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Deregulation of genome duplication is a common theme in cancer cells.  Although 

multitude of pathways has been discovered and implicated in the ability of oncogenes or loss 

of function tumor suppressors to induce oncogenesis, most of the pathways ultimately 

converge in deregulated genome duplication or uncoupling of DNA replication and 

segregation in cancer cells.  It is important to determine how known oncogenes deregulate 

genome duplication, and if prevention of deregulated genome duplication could be a feasible 

target to thwart uncontrolled proliferation of cancer cells. Conventional paradigm ascribes 

the cell proliferative function of the human oncoprotein mouse double minute2 (MDM2) 
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primarily to its ability to degrade p53. Here we demonstrate that in the absence of p53, 

MDM2 induces replication stress eliciting an early S-phase checkpoint response to inhibit 

further firing of DNA replication origins. Our data uncovers a novel pathway, defended by 

the intra-S-phase checkpoint, by which MDM2 induces unscheduled origin firing and 

accelerates S-phase entry of cells in the absence of p53. To identify cell proliferative events 

consequent to MDM2 overexpression in noncancerous lung, transgenic mice expressing 

human MDM2 in either lung Club or alveolar cells after doxycycline (Dox) treatment were 

generated.  Dox-induced MDM2 expression considerably increased the frequency of DNA 

replicating Club or alveolar cells after naphthalene or radiation-induced lung injury, and 

clonal expansion of lung progenitor cells accelerating restoration of the lost epithelial layer.   

Gain of function (GOF) p53 mutations, observed frequently in most intractable human 

cancers, establish dependency for tumor maintenance and progression.  We show that GOF 

p53 increases DNA replication origin firing, stabilizes replication forks, and promotes 

micronuclei formation, thus facilitating the proliferation of cells with genomic 

abnormalities.  Following genome-wide analyses utilizing ChIP-Seq and RNA-Seq, GOF 

p53-induced origin firing, micronuclei formation and fork protection were traced to the 

ability of GOF p53 to transactivate Cyclin A and Chk1.  Highlighting the therapeutic 

potential of Chk1’s role in GOF p53 dependency, experiments in cell culture and mouse 

xenografts demonstrated that inhibition of Chk1 selectively blocked proliferation of cells 

and tumors expressing GOF p53.  Our data suggest the exciting possibility that checkpoint 

inhibitors could efficiently and selectively target cancers expressing GOF p53 alleles.  
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Introduction 

 

Genomic instability in cancer: Genomic instability is considered one of the hallmarks 

of cancer cells. It’s also known to be a major driver of tumorigenicity, as found in 

precancerous lesions (1-5). Normal cells respond to DNA lesions by activating DNA damage 

checkpoints and by using different repair pathways.  In the event of persistent DNA damage, 

cells can either undergo apoptosis or senescence. Another consequence of persistence DNA 

damage is cancer development with a long term cellular state of global instability (6). Many 

factors have been hypothesized to underlie genomic instability found in cancer cell. These 

include telomere attrition (7), defective DNA damage repair (8), and oxidative stress (9). 

However, these factors mainly contribute to genomic instability apparent in advanced stages 

of cancer development. Perturbed DNA replication may underlie the early genomic 

instability found in cancers.   

Replication stress and cancer: DNA replication in normal dividing cells is a tightly 

controlled process that ensures faithful duplication of genome only once per cell cycle. 

Replication stress, which is characterized by deceleration of replication fork progression and 

an increase in stalled and collapsed forks, accounts for early DNA damage and could lead to 

early cancer development (10). DNA damage signaling in precancerous lesions, is 

constitutively activated, providing a natural obstacle in delaying or preventing 

tumorigenesis through the induction of apoptosis or senescence.  Interestingly, 

corresponding constitutive DDR activation is observed upon oncogene-induced 
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replication stress, providing one of the first links between replication stress and 

tumorigenesis (11). 

 Activated oncogenes, or mutated tumor suppressors, selected for their ability to promote 

proliferation, can cause replicative stress inducing genomic instability and promoting 

tumorigenesis. In turn replication stress generates genomic instability which allows cells 

with various genetic alteration to escape senescence and apoptosis (12). Dysfunctional DNA 

damage response aids tumor progression upon oncogene induced replication stress which is 

reflective in high occurrence of mutations in DNA damage response pathway factors in 

human cancers.  

 

 

 

Figure 1. Oncogene-induced replication stress leads to DNA damage and genomic 

instability. Oncogene activation disrupts replication regulation leading to slow and stalled 

replication forks, hyper-activation and/or decreased origin activation. Such deregulated 
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replication causes DNA damage. Dark grey boxes are consequences of deregulated 

replication, light grey boxes are the potential outcomes of origin deregulation (13). 

 

However, despite its apparent key role in the initial stages of cancer development, little 

is known about the nature of oncogene-induced replication stress. Recent data suggest that 

activated oncogenes might have a more direct effect upon the regulation of DNA replication. 

Several forms of replication perturbation leading to genomic instability have been reported 

following oncogene activation. These include slowed and arrested replication fork 

progression, as well as deregulated origin licensing and activation.  

 DNA replication initiation: The replication of DNA through S phase has been shown 

to proceed in a controlled temporal order, with specific types of replication events 

predominating at distinct segments of S phase. This orderly progression of replication 

through S phase is essential to maintaining the integrity of DNA replication.  Eukaryotic cell 

cycle is driven by periodic fluctuations in the activity of cyclin-dependent kinase (CDK). In 

response to mitogenic signals, G1 cyclins accumulate and trigger the phosphorylation and 

inactivation of the retinoblastoma protein (RB), a cell cycle inhibitor. This releases E2F, a 

transcriptional factor, which then promotes expression of various G1/S and S phase proteins 

required for progression through S phase (Figure 2).  
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Figure 2. G1/S transition. During G1 phase, mitogenic signals trigger Ras-dependent 

signaling, which activates cyclin D transcription and cyclin D/CDK4 complex formation. 

Cyclin D/CDK4 phosphorylates and inactivates RB, which releases E2F from inhibition. 

E2F then promotes expression of various genes required for S phase entry. Cyclin E is an 

E2F target, which completes phosphorylation and inactivation of RB, thereby providing 

positive feedback to drive cells into S phase. The RB–E2F pathway becomes deregulated by 

various oncogenes (in green) and tumor suppressor genes (in red), to promote S phase entry 

and cell proliferation. 

 

Activation of DNA replication origins is a tightly regulated mechanism, involving two 

main steps: (1) “origin licensing,” restricted to late mitosis and early G1, when essential 

replication initiation proteins (ORC1, Cdc6, Cdt1, and Mcm2–7) are sequentially loaded on 
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origin DNA sequences, forming the “prereplicative complex” (preRC), and (2) “origin 

firing,” occurring throughout S phase, when additional proteins are recruited to the preRC 

and start unwinding and DNA synthesis (Figure 3). The exact nature of timely activation of 

origins is largely unknown. However, certain factors such as transcriptional activation, 

chromatin modifications and, most strikingly, nuclear positioning may all play a role. Thus, 

deregulation of any of these factors associated with the replication timing program or 

disruption of any stage in DNA replication may lead to genomic instability.  

  In this report, the primary goal is to determine how known oncogenes deregulate 

genome duplication, and if prevention of deregulated genome duplication could be a feasible 

target to thwart uncontrolled proliferation of cancer cells. Due to frequent occurrence of p53 

mutation and MDM2 overexpression in all types of lung cancer, including small cell (SCLC) 

and non-small cell lung cancer (NSCLC), we plan to determine the consequence of gain of 

function (GOF) p53 mutation and MDM2 overexpression on regulation of genome 

duplication in lung.  The two known oncoproteins that are widely and frequently 

overexpressed in cancer cells. 
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Figure 3. Replication initiation. Replication initiation involves two temporally 

separated steps, origin licensing and origin activation. Origin licensing occurs between late 

mitosis and end of G1. ORC, Cdc6 and Cdt1 cooperate to load the MCM2-7 complex onto 

chromatin. At the G1/S transition, origin firing begins, driven by the action of two kinases, 

CDK and DDK. Cdc45 and GINS are recruited to form the CMG complex, which stimulates 

the helicase activity of the MCM2-7 complex. Origins do not fire synchronously during S 

phase and the time of origin firing is associated with the time of association of firing factors. 
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MDM2 as an oncogene: MDM2 (Murine Double Minute 2) was originally discovered 

in a locus amplified on double minute chromosomes in transformed mouse fibroblast (14). 

Over-expression of MDM2 was found to immortalize rodent primary fibroblasts and induce 

transformation in cultured cells (15). MDM2 contains several conserved functional domains, 

which provide the structural basis for MDM2's oncogenic properties. The N-terminal p53-

binding domain plays an essential role in binding to tumor suppressor p53 protein and 

inhibiting the transcriptional activity of p53. The central region contains the nuclear 

localization sequence (NLS) and the nuclear export signal (NES), which are responsible for 

the nucleo-cytoplasmic shuttling of MDM2 protein, and the acidic domain and an adjacent 

zinc finger which mediate the interaction of MDM2 with many ribosomal proteins (RPs). 

The C-terminus contains the RING finger domain which is responsible for the E3 ubiquitin 

ligase activity of MDM2. It recruits a ubiquitin-conjugating E2 enzyme to promote the 

ubiquitination and degradation of the target proteins. Among the many substrates of MDM2, 

p53 is one of the major ones (16, 17). 

MDM2 recognizes the transactivation domain of WTp53 and this interaction physically 

blocks p53-mediated transcriptional activation. As an E3 ubiquitin ligase, MDM2 binds to 

p53 and ubiquitinates p53 for proteasomal degradation (18-21). Also, MDM2 blocks p53 

translation via two different mechanisms. MDM2 is shown to interact directly with the 

messenger RNA (mRNA) encoding p53 itself and to suppress its translation (22). It also 

binds to and ubiquitinates RPL26, marking it for proteasomal degradation. RPL26 increases 

p53 translation by binding to its 5’-UTR (untranslated) region (23).  
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In early studies, MDM2 overexpression and p53 mutation was found to be a mutually 

exclusive event. Since then increased MDM2 levels either by gene amplification or 

overexpression has been observed in a wide variety of human tumors, including sarcoma, 

breast carcinoma, melanoma, leukemia, and glioblastoma. MDM2 is also often 

overexpressed in lung cancers with or without p53 mutation (24-28).Studies involving 

targeted expression of Mdm2 in specific tissues in the mouse have led to increased cellular 

proliferation and tumor formation, consistent with a role as an oncogene. In a study 

performed in mouse, tumor latency was found to be shorter in MDM2/p53 double-knockout 

mice as compared with p53-null mice that are heterozygous for the MDM2 deletion. In 

addition, homozygous deletion of MDM2 led to a change in tumor spectrum with an 

increased incidence of sarcomas (29). These findings support a role for Mdm2 in 

tumorigenesis that is independent of its effects on p53.  

Our published experimental data indicate that MDM2 activates the PI3-kinase/Akt 

signaling pathway by modulating expression of crucial signaling genes due to its interaction 

with RE-1 silencing transcription factor (REST) irrespective of p53 status (30), and 

consequently up-regulates cyclin D2 expression (31).  This activity can be found both in cell 

culture and in transgenic mouse models.  Also, we have reported earlier that human 

oncoprotein MDM2 can induce G1-arrest. While one mechanism of this G1-arrest function 

involves its ability to enforce timely expression of cyclin A, MDM2 is capable of inhibiting 

DNA replication irrespective of this function (32). This necessitated a more extensive 

examination into role of MDM2 in DNA replication.  
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      Figure 4. Mechanism of Akt activation by MDM2 overexpression (33).  

