive to 

DNA damage. Science. 2007;316:1160–6. doi:10.1126/science.1140321. 

67. Vauzour D, Vafeiadou K, Rice-Evans C, Cadenas E, Spencer JPE. Inhibition of 

cellular proliferation by the genistein metabolite 5,7,3',4'-tetrahydroxyisoflavone is 

mediated by DNA damage and activation of the ATR signalling pathway. Arch 

Biochem Biophys. 2007;468:159–66. doi:10.1016/j.abb.2007.09.021. 



 

90 

 

68. Liu S, Shiotani B, Lahiri M, Maréchal A, Tse A, Leung CCY, et al. ATR 

autophosphorylation as a molecular switch for checkpoint activation. Mol Cell. 

2011;43:192–202. doi:10.1016/j.molcel.2011.06.019. 

69. Nam EA, Zhao R, Glick GG, Bansbach CE, Friedman DB, Cortez D. Thr-1989 

phosphorylation is a marker of active ataxia telangiectasia-mutated and Rad3-related 

(ATR) kinase. J Biol Chem. 2011;286:28707–14. doi:10.1074/jbc.M111.248914. 

70. Blackford AN, Jackson SP. ATM, ATR, and DNA-PK: The Trinity at the Heart of 

the DNA Damage Response. Mol Cell. 2017;66:801–17. 

doi:10.1016/j.molcel.2017.05.015. 

71. Furnari B, Rhind N, Russell P. Cdc25 mitotic inducer targeted by chk1 DNA damage 

checkpoint kinase. Science. 1997;277:1495–7. 

72. Sanchez Y, Wong C, Thoma RS, Richman R, Wu Z, Piwnica-Worms H, Elledge SJ. 

Conservation of the Chk1 checkpoint pathway in mammals: Linkage of DNA 

damage to Cdk regulation through Cdc25. Science. 1997;277:1497–501. 

73. Chen M-S, Ryan CE, Piwnica-Worms H. Chk1 kinase negatively regulates mitotic 

function of Cdc25A phosphatase through 14-3-3 binding. Mol Cell Biol. 

2003;23:7488–97. 

74. Bartek J, Lukas C, Lukas J. Checking on DNA damage in S phase. Nat Rev Mol Cell 

Biol. 2004;5:792–804. doi:10.1038/nrm1493. 

75. O'Connell MJ, Raleigh JM, Verkade HM, Nurse P. Chk1 is a wee1 kinase in the G2 

DNA damage checkpoint inhibiting cdc2 by Y15 phosphorylation. EMBO J. 

1997;16:545–54. doi:10.1093/emboj/16.3.545. 



 

91 

 

76. Siliciano JD, Canman CE, Taya Y, Sakaguchi K, Appella E, Kastan MB. DNA 

damage induces phosphorylation of the amino terminus of p53. Genes Dev. 

1997;11:3471–81. 

77. Shieh SY, Ikeda M, Taya Y, Prives C. DNA damage-induced phosphorylation of p53 

alleviates inhibition by MDM2. Cell. 1997;91:325–34. 

78. Canman CE, Lim DS, Cimprich KA, Taya Y, Tamai K, Sakaguchi K, et al. 

Activation of the ATM kinase by ionizing radiation and phosphorylation of p53. 

Science. 1998;281:1677–9. 

79. Moumen A, Masterson P, O'Connor MJ, Jackson SP. hnRNP K: An HDM2 target 

and transcriptional coactivator of p53 in response to DNA damage. Cell. 

2005;123:1065–78. doi:10.1016/j.cell.2005.09.032. 

80. Lavin MF, Gueven N. The complexity of p53 stabilization and activation. Cell Death 

Differ. 2006;13:941–50. doi:10.1038/sj.cdd.4401925. 

81. Stommel JM, Wahl GM. Accelerated MDM2 auto-degradation induced by DNA-

damage kinases is required for p53 activation. EMBO J. 2004;23:1547–56. 

doi:10.1038/sj.emboj.7600145. 

82. Kastan MB, Bartek J. Cell-cycle checkpoints and cancer. Nature. 2004;432:316–23. 

doi:10.1038/nature03097. 

83. Carter T, Vancurová I, Sun I, Lou W, DeLeon S. A DNA-activated protein kinase 

from HeLa cell nuclei. Mol Cell Biol. 1990;10:6460–71. 

doi:10.1128/MCB.10.12.6460. 



 

92 

 

84. Jackson SP, MacDonald JJ, Lees-Miller S, Tjian R. GC box binding induces 

phosphorylation of Sp1 by a DNA-dependent protein kinase. Cell. 1990;63:155–65. 

doi:10.1016/0092-8674(90)90296-Q. 

85. Lees-Miller SP, Chen YR, Anderson CW. Human cells contain a DNA-activated 

protein kinase that phosphorylates simian virus 40 T antigen, mouse p53, and the 

human Ku autoantigen. Mol Cell Biol. 1990;10:6472–81. 

doi:10.1128/MCB.10.12.6472. 

86. Gottlieb TM, Jackson SP. The DNA-dependent protein kinase: Requirement for 

DNA ends and association with Ku antigen. Cell. 1993;72:131–42. 

doi:10.1016/0092-8674(93)90057-W. 

87. Blunt T, Finnie NJ, Taccioli GE, Smith GCM, Demengeot J, Gottlieb TM, et al. 

Defective DNA-dependent protein kinase activity is linked to V(D)J recombination 

and DNA repair defects associated with the murine scid mutation. Cell. 