 

MDM2 mouse models: Different research groups have generated MDM2 animal 

models to study its importance in regulating WT p53 (Table 1). Loss of MDM2 leads to 

embryonic lethality due to excess apoptosis which is completely rescued by concomitant 

deletion of p53 (34). Role of MDM2 in later stages of mouse lifespan has been studied by 

generating mouse containing hypomorphic allele. These mice showed decreased lymphoid 

cells, increased radio sensitivity and increased apoptosis in lymphocytes and epithelial cells 

(35). Another mouse model used to investigate the function of MDM2 after birth was MDM2 

knockout mice with p53 hypomorphic R172P allele background. In this study, MDM2 



10 

 

 

 

deletion cause neonatal death due to cell cycle arrest in multiple proliferating tissues, 

including cerebellum and bone marrow (36). To further examine the role of MDM2 in adult 

tissues, another lab generated an inducible p53 allele to restore p53 activity in mdm2-/-, 

p53KI/- mice. These mice died shortly after the restoration of p53 activity and had defects 

in multiple radiosensitive tissues. This model also indicated that effect of MDM2 inhibition 

is tissue specific since classically radio insensitive tissues like lungs, kidney, brain, were not 

affected by the p53 restoration (37).   

Mouse models with MDM2 overexpression have shown tumor generation with a 

significantly higher percentage of sarcoma than the p53 knockout mice, suggesting a p53-

independent role of MDM2 in tumorigenesis. Another paper showing massive 

overexpression of MDM2 in mammary gland, also revealed a p53-independent role of 

MDM2 in DNA synthesis regulation. MDM2 overexpression caused inhibition of mammary 

gland development due to uncoupling of S-phase with mitosis in epithelial cells. Multiple 

rounds of S phase without mitosis lead to multinucleated cells with enlarged nuclei (38).  

A single nucleotide polymorphism at the MDM2 promoter leads to MDM2 

overexpression(39, 40), with the polymorphic allele found in both cancerous and non-

cancerous lung tissues(41-43).  These observations suggest that MDM2 overexpression 

could be one of the early events to exert proliferative effects in the lung increasing 

vulnerability to lung cancer. Despite presence of MDM2 over-expression in human lung 

cancers, there is no existing model to determine the consequence of MDM2 over expression 

targeted in lung. While many mouse models have greatly improved and expanded our 
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knowledge of inhibitory function of MDM2 on p53, a more defined representation for tissue 

specific overexpression of MDM2 in required to study its p53-independent functions.  

 

MODEL PHENOTYPE REFERENCE 

MDM2 KO mice Embryonic lethal (34) 

MDM2 transgene 

overexpression in mice 

mammary gland 

S phase uncoupling from M 

phase, polyploidy, tumors 

(38, 44) 

 

MDM2 transgene 

overexpression in mice 

 

Spontaneous tumor formation, 

high incidence of sarcomas 
(45) 

MDM2 transgene 

overexpression in mice 

 

Skin thickening, 

desquamation, hyperkeratosis 

(46) 

 

MDM2 transgene 

overexpression in basal cells of 

mice epidermis 

Hyperplasia, pre-malignant 

lesions 

(47) 

 

MDM2 transgene 

overexpression in Drosophila 

Eye and wing phenotypes 

showing developmental 

defects 

(48) 

 

MDM2 hypomorphic allele 

expression in mice 

Lymphocytopenia, increased 

radio-sensitivity, increased 

apoptosis 

(35) 

 

 

Table 1:  Genetic animal models of MDM2 
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Gain-of-function mutant p53: p53 also considered as the “guardian of genome”, gets 

activated from various stress signals. It is a tumor suppressor that acts mainly through 

activating transcription of many downstream targets. p53 has a very short protein half-life, 

and its protein levels are low in normal cells and tissues under non-stressed conditions (49-

52). It gets activated through different post translational modifications like phosphorylation, 

acetylation, and methylation. Upon activation it binds to consensus DNA binding sequence 

located in the promoter or intron of its target genes to regulate their expression in cell type 

specific and stress-signal specific manner. It transcriptionally activates various genes 

involved in processes including apoptosis, cell cycle arrest, DNA repair, senescence, etc., to 

maintain the integrity of genome and prevent the tumor initiation and progression (53, 54). 

Recent reports have also demonstrated a proactive role of WT p53 in increasing processivity 

of DNA replication and preventing DNA damage (55). p53 is the most frequently mutated 

gene in human cancer with almost 50% of all human cancers carrying a mutation in the p53 

gene. Loss of p53 function is often a prerequisite for tumor formation and progression as 

demonstrated in patients suffering from Li-Fraumeni syndrome (56-59). In addition to p53 

mutation, p53 function is also attenuated and the p53 signaling is disrupted in human cancer 

through multiple mechanisms, including overexpression and/or amplification of p53 

regulators such as MDM2, MDM4, Pirh2 and Cop1 (50, 60-63).  

While the key role of wild-type (WT) p53 in tumor suppression has been firmly 

established, increasing evidence has proved that many tumor-associated mutant p53 protein 

not only loses the tumor suppressive function of wild type p53 but also gain tumor promoting 

function. This is either through exerting a dominant-negative regulation of remaining WT 
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p53 or independently of WT p53 (64-66). Majority of these mutations have been identified 

as missense mutations and are found to be located within its DNA binding domain (67, 68). 

These mutations are broadly classified as either DNA contact (R248W, R248Q, R273H) or 

structural (R249S, R245S, R175H) mutant based on the function of the residues altered (64).  

DNA contact mutant occur in amino acid residue that directly bind p53 target DNA 

sequences and are critical for binding. Conformational mutants usually result in a dramatic 

change in p53 protein structure. Different cell based, and animal assays suggest that these 

mutations also differ in the gain of function phenotype (64, 69). 

Gain of function (GOF) ability of mutant p53 has been demonstrated in many cell-based 

experiments. These include promoting tumor cell proliferation, survival, migration, 

invasion, enhancing chemoresistance, promoting cancer cell metabolism and increased 

tumor angiogenesis (70-74). Even though mutant p53 can no longer recognize and bind to 

p53 DNA-binding elements, many tumor-associated mutant p53 proteins localize in the 

nucleus mainly and regulate the transcription of some genes through mechanism that are 

different from WT p53. It can for example, bind to TAp63 and TAp73 and inhibit their 

transcriptional activity (75-78). TAp63 and TAp73 are p53 family members that have the 

ability to regulate p53 target genes and compensate for its tumor-suppressive function (79). 

Mutant p53 can also interact with other transcriptional factors like Ets1, Sp1, NF-Y, NRF2 

and VDR to stimulate tumor development (80-83). Mutant p53 can also modify chromatin 

structure to regulate the expression of some genes (84). 
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Figure 5. GOF p53 in tumorigenesis (85).  

Although many of the pathways involved in mutant p53 gain of functions have been 

thoroughly examined, many still need to be explored. Surprisingly, very few studies have 

investigated role of mutant p53 in DNA replication. Published data from our laboratory 

demonstrate that proliferation of lung cancer cells carrying GOF p53 mutation is dependent 

on the presence of the oncoprotein. Knockdown of mutant p53 or MDM2 in human lung 

cancer cells reduces tumor growth, cell proliferation and genetic abnormality (86). 

Consistently, GOF p53 dependence of tumors carrying the mutations have been reported by 

other laboratories (87).  Since DNA replication is one of the two significant events in 

proliferating cells, it is important to further examine role of mutant p53 in DNA replication.  
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Specific Aims 

Oncogene activation is an endogenous source of replication stress, disrupting replication 

regulation and inducing DNA damage. Oncogene-induced replication stress and its role in 

cancer development have been studied comprehensively, however its molecular basis is still 

unclear. This dissertation is designed to determine how two known oncogenes- MDM2 and 

GOF p53, deregulate genome duplication, and if prevention of deregulated genome 

duplication could be a feasible target to thwart uncontrolled proliferation of cancer cells. 

Following are the specific aims that constitute the different chapters of my dissertation: 

1. Determine the contribution of MDM2-induced signaling pathways in 

accelerated DNA replication and oncogenesis. 

2. Develop a mouse model to investigate cell proliferative events consequent to 

MDM2 overexpression in noncancerous lung. 

3. Determine the implication of GOF p53 mediated DNA replication stress on 

genetic instability and tumorigenesis. 
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Contribution of MDM2-induced signaling pathways in deregulating 

DNA replication 

The work presented in this chapter has been published in the Nucleic Acid Research 

journal (Nucleic acids research. 2014; 42(2):926-40.). Fiber spreading experiments were 

performed by Rebecca Frum and Catherine Vaughan assisted in generating cell lines from 

mouse lungs. 

 

Introduction 

The human homologue of the mouse double minute2 (mdm2) gene is known to code for 

an oncoprotein.  Despite its oncogenic function, elevation of MDM2 expression induces G1-

arrest in the presence or absence of WT p53 (88-90).  Elimination of the growth inhibitory 

domains of MDM2 rescues its tumorigenic potential (88).  Furthermore, in apparently 

normal cells such as early passage mouse embryo fibroblasts (MEF) or limited passage 

human lung fibroblast (such as WI38) MDM2 inhibits expression of cyclin A (32).  Genetic 

defects such as absence of WT p53, the cyclin dependent kinase inhibitor p16 or the 

transcription factor BRG1, that deregulate the timely expression of cyclin A, also abrogate 

ability of MDM2 to inhibit expression of cyclin A expression, but not its ability to induce 

G1 arrest (32, 88) suggesting that MDM2 expression restricts an event downstream of cyclin 

A expression, and led us to investigate how MDM2 controls  initiation of DNA replication.  
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Initiation of DNA replication takes place at DNA replication origins, recognized by 

loading of pre-replication complex during late mitosis and G1 phase, a process known as 

“licensing”.  During G1/S transition and at different time during the S phase, replication 

initiation factors are recruited to only a fraction of licensed origins forming pre-initiation 

complex, activating the MCM2-7 helicases and assembly of other replication factors and 

inducing local DNA unwinding.  Origin firing is activated by cyclin dependent kinases 

complexed with cyclins E and A and by cdc7/DBf4 (91).  In mammalian cells replication 

origin firing is regulated by checkpoint kinases, ATR and chk1, during normal unperturbed 

S phase in response to the single stranded DNA exposed at replication forks (92-94). 

In this report we present evidence to show that elevated expression of MDM2 in cells 

lacking p53 elevates endogenous levels of cyclins D2 and A, hastens S phase entry and 

activation of chk1 phosphorylation.  Activation of chk1 phosphorylation is known to 

stabilize a histone methyl transferase coded by the mixed lineage lymphoma (MLL) gene, 

which methylates lysine 4 of histone H3 (H3k4) at late replication origins to delay DNA 

replication (95).  Our data show that MDM2 overexpression follows a similar course of 

events activating chk1 phosphorylation, leading to accumulation of MLL histone methyl 

transferase and checkpoint-dependent tri-methylation of H3K4 (H3K4Me3) causing 

inhibition of origin firing.  We also show that the MDM2 mediated checkpoint activation is 

dependent on activation of DNA replication origins by cyclin-dependent kinases.  Inhibition 

of this step using a specific inhibitor of cyclin dependent kinases abrogates activation of 

chk1 phosphorylation by MDM2 at the onset of S phase.  These data signify that in cells 
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overexpressing MDM2, compromised checkpoint activity would enhance S phase entry and 

untimely origin firing, which is known to induce genomic instability (94, 96, 97) 

 

Materials and Methods. 

Plasmids and lentiviral vectors: The ecdysone inducible plasmid vector system was 

purchased from Invitrogen, and plasmids expressing MDM2 was constructed by inserting 

MDM2 cDNA at the multiple cloning site as described earlier (98).  Generation of plasmids 

and lentiviral vectors (pLKO.1) expressing short hairpin (sh) RNA against MDM2 or non-

endogenous green fluorescence protein (GFP) from U6 promoter and harboring a puromycin 

resistance gene has been described earlier (30, 32). 

Generation of p53-/-, MDM2 transgenic mice:  p53-/-, MDM2 transgenic (p53-/-, 

MDM2Tr) mice were generated by crossbreeding p53 +/-, MDM2 transgene +/- mice (gift 

from Stephen Jones, (45) as described earlier (30, 33). 

Cells, transfections, and generation of stable transfectants:  H1299 cells were 

purchased from ATCC and were maintained in media as suggested by the suppliers.  H1299 

cells expressing MDM2 from ecdysone inducible promoter was generated following 

supplier’s (Invitrogen) protocol. The ecdysone inducible H1299 cells expressed 3 to 4-fold 

higher MDM2 transcripts after 24 hours of induction with ponasterone. Generation of stable 

transfectants and cultured lung cells from littermate MDM2 transgenic and non-transgenic 

mice with p53-/- background has been described earlier (33).  QPCR analysis of genomic 

DNA of these cells showed a 10-fold higher copy number of the MDM2 gene than littermate 

non transgenic mice (30).  To generate stable transfectants expressing shRNA against 
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MDM2 or GFP, appropriate cells were infected with lentiviral vectors expressing respective 

shRNA and selected with appropriate antibiotics and individual colonies were expanded 

after analysis. 