1995;80:813–23. doi:10.1016/0092-8674(95)90360-7. 

88. Dvir A, Peterson SR, Knuth MW, Lu H, Dynan WS. Ku autoantigen is the regulatory 

component of a template-associated protein kinase that phosphorylates RNA 

polymerase II. Proceedings of the National Academy of Sciences. 1992;89:11920–4. 

doi:10.1073/pnas.89.24.11920. 

89. Mimori T, Hardin JA. Mechanism of interaction between Ku protein and DNA. J. 

Biol. Chem. 1986;261:10375–9. 

90. Walker JR, Corpina RA, Goldberg J. Structure of the Ku heterodimer bound to DNA 

and its implications for double-strand break repair. Nature. 2001;412:607–14. 

doi:10.1038/35088000. 



 

93 

 

91. Shrivastav M, Haro LP de, Nickoloff JA. Regulation of DNA double-strand break 

repair pathway choice. Cell Res. 2008;18:134–47. doi:10.1038/cr.2007.111. 

92. Jette N, Lees-Miller SP. The DNA-dependent protein kinase: A multifunctional 

protein kinase with roles in DNA double strand break repair and mitosis. Prog 

Biophys Mol Biol. 2015;117:194–205. doi:10.1016/j.pbiomolbio.2014.12.003. 

93. Graham TGW, Walter JC, Loparo JJ. Two-Stage Synapsis of DNA Ends during Non-

homologous End Joining. Mol Cell. 2016;61:850–8. 

doi:10.1016/j.molcel.2016.02.010. 

94. Li Z, Otevrel T, Gao Y, Cheng H-L, Seed B, Stamato TD, et al. The XRCC4 gene 

encodes a novel protein involved in DNA double-strand break repair and V(D)J 

recombination. Cell. 1995;83:1079–89. doi:10.1016/0092-8674(95)90135-3. 

95. Moshous D, Callebaut I, Chasseval R de, Corneo B, Cavazzana-Calvo M, Le Deist F, 

et al. Artemis, a Novel DNA Double-Strand Break Repair/V(D)J Recombination 

Protein, Is Mutated in Human Severe Combined Immune Deficiency. Cell. 

2001;105:177–86. doi:10.1016/S0092-8674(01)00309-9. 

96. Chan DW, Chen BP-C, Prithivirajsingh S, Kurimasa A, Story MD, Qin J, Chen DJ. 

Autophosphorylation of the DNA-dependent protein kinase catalytic subunit is 

required for rejoining of DNA double-strand breaks. Genes Dev. 2002;16:2333–8. 

doi:10.1101/gad.1015202. 

97. An J, Huang Y-C, Xu Q-Z, Zhou L-J, Shang Z-F, Huang B, et al. DNA-PKcs plays a 

dominant role in the regulation of H2AX phosphorylation in response to DNA 

damage and cell cycle progression. BMC Mol Biol. 2010;11:18. doi:10.1186/1471-

2199-11-18. 



 

94 

 

98. Goodwin JF, Knudsen KE. Beyond DNA repair: DNA-PK function in cancer. Cancer 

Discov. 2014;4:1126–39. doi:10.1158/2159-8290.CD-14-0358. 

99. Ma D, Chen X, Zhang P-Y, Zhang H, Wei L-J, Hu S, et al. Upregulation of the 

ALDOA/DNA-PK/p53 pathway by dietary restriction suppresses tumor growth. 

Oncogene. 2018;37:1041–8. doi:10.1038/onc.2017.398. 

100. Lees-Miller SP, Sakaguchi K, Ullrich SJ, Appella E, Anderson CW. Human 

DNA-activated protein kinase phosphorylates serines 15 and 37 in the amino-

terminal transactivation domain of human p53. Mol Cell Biol. 1992;12:5041–9. 

101. Hill R, Madureira PA, Waisman DM, Lee PWK. DNA-PKCS binding to p53 on 

the p21WAF1/CIP1 promoter blocks transcription resulting in cell death. Oncotarget. 

2011;2:1094–108. doi:10.18632/oncotarget.378. 

102. Kim K, Jeong KW, Kim H, Choi J, Lu W, Stallcup MR, An W. Functional 

interplay between p53 acetylation and H1.2 phosphorylation in p53-regulated 

transcription. Oncogene. 2012;31:4290–301. doi:10.1038/onc.2011.605. 

103. Maréchal A, Zou L. DNA damage sensing by the ATM and ATR kinases. Cold 

Spring Harb Perspect Biol 2013. doi:10.1101/cshperspect.a012716. 

104. Meek DW. The p53 response to DNA damage. DNA Repair (Amst ). 

2004;3:1049–56. doi:10.1016/j.dnarep.2004.03.027. 

105. Kitayner M, Rozenberg H, Rohs R, Suad O, Rabinovich D, Honig B, Shakked Z. 

Diversity in DNA recognition by p53 revealed by crystal structures with Hoogsteen 

base pairs. Nat Struct Mol Biol. 2010;17:423–9. doi:10.1038/nsmb.1800. 



 

95 

 

106. Chen J. The Cell-Cycle Arrest and Apoptotic Functions of p53 in Tumor 

Initiation and Progression. Cold Spring Harb Perspect Med. 2016;6:a026104. 

doi:10.1101/cshperspect.a026104. 