Chemicals and Drugs: Iododeoxyuridine (IdU), chlorodeoxyuridine (CldU) and 

caffeine were purchased from (Sigma).  Caffeine was used at a concentration of 2mM for 30 

minutes (99, 100), Ponasterone A (Invitrogen) was used at 1mM concentration for 24 hours 

as suggested by the supplier, and PHA767491 (Tocris Bioscience) was used at a 

concentration of 10 μM for 60 minutes (101, 102). 

Western Blot Analysis:  Western blot analysis was performed as described previously 

(33). 

Identification of DNA replication origin firing: DNA replication origin firing was 

determined by DNA fiber spreading analysis as described earlier (100).  Briefly, cells were 

pulse-labeled sequentially with the nucleotide analogues IdU (40 μM) and CldU (100 μM) 

to track the replication pattern and directionality of fork movement.  Cells were collected by 

trypsinization, and genomic DNA of approximately 600 cells was aligned on slides by fiber 

spreading as described earlier.  Slides were then air dried and fixed in 3:1 methanol /acetic 

acid and dried overnight.  After acid treatment (2.5N HCl, 30 minutes) and blocking (2% 

BSA in PBS), DNA fibers on slides were immunostained with primary antibodies against 

IdU and CldU followed by fluorescently labeled secondary antibodies, and finally 

fluorescently labeled tertiary antibodies, washed dried and mounted in antifade.  Images 

were collected by confocal microscopy (Zeiss, LSM700).  Newly initiated single origins 

were detected as red track flanked on both sides by green track as explained in Figure 1A 
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and B.  Approximately 200 to 500 fibers from each sample were scored and analyzed using 

Image J software (NIH). 

Statistical analysis: Distribution of four types of fibers classified as bi-directional 

origin, origin clusters, elongating forks and terminating forks generated by sequential 

labeling of replicating DNA over different samples in each experimental set has been tested 

for independence with Fisher exact test, or by chi-square test in case the computation of 

Fisher exact test was not feasible due to computer limitations.  The null hypothesis of these 

tests is that the distribution remains independent of the categories, and a significant p value 

below 0.05 indicates departure from the hypothesis of independence.  All statistical analysis 

was done using the statistical software R v2.13.0. 

Detection of S phase nuclei: For detection of S phase nuclei, density arrested cells were 

replated on cover slips and labeled with 40 μM IdU for 20mins at desired time.  IdU was 

washed off using PBS.  Cells were fixed with 3% paraformaldehyde solution.  For antibody 

staining, the cells were treated for 5 minutes with 0.5% triton X-100, followed by 1-hour 

treatment with 2.5 N HCl to denature the DNA.  The acid was neutralized with three washes 

of 0.1 M Sodium Borate.  Cells were then washed with 0.1% tween in PBS (wash buffer) 

and blocked in 2% BSA in wash buffer for an hour.  Primary antibody against IdU was 

diluted in 1% BSA in wash buffer, added to cover slips and incubated for an hour.  Following 

three washes with wash buffer, the cells were incubated with Alexafluor 594-conjugated 

secondary antibody diluted in 1% BSA in wash buffer for an hour.  The cover slips were 

then washed and mounted on slides with Prolong Gold Antifade with DAPI (4', 6’-
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diamidino-2-phenylindole hydrochloride, Molecular Probes) and imaged using confocal 

microscopy (Zeiss LSM700).  

Antibodies:  Antibodies against MDM2 were chosen depending on the species.  N-20 

and SMP14 (Santa Cruz) were used following supplier’s protocol. 2A10 antibody was a gift 

from Arnold Levine.  Antibodies against Erk2, chk1, cyclin A, cyclin D2 were from Santa 

Cruz Biotechnology, phospho chk1 (p-chk1) from Cell Signaling Technology, MLLC180, 

H3K4Me3 and H3 were from Millipore, and were used following manufacturer’s protocol.  

IdU was detected by mouse anti-bromodeoxyuridine (Becton Dickinson) primary 

antibody and Alexafluor 594-conjugated rabbit anti-mouse (Molecular Probes) and 

Alexafluor 594-conjugated goat anti-rabbit (Molecular Probe) secondary and tertiary 

antibodies.  CldU was detected by rat anti-bromodeoxyuridine (Accurate) primary antibody, 

and Alexafluor 488-conjugated chicken anti-rat (Molecular Probe) and Alexafluor 488-

conjugated goat anti-chicken (Molecular Probes) secondary and tertiary antibodies as 

described earlier (100).  

RNA extraction, generation of cDNA and quantitative PCR (QPCR):  Total RNA 

was isolated from exponentially growing cultured cells using TRIzol reagent (Life 

Technologies, Invitrogen) following a protocol supplied by the manufacturer.  cDNA was 

synthesized using the Thermoscript reverse transcription-PCR system (Invitrogen).  QPCR 

was performed using a LightCycler system (Roche).  Primers were designed using OLIGO 

5 software (Molecular Biology Insights) and were synthesized by Integrated DNA 

Technologies.  Reactions were performed in triplicate utilizing SYBR green dye, which 
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exhibits a higher fluorescence upon binding of double-stranded DNA.  The methods have 

been described previously (32).  Reactions were performed in triplicate.   

 

Experimental Results.  

MDM2 inhibits DNA replication origin firing: We have previously reported that 

elevated expression of MDM2 induces G1 arrest in cells irrespective of its p53 status (32, 

88, 103).  In apparently normal cells, MDM2 inhibits expression of cyclin A (32).  In cells 

lacking WT p53, MDM2 does not inhibit cyclin A expression, but induces G1-arrest (32, 

103).  This observation led us to investigate how MDM2 controls the firing of DNA 

replication origin, an event downstream of cyclin A expression. 

 

 

 

Figure 6. Representative fiber images. An example of fiber images generated from 

sequential labeling of replicating DNA by IdU and CldU in H1299 cells and immunostaining 

with fluorescently labeled antibodies.  The figure shows (A) classification of the labeled 

fibers as newly initiated bi-directional origin (O), elongation (E) or termination (T) indicated 

by arrows along with a cartoon (B). 
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Since the cyclin A inhibitory function of MDM2 is disabled in H1299 cells (32), we 

constructed H1299 cells that express MDM2 from an ecdysone inducible promoter.  After 

treatment with Ponasterone A for 24 hours, the cells were pulse-labeled sequentially with 

the nucleotide analogues IdU and CldU to track the replication pattern and directionality of 

fork movement.  Cellular genomic DNA was then aligned on slides by fiber spreading 

following established techniques (100, 104).  Incorporated IdU and CldU in the DNA fibers 

were detected using red or green fluorescent-tagged antibodies, respectively, and visualized 

by confocal microscopy (Figures 6A, 7A).  Newly initiated origins are indicated by a red 

track flanked on both sides by green, since these patterns were obtained because of 

replication origin initiating during the first pulse detected by an antibody tagged with red 

fluorescence and replication forks moving bidirectionally during the second pulse detected 

by an antibody tagged with green fluorescence.  Similarly, unidirectional red and green 

tracks indicated elongation, and merging forks were detected by merging green tracks 

flanked by red tracks as demonstrated in Figure 6.  Scoring of 200 to 400 stained untangled 

DNA fibers from Ponasterone A or ethanol (vehicle) treated cells as shown in the 

representative images (Figure 7A) revealed that induction of MDM2 expression (Figure 7B) 

significantly reduced the frequency of origin firing in repeated experiments (Figure 7C, p-

value = 4.104X10-5). This observation indicates that MDM2 controls the frequency of bi-

directional single origin firing.  

 

MDM2-mediated inhibition of origin firing can be rescued by caffeine, an inhibitor 

of checkpoint kinases: To test whether inhibition of origin firing by MDM2 is a result of a 
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checkpoint response often elicited by oncogenes (105, 106) the ecdysone-inducible H1299 

cells were induced to express MDM2 by treatment with Ponasterone A for 24 hours, 

followed by a brief (30 minutes) treatment with caffeine, an inhibitor of ATM, ATR kinases 

(107, 108) A.  Cells were then processed for fiber spreading analysis of replicating DNA as 

described above.  Scoring of stained untangled DNA fibers (Figure 8A) showed that 

Ponasterone A and ethanol treated cells had a similar frequency of origin firing after caffeine 

treatment (Figure 8B).  The p value (0.050) indicated no significant difference in origin firing 

between Ponasterone A and ethanol treated cells.  This data show that MDM2-mediated 

inhibition of origin firing at 24 hours was rescued by caffeine treatment and suggests that 

inhibition of DNA replication origin firing by MDM2 could be a consequence of a 

checkpoint response as they can be rescued by caffeine, an inhibitor of ATM or ATR kinases. 
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Figure 7. MDM2 inhibits firing of DNA replication origins.  The figure shows fiber 

analysis of replicating DNA from H1299 cells that express MDM2 when induced by 

Ponasterone A for 24 hours, sequentially pulse labelled for 10 minutes by IdU and 20 

minutes by CldU and immunostained with fluorescently labeled antibodies.  Representative 

images of labeled DNA fibers from ethanol (Et) or Ponasterone A (Pon)-treated H1299 cells 

(A) are shown. Arrows show newly fired single origins.  Expression of MDM2 in 

Ponasterone A or ethanol treated cells was determined by Western blot analysis (B).  Actin 

was used as a loading control.  Percentages of bi-directional single origins in Ponasterone A 

(Pon) or ethanol (Et) treated cells are shown by bar graphs (C).  Two hundred to 500 fibers 

were scored for each sample. p-values are indicated at the bottom of the bar graphs. 

 



26 

 

 

 

 

 

Figure 8. MDM2-mediated inhibition of origin firing can be rescued by caffeine.  

The figure shows fiber analysis of replicating DNA from H1299 cells induced to express 

MDM2 with Ponasterone A for 24 hours, followed by treatment with caffeine for 30 minutes 

and sequentially pulse labeled with IdU and CldU as described above.  Representative 

images of labeled DNA fibers are shown (A). Arrows indicate newly fired single origins. 

Percentages of bi-directional single origins are shown by bar graphs (B).  Three hundred to 

600 fibers were scored for each sample.  p-values are indicated at the bottom of the bar 

graphs 
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MDM2 inhibits firing of DNA replication origins at the onset of S phase, and the 

inhibition can be rescued by caffeine: Since MDM2 reduced the frequency of origin firing 

in ecdysone inducible H1299 cells (Figure 7), we determined whether MDM2 inhibits origin 

firing at the early or late S phase.  As reasoned above, we determined the cyclin A-

independent replication inhibitory function of MDM2 using lung cells isolated from 

littermate p53-/- and p53-/-:MDM2Tr mice.  Cells were partially synchronized by density 

arrest and replating.  The time of onset of the S phase was determined by pulse labeling with 

bromodeoxyuridine (BrdU) and identifying labeled nuclei at different time intervals.  Fiber 

analysis of replicating DNA from these cells (Figure 9) was performed at different time 

intervals after release from contact inhibition, as described above.  Scoring of untangled 

labeled fibers (Figure 9A) revealed that, in comparison to p53-/- lung cells, the frequency of 

origin firing was drastically reduced in p53-/-:MDM2 transgenic lung cells at 12 hours after 

release of contact inhibition.  This difference in origin firing not only disappeared, but also 

exceeded the frequency of fired origins in p53-/- cells at 16 hours (Figure 9B, p-value= 

3.479X10-11).  Analysis at subsequent time points did not show a significant difference in 

origin firing between the two cell-types (p-value = 0.195).  Expression of MDM2 was 

confirmed by Western blot analysis (Figure 9C).  This data suggests that MDM2 inhibits 

origin firing at the onset of S phase, and this inhibition disappears at a later time point. 
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Figure 9. MDM2 inhibits firing of DNA replication origins at the early S phase.  The 

figure shows fiber analysis of replicating DNA from cultured lung cells of p53-/- and p53-/-

:MDM2Tr mice sequentially pulse labeled by IdU for 10 minutes and CldU for 20 minutes 

at different times after replating of density arrested cells.  Representative images of labeled 

DNA fibers at 12 and 16 hours after replating are shown (A). Arrows indicate newly fired 

single origins. The bar graphs show the percentage of bi-directional single origins at different 

time intervals after replating. (B).  Approximately 150 to 250 labeled fibers were scored for 

each sample.  p-values are indicated at the bottom of the bar graphs.  Expression of MDM2 

was determined by Western blot analysis (C). Erk-2 was used as a loading control.  
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The transient nature of inhibition of origin firing at the onset of S phase led us to 

investigate if MDM2-mediated inhibition of origin firing at the early S phase is a result of 

an activated checkpoint response.  To test this hypothesis, the lung cells from littermate p53-

/- and p53-/- and p53-/-:MDM2Tr described above were partially synchronized by density 

arrest and replating.  The cells were treated with caffeine, and fiber analysis of replicating 

DNA was performed at 12 hours as described above (Figure 10A, B).  Our data showed that 

at 12 hours after replating, inhibition of origin firing was reversed by caffeine treatment in 

p53-/-:MDM2Tr lung cells drastically increasing the percentage of fired origins (Figure 10C, 

p-value = 4.567X10-5).  Lung cells from littermate p53-/- mice did not show an increase in 

origin firing at this time point (Figure 10C, p-value = 0.04).  Thus, elevated levels of MDM2 

inhibit origin firing at the onset of S phase, which can be reversed by caffeine, an inhibitor 

of checkpoint kinases, suggesting an involvement of intra-S phase checkpoint control in the 

process. 
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Figure 10. Inhibition of origin firing by MDM2 can be rescued by caffeine.  The 

figure shows fiber analysis of replicating DNA from cultured lung cells of p53-/- and p53-/-

:MDM2Tr mice, untreated or treated with caffeine and sequentially pulse labeled by IdU 



31 

 

 

 

and CldU at 12 hrs after replating of density arrested cells.  Representative images of labeled 

DNA fibers without (A) or with (B) caffeine treatment at 12 hours after replating are shown. 

Arrows indicate newly fired single origins. The bar graphs show the percentage of bi-

directional single origins determined by fiber analysis (C).  p-values are indicated at the 

bottom of the bar graphs.  Approximately 100 to 200 labeled fibers were scored for each 

sample. 

 

MDM2 induces chk1 phosphorylation at the onset of S phase: As discussed earlier, 

oncogenes are known to induce a checkpoint response (106, 109, 110).  Since MDM2 is a 

known oncogene, and it inhibits origin firing at the early S phase, which can be overridden 

by the checkpoint kinase inhibitor, caffeine (Figures 8 and 10), we investigated if MDM2 

activates the intra-S phase checkpoint kinase during DNA replication in the absence of WT 

p53.  As described above, matched sets of lung cells isolated from littermate p53-/- and p53-

/-:MDM2Tr were partially synchronized by density arrest and replating.  Presence of p-chk1 

was measured at 12 hrs after replating by Western blot analysis of the cell extracts.  Our data 

indicated that 12 hours after replating, p-chk1 levels in lung cells from p53-/-:MDM2Tr mice 

increased sharply compared to that in the p53-/- mice (Figure 11A).   

To confirm that the increased p-chk1 level is due to the presence of elevated levels of 

MDM2, MDM2 was knocked down in p53-/-:MDM2Tr lung cells.  Lung cells from and 

p53-/-:MDM2Tr mice were infected with lentiviral vectors expressing shRNA against 

MDM2 or GFP control.  Cells generated from isolated colonies expressing shRNA against 

MDM2 or a control shRNA against GFP were partially synchronized by contact inhibition 

and replating.  Twelve hours after replating, p-chk1 levels were determined by Western blot 

analysis.  Our data showed that knockdown of MDM2 levels drastically diminished p-chk1 

levels (Figure 11B).  
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We also investigated if elevation of MDM2 expression in H1299 cells leads to activation 

of chk1 phosphorylation.  H1299 cells expressing MDM2 from ecdysone-inducible 

promoter were induced to express MDM2 with Ponasterone A, and p-chk1 levels in the 

Ponasterone A and control (ethanol treated) cells were determined by Western blot  

analysis of the cell extracts.  Our data indicated that elevation of MDM2 levels by 

Ponasterone A leads to elevation of p-chk1 levels (Figure 11C).  Thus our results indicate 

that MDM2 can activate phosphorylation of the intra-S phase checkpoint kinase chk1. 

 

 

Figure 11.  MDM2 induces chk1 phosphorylation at the onset of S phase.  The figure 

shows detection of MDM2, p-chk1 and chk1 by Western blot analysis of extracts prepared 

from cells expressing either elevated or knocked-down levels of MDM2. Cultured lung cells 

of p53-/- and p53-/-:MDM2Tr mice (A), and cultured lung cells of p53-/-:MDM2Tr mice 

stably expressing shRNA against MDM2 (shMDM2-1, shMDM2-2) or GFP (shGFP) (B), 

at 12 hours after replating following density arrest were used.  Western blot analysis of 

extracts from H1299 cells expressing MDM2 from an ecdysone inducible promoter after 

treatment with Ponasterone A (Pon) or Ethanol (Et) for 24 hours (C) is also shown.  Erk-2 

was used as a loading control.  
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MDM2 hastens the intra-S phase checkpoint response:  Checkpoint kinases are 

known to limit origin firing during normal S phase progress (111, 112).  Since p53-/-

:MDM2Tr lung cells showed a drastic increase in chk1 phosphorylation and inhibition of 

origin firing compared to p53-/- lung cells 12 hours after contact inhibition and replating, 

we determined if p53-/- cells activate a checkpoint response at a later time point.  For this 

purpose p53-/- and p53-/-:MDM2Tr lung cells were contact inhibited and replated.  DNA 

replication origin firing and chk1 phosphorylation were determined at 16 hours after 

replating of density arrested cells as described above.  Scoring of labeled DNA fibers (Figure 

12A) revealed that consistent with the experiment shown in Figure 4, a similar percentage 

of origins were fired in both the cell types (Figure 12A, C).  Inhibition of checkpoint 

dependent origin firing was evidenced by release of this inhibition by treatment with caffeine 

to a similar extent (approximately 2.4-fold) in the two cell types (Figure 12B, C, p value = 

4.849X10-5).  Consistent with these observations both the cell types showed chk1 

phosphorylation to a similar extent at 16 hours after replating (Figure 12D).  These data 

indicate that the p53-/-:MDM2Tr cells induce S phase checkpoint response earlier than p53-

/- cells. 
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Figure 12. MDM2 hastens intra-S phase checkpoint response.  The figure shows that 

firing of DNA replication origins is increased by caffeine treatment at 16 hours after 

replating of density arrested cultured lung cells of both p53-/- and p53-/-:MDM2Tr mice.  

Representative Fiber images of replicating DNA from cultured of p53-/- and p53-/-

:MDM2Tr lung cells untreated (A) or treated with (B) caffeine and pulse labeled at 16 hours 

after replating are shown. Arrows indicate newly fired single origins. The bar graphs show 

the percentage of bi-directional single origins determined by fiber analysis (C).  p-values are 
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indicated at the bottom of the bar graphs.  Approximately 230 to 270 labeled DNA fibers 

were scored for each sample.  Expression of MDM2 and chk1 phosphorylation at 16 hours 

after replating of the density arrested p53-/- and p53-/-:MDM2Tr lung cells is shown by 

Western blot analysis of the cell extracts in the right panel (D).  Erk-2 was used as loading 

control. Migration of MDM2, p-chk1, chk1 and Erk2 are shown by arrows. 

 

MDM2 elevates MLL histone methyl transferase levels:  Next we wished to 

determine how early induction of chk1 phosphorylation by MDM2 would lead to inhibition 

of origin firing.  Although the phosphatase CDC25A that control activation of cyclin 

dependent kinases have been implicated in inhibition of origin firing by chk1 

phosphorylation (94, 111), MDM2 did not alter CDC25A levels in our experiments (data not 

shown).  Alternatively, stabilization of MLL histone methyl transferase has been reported to 

inhibit origin firing (95). Translocation of the MLL gene has been related to childhood and 

adult leukemia (113).  The gene codes for a precursor protein, which is processed to generate 

a heterodimer, MLLN320/C180.  MLL deficiency causes S-phase checkpoint dysfunction (114).  

MLL contributes to crucial cellular functions by methylating H3K4 by its C-terminal SET 

domain.  Intra S phase ATR signaling phosphorylates MLL histone methyl transferase 

(MLLC180) preventing its degradation (95).  Accumulated MLLC180 then methylates H3K4 

diminishing CDC45 loading to delay DNA replication (95).   
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Figure 13. MDM2 elevates MLL histone methyl transferase levels (A, B) and H3K4 

tri-methylation in a checkpoint dependent manner (C, D).  The figure shows Western 

blot analysis of extracts prepared from cultured lung cells of p53-/- and p53-/-:MDM2Tr 

mice at 12 and 16 hours after replating of density arrested cells to determine accumulation 

of MLL histone methyl transferase levels using a specific antibody (A), and acid extracts 

prepared from cultured lung cells of p53-/- and p53-/-:MDM2Tr mice at 12 hours after 

replating of density arrested cells with or without caffeine treatment to determine H3K4Me3 

levels using a specific antibody (C).  Erk-2 was used as a loading control in both the 

experiments.  Migration of MDM2, MLL histone methyl transferase (MLL), H3K4Me3, H3 

and Erk2 are shown by arrows.  Differences in the MLL histone methyl transferase (B) and 
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H3K4Me3 (D) levels were determined by densitometry and are shown by bar graphs at the 

right panel of each blot. 

 

Since elevation of MDM2 levels caused chk1 phosphorylation and inhibition of origin 

firing, we investigated if MDM2 elevates MLLC180 levels at the onset of S phase.  We 

determined MLLC180 levels in extracts prepared from p53-/- and p53-/-:MDM2Tr lung cells 

at 12 and 16 hours after density arrest and replating by Western blot analysis as described 

above.  Our data (Figure 13A) showed that compared to p53-/- lung cells, MLLC180 levels 

are remarkably elevated in p53-/-:MDM2Tr lung cells at 12 hours.  Densitometric analysis 

(Figure 13B) revealed a 4.5-fold increase in MLLC180 levels p53-/-:MDM2Tr lung cells.  

However, at 16 hours the MLLC180 levels also increased in p53-/- lung cells, and the 

difference in the MLLC180 levels in the two cell types was reduced (1.5-fold).  This result 

indicates that presence of MDM2 leads to early accumulation of MLLC180.    

 

MDM2 upregulates H3K4 tri-methylation in a checkpoint dependent manner:  

Early accumulation of MLLC180 in p53-/-:MDM2Tr lung cells led us to investigate if these 

cells show enhanced tri-methylation of H3K4 (H3K4Me3), and if increase in H3K4Me3 

levels is checkpoint dependent.  Acid extraction of the genomic DNA of p53-/- and p53-/-

:MDM2Tr lung cells harvested 12 hours after density arrest and replating followed by 

Western blot analysis revealed higher H3K4Me3 levels in p53-/-:MDM2Tr than p53-/- lung 

cells (Figure 13C).  Densitometric analysis (Figure 13D) revealed a more than 2.5-fold 

increase in the H3K4Me3 levels in p53-/-:MDM2Tr compared to p53-/- lung cells.  To 

determine if the increase in H3K4Me3 levels is due to checkpoint activation by MDM2, p53-
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/- and p53-/-:MDM2Tr lung cells were treated with caffeine before harvesting at 12 hours.  

Cells were then harvested and their genomic DNA was subjected to acid extraction.  Western 

blot analysis of the extracts revealed that caffeine treatment abrogates the increase in 

H3K4Me3 levels in p53-/-:MDM2Tr lung cells (Figure 13C, D).  This data indicate that 

inhibition of checkpoint activation in cells with elevated levels of MDM2 abrogates the 

increase in tri-methylation of H3K4. 