107. Sykes SM, Mellert HS, Holbert MA, Li K, Marmorstein R, Lane WS, McMahon 

SB. Acetylation of the p53 DNA-binding domain regulates apoptosis induction. Mol 

Cell. 2006;24:841–51. doi:10.1016/j.molcel.2006.11.026. 

108. Tang Y, Luo J, Zhang W, Gu W. Tip60-dependent acetylation of p53 modulates 

the decision between cell-cycle arrest and apoptosis. Mol Cell. 2006;24:827–39. 

doi:10.1016/j.molcel.2006.11.021. 

109. Hafner A, Bulyk ML, Jambhekar A, Lahav G. The multiple mechanisms that 

regulate p53 activity and cell fate. Nat Rev Mol Cell Biol. 2019;20:199–210. 

doi:10.1038/s41580-019-0110-x. 

110. Chen X, Chen J, Gan S, Guan H, Zhou Y, Ouyang Q, Shi J. DNA damage 

strength modulates a bimodal switch of p53 dynamics for cell-fate control. BMC Biol. 

2013;11:73. doi:10.1186/1741-7007-11-73. 

111. Coutts AS, La Thangue N. The p53 response during DNA damage: Impact of 

transcriptional cofactors. Biochem. Soc. Symp. 2006;73:181–9. 

doi:10.1042/bss0730181. 

112. Purvis JE, Karhohs KW, Mock C, Batchelor E, Loewer A, Lahav G. p53 

dynamics control cell fate. Science. 2012;336:1440–4. doi:10.1126/science.1218351. 

113. Paek AL, Liu JC, Loewer A, Forrester WC, Lahav G. Cell-to-Cell Variation in 

p53 Dynamics Leads to Fractional Killing. Cell. 2016;165:631–42. 

doi:10.1016/j.cell.2016.03.025. 



 

96 

 

114. Batchelor E, Loewer A, Mock C, Lahav G. Stimulus-dependent dynamics of p53 

in single cells. Mol Syst Biol. 2011;7:488. doi:10.1038/msb.2011.20. 

115. Lahav G, Rosenfeld N, Sigal A, Geva-Zatorsky N, Levine AJ, Elowitz MB, Alon 

U. Dynamics of the p53-Mdm2 feedback loop in individual cells. Nat Genet. 

2004;36:147–50. doi:10.1038/ng1293. 

116. Kastenhuber ER, Lowe SW. Putting p53 in Context. Cell. 2017;170:1062–78. 

doi:10.1016/j.cell.2017.08.028. 

117. Watson JD. The synthesis of proteins upon ribosomes. Bull Soc Chim Biol. 

1964;46:1399–425. 

118. Mélèse T, Xue Z. The nucleolus: An organelle formed by the act of building a 

ribosome. Curr Opin Cell Biol. 1995;7:319–24. 

119. Fromont-Racine M, Senger B, Saveanu C, Fasiolo F. Ribosome assembly in 

eukaryotes. Gene. 2003;313:17–42. 

120. Couté Y, Burgess JA, Diaz J-J, Chichester C, Lisacek F, Greco A, Sanchez J-C. 

Deciphering the human nucleolar proteome. Mass Spectrom Rev. 2006;25:215–34. 

doi:10.1002/mas.20067. 

121. Kaczanowska M, Rydén-Aulin M. Ribosome biogenesis and the translation 

process in Escherichia coli. Microbiol Mol Biol Rev. 2007;71:477–94. 

doi:10.1128/MMBR.00013-07. 

122. Freed EF, Bleichert F, Dutca LM, Baserga SJ. When ribosomes go bad: Diseases 

of ribosome biogenesis. Mol Biosyst. 2010;6:481–93. doi:10.1039/b919670f. 

123. Marcel V, Catez F, Diaz J-J. p53, a translational regulator: Contribution to its 

tumour-suppressor activity. Oncogene. 2015;34:5513–23. doi:10.1038/onc.2015.25. 



 

97 

 

124. Ruggero D, Pandolfi PP. Does the ribosome translate cancer? Nat Rev Cancer. 

2003;3:179–92. doi:10.1038/nrc1015. 

125. La Cruz J de, Karbstein K, Woolford JL. Functions of ribosomal proteins in 

assembly of eukaryotic ribosomes in vivo. Annu Rev Biochem. 2015;84:93–129. 

doi:10.1146/annurev-biochem-060614-033917. 

126. Pelletier J, Thomas G, Volarević S. Ribosome biogenesis in cancer: new players 

and therapeutic avenues. Nat Rev Cancer. 2018;18:51–63. doi:10.1038/nrc.2017.104. 

127. Zhang Y, Lu H. Signaling to p53: Ribosomal Proteins Find Their Way. Cancer 

Cell. 2009;16:369–77. doi:10.1016/j.ccr.2009.09.024. 

128. Rubbi CP, Milner J. Disruption of the nucleolus mediates stabilization of p53 in 

response to DNA damage and other stresses. EMBO J. 2003;22:6068–77. 

doi:10.1093/emboj/cdg579. 

129. Fumagalli S, Di Cara A, Neb-Gulati A, Natt F, Schwemberger S, Hall J, et al. 

Absence of nucleolar disruption after impairment of 40S ribosome biogenesis reveals 

an rpL11-translation-dependent mechanism of p53 induction. Nat Cell Biol. 

2009;11:501–8. doi:10.1038/ncb1858. 

130. Zhang Y, Wang J, Yuan Y, Zhang W, Guan W, Wu Z, et al. Negative regulation 

of HDM2 to attenuate p53 degradation by ribosomal protein L26. Nucleic Acids Res. 

2010;38:6544–54. doi:10.1093/nar/gkq536. 

131. Perry RP, Kelley DE. Inhibition of RNA synthesis by actinomycin D: 

Characteristic dose-response of different RNA species. J Cell Physiol. 1970;76:127–

39. doi:10.1002/jcp.1040760202. 



 

98 

 

132. Iapalucci-Espinoza S, Franze-Fernández MT. Effect of protein synthesis 

inhibitors and low concentrations of actinomycin D on ribosomal RNA synthesis. 

FEBS Letters. 1979;107:281–4. 

133. Bursać S, Brdovčak MC, Pfannkuchen M, Orsolić I, Golomb L, Zhu Y, et al. 

Mutual protection of ribosomal proteins L5 and L11 from degradation is essential for 

p53 activation upon ribosomal biogenesis stress. Proc Natl Acad Sci U S A. 

2012;109:20467–72. doi:10.1073/pnas.1218535109. 

134. Nicolas E, Parisot P, Pinto-Monteiro C, Walque R de, Vleeschouwer C de, 

Lafontaine DLJ. Involvement of human ribosomal proteins in nucleolar structure and 

p53-dependent nucleolar stress. Nat Commun. 2016;7:11390. 

doi:10.1038/ncomms11390. 

135. Dai M-S, Lu H. Inhibition of MDM2-mediated p53 ubiquitination and 

degradation by ribosomal protein L5. J. Biol. Chem. 2004;279:44475–82. 

doi:10.1074/jbc.M403722200. 

136. Bhat KP, Itahana K, Jin A, Zhang Y. Essential role of ribosomal protein L11 in 

mediating growth inhibition-induced p53 activation. EMBO J. 2004;23:2402–12. 

doi:10.1038/sj.emboj.7600247. 

137. Sun X-X, DeVine T, Challagundla KB, Dai M-S. Interplay between ribosomal 

protein S27a and MDM2 protein in p53 activation in response to ribosomal stress. J 

Biol Chem. 2011;286:22730–41. doi:10.1074/jbc.M111.223651. 

138. Sun X-X, Dai M-S, Lu H. 5-fluorouracil activation of p53 involves an MDM2-

ribosomal protein interaction. J. Biol. Chem. 2007;282:8052–9. 



 

99 

 

139. Morgado-Palacin L, Varetti G, Llanos S, Gómez-López G, Martinez D, Serrano 

M. Partial Loss of Rpl11 in Adult Mice Recapitulates Diamond-Blackfan Anemia 

and Promotes Lymphomagenesis. Cell Rep. 2015;13:712–22. 

doi:10.1016/j.celrep.2015.09.038. 

140. Zheng J, Lang Y, Zhang Q, Di Cui, Sun H, Jiang L, et al. Structure of human 

MDM2 complexed with RPL11 reveals the molecular basis of p53 activation. Genes 

Dev. 2015;29:1524–34. doi:10.1101/gad.261792.115. 

141. Lindström MS, Jin A, Deisenroth C, White Wolf G, Zhang Y. Cancer-associated 

mutations in the MDM2 zinc finger domain disrupt ribosomal protein interaction and 

attenuate MDM2-induced p53 degradation. Mol Cell Biol. 2007;27:1056–68. 

doi:10.1128/MCB.01307-06. 

142. Picard B, Wegnez M. Isolation of a 7S particle from Xenopus laevis oocytes: A 

5S RNA-protein complex. Proceedings of the National Academy of Sciences. 

1979;76:241–5. 

143. Steitz JA. A 5S rRNA/L5 complex is a precursor to ribosome assembly in 

mammalian cells. The Journal of Cell Biology. 1988;106:545–56. 

doi:10.1083/jcb.106.3.545. 

144. Deshmukh M, Tsay YF, Paulovich AG, Woolford JL. Yeast ribosomal protein L1 

is required for the stability of newly synthesized 5S rRNA and the assembly of 60S 

ribosomal subunits. Mol Cell Biol. 1993;13:2835–45. 

145. Michael WM, Dreyfuss G. Distinct Domains in Ribosomal Protein L5 Mediate 5 

S rRNA Binding and Nucleolar Localization. J. Biol. Chem. 1996;271:11571–4. 

doi:10.1074/jbc.271.19.11571. 



 

100 

 

146. Zhang J, Harnpicharnchai P, Jakovljevic J, Tang L, Guo Y, Oeffinger M, et al. 

Assembly factors Rpf2 and Rrs1 recruit 5S rRNA and ribosomal proteins rpL5 and 

rpL11 into nascent ribosomes. Genes Dev. 2007;21:2580–92. 

doi:10.1101/gad.1569307. 

147. Horn HF, Vousden KH. Cooperation between the ribosomal proteins L5 and L11 

in the p53 pathway. Oncogene. 2008;27:5774–84. doi:10.1038/onc.2008.189. 

148. Sloan KE, Bohnsack MT, Watkins NJ. The 5S RNP couples p53 homeostasis to 

ribosome biogenesis and nucleolar stress. Cell Rep. 2013;5:237–47. 

doi:10.1016/j.celrep.2013.08.049. 

149. Donati G, Peddigari S, Mercer CA, Thomas G. 5S ribosomal RNA is an essential 

component of a nascent ribosomal precursor complex that regulates the Hdm2-p53 

checkpoint. Cell Rep. 2013;4:87–98. doi:10.1016/j.celrep.2013.05.045. 