 

MDM2 up-regulates cyclin D2 and cyclin A expression in the absence of p53:  We 

next investigated how MDM2 may activate the intra-S phase checkpoint in the absence of 

p53.  Although MDM2 inhibits cyclin A expression in normal cells with WT p53 (32), our 

unpublished gene expression analysis in p53-/- lung cells suggested that MDM2 up-regulates 

expression of cyclin D2 in the absence of WT p53.  Overexpression of cyclins is known to 

induce excessive origin firing causing replication stress (101) and slowing of DNA 

replication.  This information led us to investigate if MDM2 up-regulates expression of 

cyclin D2.  We therefore determined expression of cyclin D2 in p53-/- and p53-/-:MDM2Tr 

lung cells both at the level of protein by Western blot analysis and RNA by QPCR as 

described earlier (33).  Our data showed elevated levels of cyclin D2 protein (Figure 14A) 

and RNA (Figure 14B) in p53-/-:MDM2Tr lung cells compared to p53-/- lung cells.  

Densitometric analysis revealed a more than 3-fold increase in the cyclin D2 protein levels, 

and QPCR data showed approximately 3-fold increase in the RNA levels (middle panels) 

suggesting that MDM2 upregulates cyclin D2 expression.  Induction of MDM2 expression 
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from an ecdysone inducible promoter using Ponasterone A in H1299 cells showed similar 

data confirming that MDM2 upregulates cyclin D2 (Figure 15). 

 

 

Figure 14. MDM2 increases expression of cyclin D2 and cyclin A in cultured lung 

cells from p53-/- and p53-/-:MDM2Tr mice. The figure shows MDM2 and endogenous 

cyclin D2 and cyclin A protein levels (A) and MDM2 and cyclin D2 transcripts (B) in lung 

cells of p53-/- and p53-/-:MDM2Tr mice determined by Western blot analysis and QPCR 

respectively.  Erk2 was used as a loading control in Western blot analysis.  Arrows indicate 

migration of MDM2, cyclin D2, cyclin A and Erk2.  The densitometric analysis of cyclin 

D2 and cyclin A expression are shown by bar graphs on the right (A), and the transcript 

levels were normalized by GAPDH expression, and are shown by bar graphs (B). 

 

Since elevated expression of cyclin D2 should allow crossing of the restriction point of 

cell cycle and thus should lead to an increase in cyclin A expression, we determined cyclin 
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A protein levels in p53-/- and p53-/-:MDM2Tr lung cells by Western blot analysis.  Indeed, 

compared to p53-/- lung cells, p53-/-:MDM2Tr lung cells showed a sharp elevation of cyclin 

A levels (Figure 9A, top right panel) suggesting that elevation of cyclin D2 levels boosted 

cell cycle progress.  H1299 cells expressing MDM2 from an ecdysone-inducible promoter 

when induced to express MDM2 with Ponasterone A also showed elevated levels of cyclin 

A (Figure 15B) implicating MDM2 in the accelerated progress towards initiation of DNA 

replication.   

 

Figure 15. MDM2 increases the expression of cyclin D2 and cyclin A in H1299 lung 

cancer cells. The figure shows MDM2 and endogenous cyclin D2 transcript (A) and cyclin 

A protein levels (B) in H1299 cells expressing MDM2 from an ecdysone inducible promoter 

determined by QPCR and Western blot analysis respectively after treatment with 

Ponasterone A (Pon) or ethanol (Et) for 24 hours. The transcript levels were normalized by 

GAPDH expression, and are shown by bar graphs (A), and the densitometric analysis of 

cyclin A expression are shown by bar graphs on the right (B).  Erk2 was used as a loading 

control. Arrows indicate migration of MDM2, cyclin A and Erk2. 
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Overexpression of MDM2 in p53-null human osteosarcoma Saos-2 cells, which harbors 

nonfunctional RB (115, 116), increased cyclin D2 expression., However, increase in cyclin 

A expression, and checkpoint phosphorylation by MDM2 was less significant compared to 

that of ponasterone induced H1299 or p53-/- MDM2Tr cells (Figures 11 and 14) suggesting 

that defects in cyclin D2 downstream pathway desensitizes intra-S phase checkpoint 

response (Figure 16). 

 

 

Figure 16. MDM2 overexpression in Saos-2 cells elevates cyclin D2 expression, but 

not cyclin A or chk1 phosphorylation significantly. MDM2 expression plasmid or an 

empty vector (5 μg) was introduced in p53-null human osteosarcoma Saos-2 cells (3X106), 

which harbor nonfunctional RB, by nucleofection.  Cells were harvested after 12 hours and 

either processed for RNA extraction and cDNA preparation or for Western blot analysis. 

MDM2 (A), cyclin D2 (B) and cyclin A (C) transcript levels normalized by GAPDH 

expression are shown by bar graphs.  MDM2, p-chk1, chk1 and erk2 levels were determined 

by Western blot analysis (D). Arrows indicate migration of MDM2, p-chk1, chk1 and Erk2.  

Erk2 was used as a loading control in Western blot analysis. The densitometric analysis of 

MDM2, p-chk1, chk1 levels are shown by bar graphs on the right (E). The data show that 
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MDM2 increased cyclin D2 expression (B). However, increase in cyclin A expression (C), 

and checkpoint phosphorylation (D, E) by MDM2 was not significant suggesting that defects 

in cyclin D2 downstream pathway desensitizes intra-S phase checkpoint response. 

 

To confirm that increased levels of cyclin D2 expression in p53-/-:MDM2Tr  lung cells 

is due to elevated levels of MDM2, we determined if knock down of MDM2 in these cells 

would diminish cyclin D2 expression.  Our data showed that knockdown of MDM2 

decreased cyclin D2 expression both at the levels of RNA and protein (Figure 17). 

 

Figure 17. Knockdown of MDM2 decreases cyclin D2 expression drastically. To 

confirm that increased levels of cyclin D2 expression in lung cells of p53-/-:MDM2Tr mouse  

is due to elevated levels of MDM2, we determined if knock down of MDM2 in these cells 

would diminish cyclin D2 expression.  Expression of MDM2 (A) and cyclin D2 (B) 

transcripts in p53-/-:MDM2Tr  lung cells expressing shRNA against MDM2 (shMDM2-1, 
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shMDM2-2) or GFP (shGFP)  are shown by bar graphs.  Transcript levels were normalized 

by GAPDH expression. MDM2 cyclin D2 and Erk2 protein expression was determined by 

Western blot analysis. Arrows indicate migration of MDM2, cyclin D2 and Erk2.  Erk2 was 

used as a loading control in Western blot analysis.  The densitometric analysis of MDM2 

and cyclin D2 protein levels normalized by Erk2 levels are shown by bar graphs on the right 

(D). Our data showed that knockdown of MDM2 decreased cyclin D2 expression. 

 

Cyclin D2 is expressed in response to mitogenic signals (117) , and PI3-kinase pathway 

regulate cyclin D2 expression (118).  Since MDM2 up-regulates PI3-kinase activity(30), we 

determined if MDM2-mediated upregulation of cyclin D2 expression is susceptible to a PI3-

kinase inhibitor, Wortmannin (119).  Our data show that Wortmannin inhibits increase in 

cyclin D2 expression by MDM2- Figure 18), implicating MDM2-mediated activation of PI3 

kinase activity in cyclin D2 up-regulation by MDM2. 

 

 

Figure 18. The PI3-kinase inhibitor Wortmannin inhibits MDM2-mediated up-

regulation of cyclin D2 expression. Cyclin D2 is expressed in response to mitogenic signals 

(117), and PI3-kinase pathway has been shown to regulate cyclin D2 expression (118).  Since 

MDM2 up-regulates PI3-kinase activity (30), we determined if MDM2-mediated 

upregulation of cyclin D2 expression is susceptible to a PI3-kinase inhibitor, Wortmannin 

(119). To determine whether wortmannin inhibits increase in cyclin D2 expression by 

MDM2, H1299 cells expressing MDM2 from ecdysone inducible promoter were either 

induced to express MDM2 by Ponasterone A (Pon) treatment or left uninduced with ethanol 
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(Et) treatment for 24 hours in the presence of Wortmannin (50nM) or DMSO for last 4 hours. 

Expression of MDM2 and cyclin D2 transcript levels normalized by GAPDH expression is 

shown by bar graphs. Our data show that Wortmannin inhibits increase in cyclin D2 

expression by MDM2. 

 

MDM2 hastens S phase entry of cells: Since elevated levels of MDM2 increased cyclin 

D2 expression, we determined if the presence of MDM2 accelerated S phase entry of cells 

thus activating the intra-S phase checkpoint response sooner in p53-/-:MDM2Tr lung cells 

compared to p53-/- lung cells to prevent further origin firing.  We therefore investigated the 

number of p53-/- and p53-/-:MDM2Tr lung cells entering S phase at 12 hours after replating 

of density arrested cells.  Cells were pulse labeled with IdU at different time intervals, fixed, 

acid treated, stained with a specific antibody and mounted in antifade with DAPI as 

described in materials and methods.  Images (Figure 19A) of 150 to 200 nuclei were 

collected by confocal microscopy from each sample and percentage of IdU labeled nuclei 

was determined.  Our data showed lack of IdU incorporation until 11 hrs after replating (data 

not shown).  At 12 hours the cells showed IdU incorporation (Figure 19A), and an average 

of 7% p53-/- lung cells incorporated IdU as opposed to 17% of p53-/-:MDM2Tr lung cells 

(Figure 19B).  These data suggest accelerated S phase entry of p53-/-:MDM2Tr lung cells 

compared to p53-/- lung cells at early S phase. 
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Figure 19. MDM2 hastens S phase entry of cells.  Cultured lung cells of p53-/- and 

p53-/-:MDM2Tr mice were pulse labeled by IdU at 12 hours after replating of density 

arrested cells and immunostained with fluorescently labeled antibodies.  Cells were stained 

with DAPI for detection of nuclei.  One hundred fifty to 200 nuclei were scored in each of 
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triplicate sets of experiments. Two representative images of each of labeled p53-/- or p53-/-

:MDM2Tr lung cells are shown (A).  The bar graph (C) shows the percentage of IdU labeled 

p53-/- or p53-/-:MDM2Tr lung cells at 12 hours after replating of density-arrested cells. 

 

Inhibition of cyclin dependent kinases that activate replication origins abrogates 

MDM2-mediated chk1 phosphorylation: In metazoan cells, origins are activated by cyclin 

dependent kinases and cdc7 kinases, which phosphorylate the minichromosome 

maintenance (MCM) proteins 2-7 activating the MCM helicases and inducing melting of 

double stranded DNA at the origin of replication (93, 120).  Since MDM2 upregulates cyclin 

D2 and cyclin A expression in cells lacking WT p53, we considered if an increase in 

expression of cyclins led to enhanced activation of cyclin dependent kinases, and thus 

activation of origins, generating replication stress and intra-S phase checkpoint signaling.  A 

cdc7 kinase inhibitor PHA767491 has been shown to specifically prevent activation of 

origins by inhibiting DNA helicases, but not to impede fork progression (101, 102).    

To test whether origin activation by MDM2 induces chk1 phosphorylation, p53-/- and 

p53-/-:MDM2Tr lung cells were partially synchronized by density arrest and replating; cells 

were then treated with PHA767491 to prevent origin activation before harvesting at 12 

hours, and chk1 phosphorylation in the cell extracts was determined by Western blot 

analysis.  Our data (Figure 20) showed that indeed treatment with the cdc7 inhibitor 

abrogated MDM2 mediated chk1 phosphorylation.  These data indicate that an increase in 

cyclin D2 and consequently cyclin A expression by MDM2 hastens untimely origin 

activation promoting chk1 phosphorylation at the onset of S phase.  Consistently, 

overexpression of MDM2 in human cancer cell Saos-2 with deleted p53 and inactive RB 
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although upregulates cyclin D2 does not increase cyclin A expression and chk1 

phosphorylation significantly. 

 

 

Figure 20. A specific inhibitor, PHA 767491, of cyclin dependent kinases that 

activate replication origins abrogates MDM2 mediated chk1 phosphorylation. 

Induction of chk1 phosphorylation was determined by Western blot analysis of extracts 

prepared from cultured lung cells of p53-/- and p53-/-:MDM2Tr mice at 12 hours after 

replating of density arrested cells with or without PHA 767491 (10μM) treatment for 1 hour.  