150. Nishimura K, Kumazawa T, Kuroda T, Katagiri N, Tsuchiya M, Goto N, et al. 

Perturbation of ribosome biogenesis drives cells into senescence through 5S RNP-

mediated p53 activation. Cell Rep. 2015;10:1310–23. 

doi:10.1016/j.celrep.2015.01.055. 

151. Sasaki M, Kawahara K, Nishio M, Mimori K, Kogo R, Hamada K, et al. 

Regulation of the MDM2-P53 pathway and tumor growth by PICT1 via nucleolar 

RPL11. Nat Med. 2011;17:944–51. doi:10.1038/nm.2392. 

152. Yu W, Qiu Z, Gao N, Wang L, Cui H, Qian Y, et al. PAK1IP1, a ribosomal 

stress-induced nucleolar protein, regulates cell proliferation via the p53-MDM2 loop. 

Nucleic Acids Res. 2011;39:2234–48. doi:10.1093/nar/gkq1117. 



 

101 

 

153. Itahana K, Bhat KP, Jin A, Itahana Y, Hawke D, Kobayashi R, Zhang Y. Tumor 

suppressor ARF degrades B23, a nucleolar protein involved in ribosome biogenesis 

and cell proliferation. Mol Cell. 2003;12:1151–64. 

154. Bertwistle D, Sugimoto M, Sherr CJ. Physical and functional interactions of the 

Arf tumor suppressor protein with nucleophosmin/B23. Mol Cell Biol. 2004;24:985–

96. 

155. Gallagher SJ, Kefford RF, Rizos H. The ARF tumour suppressor. Int J Biochem 

Cell Biol. 2006;38:1637–41. doi:10.1016/j.biocel.2006.02.008. 

156. Chan JC, Hannan KM, Riddell K, Ng PY, Peck A, Lee RS, et al. AKT promotes 

rRNA synthesis and cooperates with c-MYC to stimulate ribosome biogenesis in 

cancer. Sci Signal. 2011;4:ra56. doi:10.1126/scisignal.2001754. 

157. Guo Y, Feng W, Sy SMH, Huen MSY. ATM-dependent Phosphorylation of the 

Fanconi Anemia Protein PALB2 Promotes the DNA Damage Response. J Biol Chem. 

2015;290:27545–56. doi:10.1074/jbc.M115.672626. 

158. Sharma SV, Bell DW, Settleman J, Haber DA. Epidermal growth factor receptor 

mutations in lung cancer. Nat Rev Cancer. 2007;7:169–81. doi:10.1038/nrc2088. 

159. Karran P. Mechanisms of tolerance to DNA damaging therapeutic drugs. 

Carcinogenesis. 2001;22:1931–7. 

160. Meek DW. Tumour suppression by p53: A role for the DNA damage response? 

Nat Rev Cancer. 2009;9:714–23. doi:10.1038/nrc2716. 

161. Vousden KH, Lane DP. p53 in health and disease. Nat Rev Mol Cell Biol. 

2007;8:275–83. doi:10.1038/nrm2147. 



 

102 

 

162. Gudas JM, Nguyen H, Li T, Sadzewicz L, Robey R, Wosikowski K, Cowan KH. 

Drug-resistant breast cancer cells frequently retain expression of a functional wild-

type p53 protein. Carcinogenesis. 1996;17:1417–27. 

163. Righetti SC, Della Torre G, Pilotti S, Ménard S, Ottone F, Colnaghi MI, et al. A 

comparative study of p53 gene mutations, protein accumulation, and response to 

cisplatin-based chemotherapy in advanced ovarian carcinoma. Cancer Res. 

1996;56:689–93. 

164. Martinez-Rivera M, Siddik ZH. Resistance and gain-of-resistance phenotypes in 

cancers harboring wild-type p53. Biochem Pharmacol. 2012;83:1049–62. 

doi:10.1016/j.bcp.2011.12.026. 

165. Dai C, Gu W. p53 post-translational modification: Deregulated in tumorigenesis. 

Trends Mol Med. 2010;16:528–36. doi:10.1016/j.molmed.2010.09.002. 

166. Vousden KH, Prives C. Blinded by the Light: The Growing Complexity of p53. 

Cell. 2009;137:413–31. doi:10.1016/j.cell.2009.04.037. 

167. Batchelor E, Mock CS, Bhan I, Loewer A, Lahav G. Recurrent initiation: a 

mechanism for triggering p53 pulses in response to DNA damage. Mol Cell. 

2008;30:277–89. doi:10.1016/j.molcel.2008.03.016. 

168. Loewer A, Batchelor E, Gaglia G, Lahav G. Basal dynamics of p53 reveal 

transcriptionally attenuated pulses in cycling cells. Cell. 2010;142:89–100. 

doi:10.1016/j.cell.2010.05.031. 

169. Stewart-Ornstein J, Lahav G. p53 dynamics in response to DNA damage vary 

across cell lines and are shaped by efficiency of DNA repair and activity of the 

kinase ATM. Sci Signal 2017. doi:10.1126/scisignal.aah6671. 



 

103 

 

170. Yang R, Huang B, Zhu Y, Li Y, Liu F, Shi J. Cell type-dependent bimodal p53 

activation engenders a dynamic mechanism of chemoresistance. Sci Adv. 

2018;4:eaat5077. doi:10.1126/sciadv.aat5077. 

171. Nitiss JL. Targeting DNA topoisomerase II in cancer chemotherapy. Nat Rev 

Cancer. 2009;9:338–50. doi:10.1038/nrc2607. 

172. Cohen AA, Geva-Zatorsky N, Eden E, Frenkel-Morgenstern M, Issaeva I, Sigal A, 

et al. Dynamic proteomics of individual cancer cells in response to a drug. Science. 

2008;322:1511–6. doi:10.1126/science.1160165. 

173. Spencer SL, Gaudet S, Albeck JG, Burke JM, Sorger PK. Non-genetic origins of 

cell-to-cell variability in TRAIL-induced apoptosis. Nature. 2009;459:428–32. 

doi:10.1038/nature08012. 

174. Michael D, Oren M. The p53-Mdm2 module and the ubiquitin system. Semin 

Cancer Biol. 2003;13:49–58. 

175. Le Guezennec X, Bulavin DV. WIP1 phosphatase at the crossroads of cancer and 

aging. Trends Biochem Sci. 2010;35:109–14. doi:10.1016/j.tibs.2009.09.005. 

176. Lindqvist A, Bruijn M de, Macurek L, Brás A, Mensinga A, Bruinsma W, et al. 

Wip1 confers G2 checkpoint recovery competence by counteracting p53-dependent 

transcriptional repression. EMBO J. 2009;28:3196–206. doi:10.1038/emboj.2009.246. 

177. Toledo F, Wahl GM. Regulating the p53 pathway: In vitro hypotheses, in vivo 

veritas. Nat Rev Cancer. 2006;6:909–23. doi:10.1038/nrc2012. 

178. Takekawa M, Adachi M, Nakahata A, Nakayama I, Itoh F, Tsukuda H, et al. p53-

inducible wip1 phosphatase mediates a negative feedback regulation of p38 MAPK-



 

104 

 

p53 signaling in response to UV radiation. EMBO J. 2000;19:6517–26. 

doi:10.1093/emboj/19.23.6517. 

179. Taira N, Nihira K, Yamaguchi T, Miki Y, Yoshida K. DYRK2 is targeted to the 

nucleus and controls p53 via Ser46 phosphorylation in the apoptotic response to 

DNA damage. Mol Cell. 2007;25:725–38. doi:10.1016/j.molcel.2007.02.007. 

180. Symmans WF, Volm MD, Shapiro RL, Perkins AB, Kim AY, Demaria S, et al. 

Paclitaxel-induced apoptosis and mitotic arrest assessed by serial fine-needle 

aspiration: Implications for early prediction of breast cancer response to neoadjuvant 

treatment. Clin Cancer Res. 2000;6:4610–7. 

181. Ni Chonghaile T, Sarosiek KA, Vo T-T, Ryan JA, Tammareddi A, Moore VDG, 

et al. Pretreatment mitochondrial priming correlates with clinical response to 

cytotoxic chemotherapy. Science. 2011;334:1129–33. doi:10.1126/science.1206727. 

182. RUTMAN RJ, CANTAROW A, PASCHKIS KE. Studies in 2-

acetylaminofluorene carcinogenesis. III. The utilization of uracil-2-C14 by 

preneoplastic rat liver and rat hepatoma. Cancer Res. 1954;14:119–23. 

183. Sneader W. Drug discovery: A history: John Wiley & Sons; 2005. 

184. Longley DB, Harkin DP, Johnston PG. 5-fluorouracil: mechanisms of action and 

clinical strategies. Nat Rev Cancer. 2003;3:330–8. 

185. Mandel HG. The Incorporation of 5-Fluorouracil Into RNA and its Molecular 

Consequences. In: Hahn FE, Kersten H, Kersten W, Szybalski W, editors. Progress in 

Molecular and Subcellular Biology. Berlin, Heidelberg: Springer Berlin Heidelberg; 

1977. p. 82–135. doi:10.1007/978-3-642-46200-9_4. 



 

105 

 

186. Diasio RB, Harris BE. Clinical pharmacology of 5-fluorouracil. Clin 

Pharmacokinet. 1989;16:215–37. doi:10.2165/00003088-198916040-00002. 

187. Pritchard DM, Watson AJM, Potten CS, Jackman AL, Hickman JA. Inhibition by 

uridine but not thymidine of p53-dependent intestinal apoptosis initiated by 5-

fluorouracil: Evidence for the involvement of RNA perturbation. Proceedings of the 

National Academy of Sciences. 1997;94:1795–9. 

188. Malet-Martino M. Clinical Studies of Three Oral Prodrugs of 5-Fluorouracil 

(Capecitabine, UFT, S-1): A Review. The Oncologist. 2002;7:288–323. 

doi:10.1634/theoncologist.7-4-288. 

189. Longley DB, Johnston PG. Molecular mechanisms of drug resistance. J Pathol. 

2005;205:275–92. doi:10.1002/path.1706. 

190. Zhang N, Yin Y, Xu S-J, Chen W-S. 5-Fluorouracil: Mechanisms of Resistance 

and Reversal Strategies. Molecules. 2008;13:1551–69. 

doi:10.3390/molecules13081551. 

191. Houghton JA, Houghton PJ. Elucidation of pathways of 5-fluorouracil 

metabolism in xenografts of human colorectal adenocarcinoma. Eur J Cancer Clin 

Oncol. 1983;19:807–15. 

192. Schwartz PM, Moir RD, Hyde CM, Turek PJ, Handschumacher RE. Role of 

uridine phosphorylase in the anabolism of 5-fluorouracil. Biochem Pharmacol. 