Erk-2 was used as a loading control. Migration of MDM2, p-chk1, chk1 and Erk2 are shown 

by arrows.  
 
 

  

Discussion. 

Oncogene overexpression is widely known to confer growth advantage in cells.  On the 

other hand, several oncogenes that are frequently overexpressed in cancer cells and are used 

as predictive markers, can also hinder cell proliferation (105, 106, 109, 110, 121).  According 

to the traditional model, the primary cause of oncogenesis mediated by the human 
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oncoprotein MDM2 has been ascribed to its ability to interact with and degrade WT p53.  

While this model is well supported, it does not explain amplification or overexpression of 

MDM2 in cancer cells that lack WT p53. In this chapter, we report a novel pathway by which 

MDM2 overexpression leads to unscheduled activation of DNA replication origins in the 

absence of p53, and a mechanism by which non-transformed cells may combat this function.  

Loss of this defense mechanism would lead to unscheduled initiation of DNA replication, 

which has been related to genome instability (94, 96, 97) . 

We have reported earlier that MDM2 overexpression induces G1-arrest in the presence 

or absence of p53 (32, 88, 103).  In apparently normal non-transformed cells, MDM2 inhibits 

expression of cyclin A.  However, it requires p53 for this function (32).  Although MDM2 

cannot inhibit cyclin A expression in the absence of p53, it induces G1-arrest (88, 103).  In 

this report, we show evidence that in the absence of p53 elevated levels of MDM2 induces 

a checkpoint response and thus inhibits firing of DNA replication origins (Figures 12, 14, 

16) earlier than p53-/- cells expressing low levels of MDM2.  As expected, p53-/- cells which 

express low levels of f MDM2 exhibit intra-S phase checkpoint arrest and inhibition of origin 

firing, but at a later time point than p53-/-:MDM2Tr cells (Figure 12).   

We also show that an increase in MDM2 expression in the absence of p53 elevates cyclin 

D2 and cyclin A levels accelerating S phase entry (Figures 14 and 15).  D-type cyclins have 

redundant functions, and are expressed at the early G1 (122). Cyclin D2 is activated by 

mitogenic signals and thought to convey extracellular signals that lead to DNA replication 

and cell proliferation (117).  PTEN/GSK3 β pathway regulates cyclin D2 expression (118).  

Recently we have shown that MDM2 upregulates PI-3 kinase and GSK3 β phosphorylation.  
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In this chapter, we have provided evidence to implicate MDM2-mediated upregulation of 

PI3-kinase activity in cyclinD2 up-regulation by MDM2 (Figure 17).  The exact mechanism 

of this transcriptional activation by MDM2 is under investigation at present.  Also several 

transcription factors including Shh (sonic hedgehog) and Gli are known to participate in 

cyclin D2 expression (123).  It remains to be determined how MDM2 may integrate in these 

pathways.  

Presence of a higher percentage of IdU labeled p53-/-:MDM2Tr cells compared to p53-

/- cells at 12 hours after contact inhibition and replating (Figure 12) indicates that cells 

expressing MDM2 initiate DNA replication earlier than p53-/- cells, and is consistent with 

elevation of cyclin D2 and cyclin A expression by MDM2.  Elevation of cyclin D2 

expression by MDM2 is expected to enable the cells to cross the restriction point of the cell 

cycle, leading to activation of origins.  However, acceleration of origin activation (DNA 

melting) by MDM2 during S phase entry at 12 hours activates a checkpoint response (Figure 

11), which allows activated origins to progress as evidenced by pulse labeled nuclei (Figure 

11), but inhibits further origin firing in the cells (Figures 7 and 9).  The S phase checkpoint 

response restricts origin firing at 16 hours in both p53-/- and p53-/-:MDM2Tr cells as 

evidenced by chk1 phosphorylation and increase in bi-directional single origin firing by 

caffeine (Figure 12). Consistently, a specific block in origin activation abrogates the MDM2-

mediated checkpoint response (Figure 20). Our proposed model (Figure 21) depicts this 

pathway.  



50 

 

 

 

 

 

Figure 21. The proposed mechanism of MDM2-mediated checkpoint response.  

 

Accumulation of MLL histone methyl transferase and consistently increase in H3K4 

methylation by MDM2 suggest a mechanism by which the MDM2-mediated checkpoint 

response would lead to inhibition of origin firing.  We also show that MDM2-mediated 

H3K4 methylation is checkpoint dependent, as it can be inhibited by caffeine (Figure 8C).   

 

Conclusion. 

Our data signifies that a compromised checkpoint response would allow an increase in 

untimely origin firing by MDM2.  ATR and chk1 kinases are required for cell survival (124), 

and mutation or inactivation of ATR or chk1 kinases are not a frequent event observed during 

oncogenesis.  However, mutation in the downstream participants, such as translocation of 
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N-terminal 1400 amino acids of MLL, has been observed frequently in leukemia and other 

cancers (95, 113).  MLL fusion proteins have been demonstrated to function as dominant 

negative mutants that abrogate ATR mediated stabilization of MLL and compromise the S 

phase checkpoint (95).  Therefore, overexpression or amplification of MDM2, which has 

also been reported in leukemia and lung cancers (24, 125), in cells with compromised MLL 

histone methyl transferase function could accelerate untimely DNA replication, which is 

known to induce gene abnormality (94, 96, 97).  
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Role of human oncoprotein MDM2 in lung epithelial injury repair 

(Manuscript under preparation. Catherine Vaughan contributed towards generating the 

mouse constructs. Chris Rabender helped in performing radiation experiment.) 

 

Introduction.  

The conventional paradigm ascribes the tumorigenic function of MDM2 to its ability to 

destabilize the tumor suppressor p53.  MDM2 interacts with wild-type (WT) p53, 

ubiquitinates and targets the tumor suppressor for degradation(126, 127).  While studies in 

animal models suggest an essential role of MDM2 in development(34, 128), its function in 

normal adult animals is not clear.  Consequences of MDM2 overexpression in animal models 

have been context dependent.  Transgenic mice overexpressing MDM2 show tumor 

formation, although at a slower rate than p53-null mice(45).  Targeted overexpression of 

MDM2 in lactating mammary gland of mice, although prevents normal development or 

morphogenesis of mammary gland, increases frequency of polyploid cells(38).  MDM2 

expression in the basal layer of epidermis at the embryonic stage generates hyperplasia and 

premalignant lesion(47), and in wing and eye of drosophila induces apoptosis(48).  The role 

of MDM2 in the maintenance of nephron progenitor cells during organogenesis has been 

ascribed to its E3 ligase function balancing p53 levels(129, 130).  A recent study has reported 

that MDM2 prevents differentiation of cultured mesenchymal stem cells independent of p53, 

promotes induced pluripotency (iPSC) in cultured mouse embryonic fibroblasts and induces 

clonogenic survival of cancer cells(131).  These reports suggest that MDM2 may facilitate 
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cell proliferative events in a context dependent manner.  The context-dependent cell 

proliferative effects of MDM2 overexpression suggest specific requirements for MDM2-

mediated cell proliferation.  However, the time, place, or steps of the proliferative events in 

the complex organs remain unknown to date.   

Although MDM2 is overexpressed in human lung cancer, there is no existing mouse 

model to determine the consequence of MDM2 overexpression in adult lung.  Given the 

frequent MDM2 overexpression found in human lung cancer in the presence of WT or 

mutant p53, the proliferative events induced by targeted MDM2 overexpression in adult 

mouse lungs in the presence of WT or mutant p53 were investigated in a mouse model 

capable of expressing human MDM2 in the lungs of adult mice from Club cell secretory 

protein (CCSP) or surfactant protein C (SPC) promoter after induction with Dox.  The results 

revealed ability of MDM2 to induce proliferation of lung progenitor cells after lung injury, 

leading to epithelial regeneration.  Furthermore, mice with one mdm2 allele displayed 

compromised ability of epithelial regeneration after lung injury, implicating active 

participation of MDM2 in lung injury repair in normal adult animals. 

 

Materials and Methods. 

Animal Studies: PCMV Tetracycline Response Element-TightMDM2 (pTRE-

TightMDM2) mice were generated using C57BL/6 mice with the help of Institutional 

Transgenics Core. Club Cell Secretory Protein-rtTA (CCSP-rtTA) mice were a gift from 

Jeffery Whitsett, Cincinnati Children’s Hospital, OH (132). Surfactant Protein C-rtTA (SPC-

rtTA) and tetO-cre mice were purchased from Jackson Laboratory (Maine) (132, 133). p53 
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Lox-Stop-Lox R172H (p53 LSL R172H) mice were purchased from NCI Mouse Repository 

(Maryland)(134). P53+/-MDM2+/- mice were a gift from Guillermina Lozano, M.D. 

Anderson Cancer Center, TX (34). pTRE-TightMDM2 mice were crossed with CCSP-rtTA 

or SPC-rtTA mice to generate litter of mixed genetic background and allow inducible 

expression of human MDM2 in Club or the AT II cells of the mice lung. To direct p53-

R172H and MDM2 expression to Club cells, LSL R172H mice were cross bred with pTRE-

TightMDM2, tetO-Cre, and CCSP-rtTA to produce the desired strain of mice. MDM2 

expression and/or p53-R172H expression in these mice were induced by feeding them 

500μg/mL doxycycline in 5% w/v sucrose drinking water.  Littermate mice on 5% w/v 

sucrose drinking water (D and CCSP-rtTA or SPC-rtTA only mice on dox were used as 

controls. All animals used in this study were maintained and assayed in accordance with 

federal guidelines and those established by the Institutional Animal Care and Use 

Committee.   

Drug Treatments: For inducing injury in Club cells, naphthalene (Sigma-Aldrich) was 

dissolved in corn oil at 25 mg/ml concentration and administered intraperitoneally at a 

dosage of 250mg/kg. Lungs were harvested 72 hours after injury. For proliferation studies, 

mice were given intraperitoneal injections of 100mg/kg BrdU (Sigma) dissolved in sterile 

PBS 5 hours before sacrifice. For Akt inhibitor studies, MK-2206 HCl (Selleck Chemicals) 

was dissolved in 30% Captisol (Fisher) and administered orally at a dose of 120 mg/kg.   

Irradiation protocol: CT-based treatment planning and execution used the Small 

Animal Radiation Research Platform (SARRP) from Xstrahl (Suwanee, Georgia).  Animals 

were anesthetized with 2% isofluorane during CT-scanning and radiotherapy.  Three beams 
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were generated post CT, delivering a total dose of 14Gy to the left lobe of the lung(135). 

The mice were euthanized, and lungs harvested 3 months after the irradiation.  

Immunohistochemistry and fluorescence: All staining was performed on paraffin 

embedded sections. Samples were fixed in 4% para-formaldehyde for at least 24 hours. 

Tissue embedding, and sectioning was performed by Institutional Macromolecule Core 

Laboratory. Immunohistochemistry was performed with the Vectastain ABC Kit (Vector 

Labs) according to manufacturer’s instructions and mounted using Permount solution 

(Fisher). BrDU incorporated sections were stained using BrdU staining kit (Life 

Technologies) following company’s protocol. All counterstaining was performed using 

Hematoxylin solution (Vector Labs). Immunohistochemistry images were created using 

Labophot-2 microscope, captured using a 1080p HD 6MP microscope camera and processed 

using ISCapture software. Fluorescent stained sections were mounted using ProLong Gold 

Anitfade with DAPI and imaged by confocal microscopy (Zeiss LSM700) at 40x 

magnification. Average corrected fluorescence was measured using Image J software(136).  

Antibodies: Antibodies used included MDM2-N20, CCSP, SP-C, p-GSK3β, p53-FL393 

(Santa-Cruz Biotechnology), p-H3, Vimentin, p-β-Catenin Ser552 (Cell Signaling 

Technology), Ki-67 (Millipore), N-Cadherin (Thermo Scientific) and NICD (Abcam) were 

used according to manufacturer’s protocol.  For fluorescent immunostaining, BrDU was 

detected by mouse anti-bromodeoxyuridine (Becton Dickinson) primary antibody. All 

fluorescent staining was performed using Alexafluor 488-conjugted chicken anti-goat, 

Alexafluor 594-conjugated donkey anti-rabbit IgG and, Alexafluor 594-conjugated rabbit 
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anti-mouse secondary antibodies (Life Technologies) and mounted using ProLong Gold 

anti-fade reagent (Molecular Probes). Counter staining was performed using DAPI (Sigma).    

qPCR: RNA was isolated from lung accessory lobes and cDNA was synthesized using 

the Thermoscript Reverse Transcription-PCR system (Life Technologies). QPCR was 

carried out using a LightCycler system (Roche).  Primers were designed using OLIGO 5 

software (Molecular Biology Insights) and were synthesized by Integrated DNA 

Technologies. Reactions were performed in triplicate utilizing SYBR green dye, which 

exhibits a higher fluorescence upon binding of double-stranded DNA. The methods have 

been described previously (137). Reactions were performed in triplicate. 

Immunoblot analysis and quantification: Immunoblot analysis was performed 

following standard techniques. Antibodies are described above. Quantitative comparisons 

were performed using Quantity One 4.6.2 software (Bio-Rad). 

Statistics: For BrdU labeling, and BASC quantification, 16 different bronchioles were 

counted with the samples obtained from at least 3 different lungs preparations. All results 

are expressed as mean ± SEM. The significance of differences between sample means was 

determined by a Student’s t test. P values less than 0.05 were considered statistically 

significant. Average corrected fluorescence and re-epithelialization data was collected from 

blind images of five bronchioles in three different sets of mice.  Results were plotted using 

a Box-and-Whisker plot and significance of differences between sample measurements was 

determined by Mann-Whitney-Wilcoxon test. P values less than 0.05 were considered 

statistically significant. At least three mice of each genotype were used for each experiment. 

The experiments were done in triplicates. 
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Results.  

Mouse model characterization: Transgenic mouse lines carrying a plasmid 

(pTREtightMDM2) that expresses human MDM2 from a promoter with Dox-inducible 

response element (TRE) (Figure 22A) were generated and crossbred with CCSPrtTA 

transgenic mice (rtTA) that express the Dox-responsive reverse transactivator, rtTA, from 

CCSP promoter, and activates TRE (132).  Dox-induced MDM2 expression in lungs of these 

pTREtightMDM2 rtTA transgenic mice (tightMDM2) at RNA (Figure 22B) and protein 

levels (Figure 22C) was confirmed by quantitative PCR (QPCR) and immunoblot analysis 

respectively.  Cultured lung cells of these mice showed MDM2 expression after Dox-

treatment (Figure 22D).  Immunohistochemical (IHC) analysis of formalin fixed paraffin 

embedded (FFPE) lung tissue sections from Dox-treated tightMDM2 mice confirmed Dox-

induced MDM2 expression in the respiratory bronchioles with Club cells.  Sucrose-treated 

(Dox-untreated) mice or Dox-treated rtTA mice did not show significant MDM2 expression 

(Figure 22B, E).  These data indicate that tightMDM2 transgenic mice express MDM2 in 

lung bronchiole after Dox-treatment.  
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Figure 22. Generation of transgenic mice expressing human MDM2 in response to 

Doxycycline (Dox) in lung Club cells.  (a) pTREtightMDM2 construct designed to express 

MDM2 from a tetracycline response element (TRE)-controlled CMV promoter.  (b) MDM2 

RNA and (c) protein expression in lung tissue from pTREtightMDM2 CCSP-rtTA 

(tightMDM2) transgenic mice after Dox or sucrose(-Dox) treatment, and (d) MDM2 

expression in 0, 24 or 48 hours Dox-treated cultured lung cells from tightMDM2 mice.  

MDM2 transcript levels were determined by QRTPCR.  The bar graph (b) shows transcript 

levels normalized by GAPDH expression. MDM2 protein expression was determined by 
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immunoblot analysis using an antibody against human MDM2. Erk2 was used as loading 

control.  (e) Representative photographs showing immunostained lung tissue sections from 

tightMDM2 mice with and without Dox treatment and CCSP-rtTA transgenic mice (rtTA) 

after Dox treatment using antibody against human MDM2.  MDM2 protein expression 

(brown) can be detected in Club cells around the respiratory bronchiole (RB) after Dox-

treatment. 

 

 

Lung-specific induction of MDM2 expression in mice leads to expression of 

interphase markers but not DNA replication. Since elevated MDM2 levels may induce 

proliferation of Club or alveolar cells in lung tissue, expression of interphase markers by 

Dox-induced MDM2 in lung bronchiole was investigated by IHC staining of serial FFPE 

lung tissue sections from Dox-treated or untreated tightMDM2 and Dox-treated rtTA mice.  

MDM2-expressing lung cells (Figure 23A) around respiratory bronchioles showed more 

frequent and stronger expression of the interphase markers Ki67 (Figure 23B) and phospho 

(Ser10)-histone H3 (p-H3) (Figure 23C) compared to that of Dox-untreated tightMDM2 or 

Dox-treated rtTA mice, suggesting progression of cells to interphase by Dox-induced 

MDM2.  Consistently, lung tissue of Dox-treated tightMDM2 mice expressed higher levels 

of Cyclin D2 transcript compared to that of Dox-untreated tightMDM2 or Dox-treated rtTA 

mice (Figure 23D).  These data indicate that Dox-induced MDM2 expression from CCSP 

promoter overrides the restriction point of the cell cycle(138).  Although p-H3 has been 

implicated in chromosome condensation in mitotic cells, p-H3 is also found in interphase 

cells and is needed for phorbol ester (TPA)-induced transcriptional activation (139).  

Therefore, the ability of Dox-induced MDM2 to accelerate DNA replication in CCSP 

expressing cells was investigated.   
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Figure 23. Induction of MDM2 expression in lung Club cells increases expression 

of proliferation markers. (A-C) Immunostaining of serial FFPE lung tissue sections from 

Dox-treated (Dox+) or sucrose-treated (Dox-) tightMDM2 mice and Dox-treated rtTA mice 

show (A) MDM2 (brown), (B) Ki67 (brown), and (C) p-H3 (brown) expression in lung Club 

cells around respiratory bronchiole.  Representative photographs are shown.  (D) Cyclin D2 

transcript levels from lung tissues of Dox-treated control rtTA and Dox-treated or -untreated 

pTREtight rtTA MDM2 mice determined by QRTPCR.  Transcript levels were normalized 

by GAPDH expression and are shown by bar graphs. 

 

 

Introduction of a nucleotide analogue BrdU (bromo-deoxy uridine) in Dox-induced 

tightMDM2 mice, however, did not show any BrdU incorporation in the respiratory 

bronchiole region of lung, despite efficient MDM2 expression (Figure 24).  Dox-untreated 

tightMDM2 and Dox-treated rtTA mice showed similar data.  These data indicate that 

Dox-induced MDM2 expression from the CCSP promoter drives lung Club cells to 

interphase, but not to S phase and DNA replication.  
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Figure 24. Induction of MDM2 expression in lung Club cells do not induce BrdU 

incorporation.  Immunostaining of BrdU and MDM2 (brown) in serial lung tissue sections 

from Dox-treated tightMDM2 and rtTA mice. Representative photographs are shown. 

 

 

Elevated levels of MDM2 induces DNA replication consequent to depletion of 

club cells after naphthalene injury.  Lung is a highly quiescent organ with regenerative 

potential.  Depletion of Club cells reactivates the CCSP-expressing lung progenitor 

cells(140-142).  Since Dox induces MDM2 expression from the CCSP promoter in Club 

and CCSP-expressing progenitor cells, cell proliferating ability of MDM2 in tightMDM2 

mice was tested during regeneration of lung progenitor cells.  In mouse Club cells, an 

enzyme cytochrome P-450 2F2 efficiently generates cytotoxic metabolite, which depletes 

Club cells sparing naphthalene-resistant CCSP-expressing variant Club (vClub) or 

bronchioalveolar stem cells (BASC), which lack the enzyme(141, 142).  Depletion of Club 

cells is known to reactivate the regenerative potential of vClub and BASC cells (140-142).   

Accordingly, Dox-treated tightMDM2 or rtTA and Dox-untreated tightMDM2 mice 

were injected with naphthalene followed by BrdU, and were harvested at 72 hours after 

naphthalene treatment and 5 hours BrdU delivery.  Consistent with the literature, IHC 

analysis of serial FFPE lung tissue sections showed appearance of BrdU incorporating 

cells in tightMDM2 or control groups after naphthalene treatment (Figure 25A-C).  

However, Dox-treated tightMDM2 mice displayed doubled frequency of BrdU 

incorporating cells with MDM2 and CCSP co-expression in comparison to the control 

groups (Figure 25A-C).  These data indicate that Dox-induced MDM2 expression activates 
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DNA replication in naphthalene resistant CCSP expressing cells of lung bronchiole after 

naphthalene treatment.  
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Figure 25. Dox-induced MDM2 expression in Club cells of mouse lung increases 

frequency of DNA replicating lung progenitor cells after naphthalene injury leading to 

faster restoration of CCSP expressing epithelial layer.  (A)  Representative photographs 

showing Immunostained sequential FFPE lung tissue sections from Dox-treated tightMDM2 

or rtTA mice after naphthalene-treatment and BrdU delivery using antibodies against human 

MDM2 and BrdU.  Arrows indicate BrdU incorporation (brown) and MDM2 expression 

(brown) in similar region of lung bronchiole. (B)  Representative photographs showing 

immunostained tissue sections to detect BrdU incorporating (red nuclear fluorescence) 

CCSP expressing (extranuclear green fluorescence) cells.  (C) Frequency of BrdU 

incorporating CCSP positive cells in lung bronchioles of Dox+ rtTA and Dox- or Dox+ 

tightMDM2 mice are shown by a bar graph.  (D) Representative photographs showing CCSP 

(green) and SPC (red) co-expressing progenitor cells (arrows) in the lung bronchioles of 

Dox-treated tightMDM2 and rtTA mice detected by immunostaining. (E) Frequency of 

CCSP and SPC co-expressing cells in the lung bronchioles are shown by a bar graph.  (F) 

Representative photographs showing restoration of epithelial layers with CCSP expressing 

cells in bronchioles of Dox-treated tightMDM2 and rtTA mice.  (G) Box and Whisker plots 

comparing fraction of bronchioles restored in Dox-treated rtTA and tightMDM2 mice. In all 

graphs, p-values are indicated.  NS: not significant. 

 

Elevated levels of MDM2 induces expansion of CCSP and SPC labeled progenitor 

cells in lung bronchiole and bronchioalveolar duct junction (BADJ) inducing rapid re-

epithelialization of lung bronchioles. Induction of DNA synthesis consequent to depletion 

of Club cells suggests proliferation of lung progenitor cells for injury repair(140, 143).  

Therefore, consequence of Dox-induced MDM2 expression on expansion of lung progenitor 

cells (such as vClub and BASC cells), which restore bronchoalveolar epithelium, was 

examined.  Dox-treated tightMDM2 or rtTA mice were injected with naphthalene.  Since 

vClub and BASC cells express both Club cell marker CCSP and alveolar cell marker SPC, 

the presence of CCSP and SPC co-expressing cells in the bronchiole and bronchoalveolar 

duct junctions (BADJ) was investigated by immunostaining naphthalene-treated lung tissue 

sections with fluorescent dye-tagged antibodies.  Consistent with the increase in DNA 

replicating cells, a robust expansion of CCSP and SPC co-expressing cells in lung 
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bronchioles and BADJ of Dox-treated tightMDM2 mice was observed compared to that of 

rtTA mice (Figure 25D, E).  Furthermore, the ability of Dox-induced MDM2 to accelerate 

restoration of the bronchiolar epithelium after naphthalene injury was examined by 

immunostaining and quantifying the fraction of bronchioles that restored CCSP-expressing 

Club cells.  The results indicated that 66% of the bronchiole of Dox-treated tightMDM2 

mice was consistently repopulated compared to that of rtTA mice, which showed 45% 

repopulation at 72 hours after naphthalene treatment (Figure 25F, G) indicating accelerated 

restoration of bronchiolar epithelium by MDM2.  