1985;34:3585–9. 

193. Evrard A, Cuq P, Ciccolini J, Vian L, Cano JP. Increased cytotoxicity and 

bystander effect of 5-fluorouracil and 5-deoxy-5-fluorouridine in human colorectal 



 

106 

 

cancer cells transfected with thymidine phosphorylase. Br J Cancer. 1999;80:1726–

33. doi:10.1038/sj.bjc.6690589. 

194. Boyer J, McLean EG, Aroori S, Wilson P, McCulla A, Carey PD, et al. 

Characterization of p53 Wild-Type and Null Isogenic Colorectal Cancer Cell Lines 

Resistant to 5-Fluorouracil, Oxaliplatin, and Irinotecan. Clin Cancer Res. 

2004;10:2158–67. doi:10.1158/1078-0432.CCR-03-0362. 

195. Johnston PG, Lenz HJ, Leichman CG, Danenberg KD, Allegra CJ, Danenberg PV, 

Leichman L. Thymidylate synthase gene and protein expression correlate and are 

associated with response to 5-fluorouracil in human colorectal and gastric tumors. 

Cancer Res. 1995;55:1407–12. 

196. Lenz HJ, Hayashi K, Salonga D, Danenberg KD, Danenberg PV, Metzger R, et al. 

p53 point mutations and thymidylate synthase messenger RNA levels in disseminated 

colorectal cancer: An analysis of response and survival. Clin Cancer Res. 

1998;4:1243–50. 

197. Shiotani T, Weber G. Purification and properties of dihydrothymine 

dehydrogenase from rat liver. J. Biol. Chem. 1981;256:219–24. 

198. Heggie GD, Sommadossi JP, Cross DS, Huster WJ, Diasio RB. Clinical 

pharmacokinetics of 5-fluorouracil and its metabolites in plasma, urine, and bile. 

Cancer Res. 1987;47:2203–6. 

199. Salonga D, Danenberg KD, Johnson M, Metzger R, Groshen S, Tsao-Wei DD, et 

al. Colorectal tumors responding to 5-fluorouracil have low gene expression levels of 

dihydropyrimidine dehydrogenase, thymidylate synthase, and thymidine 

phosphorylase. Clin Cancer Res. 2000;6:1322–7. 



 

107 

 

200. Takebe N, Zhao SC, Ural AU, Johnson MR, Banerjee D, Diasio RB, Bertino JR. 

Retroviral transduction of human dihydropyrimidine dehydrogenase cDNA confers 

resistance to 5-fluorouracil in murine hematopoietic progenitor cells and human 

CD34+-enriched peripheral blood progenitor cells. Cancer Gene Ther. 2001;8:966–

73. doi:10.1038/sj.cgt.7700393. 

201. Brown R, Hirst GL, Gallagher WM, McIlwrath AJ, Margison GP, van der Zee 

AG, Anthoney DA. hMLH1 expression and cellular responses of ovarian tumour 

cells to treatment with cytotoxic anticancer agents. Oncogene. 1997;15:45–52. 

doi:10.1038/sj.onc.1201167. 

202. Pal T, Permuth-Wey J, Sellers TA. A review of the clinical relevance of 

mismatch-repair deficiency in ovarian cancer. Cancer. 2008;113:733–42. 

doi:10.1002/cncr.23601. 

203. Yang B, Eshleman JR, Berger NA, Markowitz SD. Wild-type p53 protein 

potentiates cytotoxicity of therapeutic agents in human colon cancer cells. Clin 

Cancer Res. 1996;2:1649–57. 

204. Boyer J, McLean EG, Aroori S, Wilson P, McCulla A, Carey PD, et al. 

Characterization of p53 wild-type and null isogenic colorectal cancer cell lines 

resistant to 5-fluorouracil, oxaliplatin, and irinotecan. Clin Cancer Res. 

2004;10:2158–67. 

205. Longley DB, Allen WL, Johnston PG. Drug resistance, predictive markers and 

pharmacogenomics in colorectal cancer. Biochim Biophys Acta. 2006;1766:184–96. 

doi:10.1016/j.bbcan.2006.08.001. 



 

108 

 

206. Stravopodis DJ, Karkoulis PK, Konstantakou EG, Melachroinou S, 

Thanasopoulou A, Aravantinos G, et al. Thymidylate synthase inhibition induces 

p53-dependent and p53-independent apoptotic responses in human urinary bladder 

cancer cells. J Cancer Res Clin Oncol. 2011;137:359–74. doi:10.1007/s00432-010-

0891-y. 

207. Lowe SW, Ruley HE, Jacks T, Housman DE. p53-dependent apoptosis modulates 

the cytotoxicity of anticancer agents. Cell. 1993;74:957–67. 

208. Bunz F, Hwang PM, Torrance C, Waldman T, Zhang Y, Dillehay L, et al. 

Disruption of p53 in human cancer cells alters the responses to therapeutic agents. J 

Clin Invest. 1999;104:263–9. doi:10.1172/JCI6863. 

209. Petak I, Tillman DM, Houghton JA. p53 dependence of Fas induction and acute 

apoptosis in response to 5-fluorouracil-leucovorin in human colon carcinoma cell 

lines. Clin Cancer Res. 2000;6:4432–41. 

210. Elsaleh H, Powell B, McCaul K, Grieu F, Grant R, Joseph D, Iacopetta B. P53 

alteration and microsatellite instability have predictive value for survival benefit from 

chemotherapy in stage III colorectal carcinoma. Clin Cancer Res. 2001;7:1343–9. 

211. Mori S, Ogata Y, Shirouzu K. Biological features of sporadic colorectal 

carcinoma with high-frequency microsatellite instability: Special reference to tumor 

proliferation and apoptosis. Int J Clin Oncol. 2004;9:322–9. doi:10.1007/s10147-004-

0406-4. 

212. Gilkes DM, Chen L, Chen J. MDMX regulation of p53 response to ribosomal 

stress. EMBO J. 2006;25:5614–25. doi:10.1038/sj.emboj.7601424. 



 

109 

 

213. Zhang L, Yu J, Park BH, Kinzler KW, Vogelstein B. Role of BAX in the 

apoptotic response to anticancer agents. Science. 2000;290:989–92. 

214. Hwang PM, Bunz F, Yu J, Rago C, Chan TA, Murphy MP, et al. Ferredoxin 

reductase affects p53-dependent, 5-fluorouracil-induced apoptosis in colorectal 

cancer cells. Nat Med. 2001;7:1111–7. doi:10.1038/nm1001-1111. 

215. Borralho PM, Moreira da Silva IB, Aranha MM, Albuquerque C, Nobre Leitão C, 

Steer CJ, Rodrigues CMP. Inhibition of Fas expression by RNAi modulates 5-

fluorouracil-induced apoptosis in HCT116 cells expressing wild-type p53. Biochim 

Biophys Acta. 2007;1772:40–7. doi:10.1016/j.bbadis.2006.09.005. 

216. Vogelstein B, Lane D, Levine AJ. Surfing the p53 network. Nature. 

2000;408:307–10. doi:10.1038/35042675. 

217. Geva-Zatorsky N, Rosenfeld N, Itzkovitz S, Milo R, Sigal A, Dekel E, et al. 

Oscillations and variability in the p53 system. Mol Syst Biol. 2006;2:2006.0033. 

doi:10.1038/msb4100068. 

218. Weber AM, Ryan AJ. ATM and ATR as therapeutic targets in cancer. Pharmacol 

Ther. 2015;149:124–38. doi:10.1016/j.pharmthera.2014.12.001. 

219. Taylor AM, Harnden DG, Arlett CF, Harcourt SA, Lehmann AR, Stevens S, 

Bridges BA. Ataxia telangiectasia: A human mutation with abnormal radiation 

sensitivity. Nature. 1975;258:427–9. 

220. Powell SN, DeFrank JS, Connell P, Eogan M, Preffer F, Dombkowski D, et al. 

Differential sensitivity of p53(-) and p53(+) cells to caffeine-induced 

radiosensitization and override of G2 delay. Cancer Res. 1995;55:1643–8. 



 

110 

 

221. Batey MA, Zhao Y, Kyle S, Richardson C, Slade A, Martin NMB, et al. 

Preclinical evaluation of a novel ATM inhibitor, KU59403, in vitro and in vivo in 

p53 functional and dysfunctional models of human cancer. Mol Cancer Ther. 

2013;12:959–67. doi:10.1158/1535-7163.MCT-12-0707. 

222. Chung YM, Park S-H, Tsai W-B, Wang S-Y, Ikeda M-A, Berek JS, et al. FOXO3 

signalling links ATM to the p53 apoptotic pathway following DNA damage. Nat 

Commun. 2012;3:1000. doi:10.1038/ncomms2008. 

223. Riabinska A, Daheim M, Herter-Sprie GS, Winkler J, Fritz C, Hallek M, et al. 

Therapeutic targeting of a robust non-oncogene addiction to PRKDC in ATM-

defective tumors. Sci Transl Med. 2013;5:189ra78. 

doi:10.1126/scitranslmed.3005814. 

224. Hande KR, Wedlund PJ, Noone RM, Wilkinson GR, Greco FA, Wolff SN. 

Pharmacokinetics of high-dose etoposide (VP-16-213) administered to cancer 

patients. Cancer Res. 1984;44:379–82. 

225. Muller PAJ, Vousden KH. Mutant p53 in cancer: New functions and therapeutic 

opportunities. Cancer Cell. 2014;25:304–17. doi:10.1016/j.ccr.2014.01.021. 

226. Masuda Y, Futamura M, Kamino H, Nakamura Y, Kitamura N, Ohnishi S, et al. 

The potential role of DFNA5, a hearing impairment gene, in p53-mediated cellular 

response to DNA damage. J Hum Genet. 2006;51:652–64. doi:10.1007/s10038-006-

0004-6. 

227. Lage H, Helmbach H, Grottke C, Dietel M, Schadendorf D. DFNA5 (ICERE-1) 

contributes to acquired etoposide resistance in melanoma cells. FEBS Letters. 

2001;494:54–9. doi:10.1016/S0014-5793(01)02304-3. 



 

111 

 

228. Kern MA, Helmbach H, Artuc M, Karmann D, Jurgovsky K, Schadendorf D. 

Human melanoma cell lines selected in vitro displaying various levels of drug 

resistance against cisplatin, fotemustine, vindesine or etoposide: Modulation of 

proto-oncogene expression. Anticancer Res. 1997;17:4359–70. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

112 

 

CURRICULUM VITAE 

Academic qualification of the thesis author, Ms. YANG Ruizhen: 

 Received the degree of Bachelor of Science from Jinan University, June 2014. 

 

 

 

 

August 2019 