 

MDM2 activates the signaling pathway for re-epithelialization and injury repair:  

Naphthalene injury activates cell signaling pathways for re-epithelialization(144).  

Accelerated epithelial regeneration by Dox-induced MDM2 expression suggest that MDM2 

may accelerate injury-induced signaling pathway.  Since human and mouse MDM2 activates 

Akt phosphorylation and thus phosphorylation of GSK3β, and Cyclin D2 expression in 

cultured lung cells (30, 31), ability of MDM2 to activate Akt signaling during epithelial 

regeneration consequent to naphthalene injury was determined.  After naphthalene 

treatment, a robust increase in Akt phosphorylation at Ser 473 (Figure 26A, B) and 

phosphorylation of Akt-substrates, phospho (Ser 9)-GSK3β (Figure 26C, D) and phospho 

(Ser 552)-β catenin (Figure 26E, F) was observed in CCSP expressing cells of lung 

bronchioles from Dox-treated tightMDM2 mice compared to that from rtTA mice.  These 

observations indicate that Dox-induced MDM2 expression accelerates Akt signaling 

initiated by naphthalene injury in CCSP expressing cells of lung bronchioles.  Since Notch-
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1 is required for regeneration of Club cells during airway injury repair (145), and GSK3β 

regulates Notch-1 function(146), ability of MDM2 to induce Notch-1expression, and nuclear 

translocation of Notch intracellular domain (NICD) in Club cells during injury repair was 

investigated.  As expected, Dox-induced MDM2 expression promoted expression of Notch-

1and nuclear translocation of NICD in CCSP expressing cells activating expression of HES-

1, a downstream transcriptional target of NICD (Figure 26G-J).  These data indicate MDM2-

induced activation of repair signaling pathway after naphthalene injury in lung.  
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Figure 26. MDM2 activates the signaling pathway for re-epithelialization 

consequent to naphthalene injury.  Lung tissue extracts or FFPE tissue sections from Dox-

treated rtTA and tightMDM2 mice were analyzed for Akt signaling pathway 72 hours after 

naphthalene treatment. (A, B) immunoblot analysis of Akt phosphorylation at Ser 473 (a) 

and a bar graph comparing band intensities (B), (C,D) immunostaining of GSK3β 

phosphorylation at Ser 9 (brackets) in CCSP expressing cells (C) and Box and Whisker plot 

comparing average fluorescence of each bronchioles (D), (E, F) immunostaining of phospho 

(Ser 552) β-Catenin (yellow brackets) in CCSP expressing cells (E) and Box and Whisker 

plots comparing average fluorescence of each bronchiole (F); (G) Immunostaining of 

activated Notch-1, NICD, (arrows) in CCSP expressing cells; (H-J) MDM2 (H), Notch-1 (I) 

and Hes-1 (J) transcript levels in lung tissue determined by QRTPCR. 

 

 

Inhibition of Akt abrogates MDM2-induced lung cell proliferation:  To further 

explore the significance of MDM2-induced Akt phosphorylation on replication of 
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bronchiolar progenitor cells, Dox-induced tightMDM2 mice were treated with an Akt 

inhibitor (MK2206) after naphthalene injury, and phosphorylation (Ser9) of GSK3β and 

BrdU incorporation in CCSP expressing cells in lung bronchiole were examined.  As 

expected, treatment with MK2206 reduced downstream GSK3β phosphorylation (Figure 

27A) indicating the effectiveness of the Akt inhibitor.  Furthermore, MK2206 also reduced 

number of BrdU-labeled CCSP expressing cells in bronchioles of Dox-treated tightMDM2 

mice (Figure 27B, C), indicating that the Akt signaling is needed for MDM2-induced 

proliferation of CCSP expressing cells.  
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Figure 27.  Inhibition of Akt abrogates MDM2-induced lung cell proliferation. 

(A-C) An Akt inhibitor (MK-2206) inhibits MDM2 activated GSK3β phosphorylation at 

Ser 9 (A) and BrdU incorporation in CCSP expressing cells (B).  Frequency of BrdU 

incorporating CCSP positive cells in the absence or presence of MK-2206 were quantified 

and shown by a bar graph (C).  Representative photographs are shown for all 

immunostained sections.  p-values are indicated. 
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MDM2 enhances expression of EMT markers consequent to naphthalene-induced 

lung injury: Since epithelial regeneration after naphthalene induced lung injury should 

involve EMT, expression of EMT markers, such as Vimentin and N-Cadherin expression in 

CCSP expressing lung progenitor cells were investigated.  The results (Figure 28A-D) 

indicated a remarkable increase in N-Cadherin and Vimentin in CCSP expressing cells in 

the bronchiole of Dox-treated tightMDM2 mice compared to rtTA control.  These data 

indicate that induction of MDM2 expression in CCSP expressing lung cells accelerates Akt 

signaling pathway after naphthalene injury leading to EMT. 
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 Figure 28. MDM2 enhances expression of EMT markers consequent to 

naphthalene-induced lung injury.   (A-D) immunostaining of N-Cadherin (A, arrows) and 

Vimentin (B, arrows) in CCSP expressing cells, and (C, D) immunoblot analysis of Vimentin 

(C) in lung tissue extracts along with a bar graph comparing band intensity (D).   
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Targeted induction of MDM2 expression in lung alveoli activates DNA replication 

after treatment with ionizing radiation:  To determine whether induction of MDM2 

expression in lung alveolar type II (ATII) cells activates DNA replication after injury, 

transgenic pTREtightMDM2 SPC-rtTA (SPC-tightMDM2) mice were generated by 

crossbreeding of pTREtightMDM2 with transgenic SPC (surfactant protein C)-rtTA mice.  

SPC-tightMDM2 mice express rtTA in lung alveolar type II cells, and thus induce MDM2 

expression after treatment with Dox (Figure 29).  Consistent with the results found in lung 

bronchiole, FFPE lung sections from SPC-tightMDM2 mice showed increased Ki67 

expression in alveolar epithelial cells upon Dox-treatment compared to Dox-untreated SPC-

tightMDM2 or Dox-treated SPC-rtTA mice (Figure 29).  Also, no BrdU incorporation was 

observed in any of the constructs after delivery of the nucleotide analogue (Figure 29).   
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Figure 29. Induction of MDM2 expression in lung alveolar cells increases expression of 

proliferation markers but does not induce BrdU incorporation in cells. Immunostaining 

of serial lung tissue sections from Dox-treated SPC-rtTA or Dox-treated or untreated SPC-

tightMDM2 mice show MDM2 (brown) and Ki67 (brown) expression, but not BrdU 

incorporating cells after BrdU delivery. Representative photographs are shown. 

 

 

To determine the contribution of MDM2 in ATII cell proliferation in response to lung 

injury, SPC-tightMDM2 and control SPC-rtTA mice were exposed to ionizing radiation 

(14Gy).  Since DNA labeling in ATII cells of mouse lung can be observed at 3 months post 

irradiation (147), contribution of MDM2 in ATII cell proliferation was determined using 

BrdU incorporation at 3 months after irradiation.  Consistent with the results observed in 

naphthalene induced Club cell depletion, appearance of BrdU positive SPC expressing cells 

were observed three months after radiation exposure in lung alveolar region of all irradiated 

mice.  However, Dox-treated SPC-tightMDM2 lung FFPE sections showed an increase in 

the frequency of BrdU labelled SPC expressing alveolar cells compared to that from Dox-

treated SPC-rtTA or Dox-untreated SPC-tightMDM2 mice (Figure 30A, B).  Furthermore, 

Dox-treated SPC-tightMDM2 lung sections also showed an increase in Vimentin expressing 

ATII cells compared to ATII cells of irradiated control groups (Figure 30C-E).  These results 

indicate that MDM2 accelerates proliferation and EMT of ATII cells after radiation injury. 
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Figure 30. Induction of MDM2 expression in lung alveolar cells from a Dox-

inducible SPC promoter increases frequency of DNA replicating lung progenitor cells 

in SPC-tightMDM2 mice after exposure to ionizing radiation.  (A)  Representative 

photographs of immunostained lung tissue sections from Dox-treated SPC-rtTA and Dox-

treated or untreated SPC-tightMDM2 mice harvested three months after exposure to ionizing 

radiation after BrdU delivery using antibodies against SPC and BrdU.  BrdU incorporating 

(green) SPC expressing (red) cells are shown by arrows in a box.  Lower panel shows 

enlarged picture. (B)  Frequency of BrdU and SPC co-expressing cells (box) are shown by 

a Box and Whisker plot.  Both Dox+ and Dox-p-values are indicated.  (C-E) Representative 

photographs of immunostained serial lung tissue sections to detect Vimentin expression in 

SPC expressing cells (C).  Arrows indicate similar areas in the serial sections. Immunoblot 

analysis (D) along with densitometry (E) of tissue extracts from Dox-treated SPC-rtTA and 

Dox-treated or untreated SPC-tightMDM2 mice, harvested three months after exposure to 

ionizing radiation.   

 

 

MDM2-induced re-epithelialization of lung bronchioles after naphthalene injury is 

independent of WT p53.  Increased frequency of proliferating lung progenitor cells by 

MDM2 could be a result of its ability to inactivate WT p53(126).  Since lung cancers with 

p53 mutation often show MDM2 overexpression(28, 148, 149), ability of MDM2 to 

accelerate DNA replication, expansion of CCSP and SPC co-expressing progenitor cells and 

re-epithelialization was determined in the absence of WT p53.  TightMDM2, LSL (lox-stop 

lox) R172H (knock-in) mice were generated that can co-express a p53 mutant p53-R172H 



84 

 

 

 

and MDM2 in CCSP-expressing cells after Dox-induction.  As in the case of tightMDM2, 

immunostaining of FFPE lung sections from these mice showed Dox-induced MDM2 

expression in the bronchioles of LSL R172H tightMDM2 mice increased the number of 

interphase cells expressing Ki67 and p-H3 markers (Figure 31A).  As expected, BrdU 

delivery did not show BrdU incorporating cells (Figure 31B).   

 

 

 

 

 

 

 

 



85 

 

 

 

Figure 31. Induction of MDM2 and p53-R172H co-expression in lung Club cells 

MDM2 overexpression increases expression of proliferation markers but does not induce 

BrdU incorporation. (A) Immunostaining of serial lung tissue sections from Dox-treated 

LSL R172H and LSL R172H, tightMDM2 mice show (A) Ki67 (brown), and p-H3 (brown) 

expression in lung Club cells around respiratory bronchiole, (B) but not BrdU incorporating 

cells after BrdU delivery. Representative photographs are shown. 

 

Naphthalene treatment activated BrdU incorporation in CCSP expressing cells, while 

bronchioles from MDM2 and p53 co-expressing mice consistently displayed a higher 

frequency of BrdU-labeled CCSP expressing cells compared to bronchioles from mice 

expressing p53-R172H alone (Figure 32B, C).  Consistently, MDM2 and p53-R172H co-

expressing bronchioles showed accelerated expansion of CCSP and SPC co-expressing cells 

compared to bronchioles with p53-R172H alone after naphthalene treatment (Figure 32D, 

E).  Furthermore, CCSP staining of injured lung bronchioles showed a robust increase in the 

efficiency of re-epithelialization of Dox-induced tightMDM2, LSL R172H bronchioles 

compared to LSL R172H bronchioles (Figure 32F, G).  These data indicate a WT p53-

independent contribution of MDM2 in naphthalene-induced injury repair in lung.  
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Figure 32. MDM2-induced DNA replication and re-epithelialization of lung 

bronchioles after naphthalene injury is independent of WT p53.  Representative 

photographs showing (A) Dox-induced CCSP-driven co-expression (brown) of MDM2 and 

mutant p53-R172H in lung bronchiole detected by immunostaining of serial lung tissue 

sections, (B) BrdU incorporation (red) in CCSP (green) expressing cells in lung bronchiole 

detected by immunostaining.  (C) Frequency of BrdU incorporating CCSP positive cells are 

shown by a bar graph.  (D) Representative photographs showing CCSP (green) and SPC 

(red) co-expressing progenitor cells (arrows) in lung bronchioles of Dox-treated LSL R172H 

or LSL R172H, tightMDM2 mice consequent to naphthalene injury were detected by 

immunostaining.  (E) Frequency of CCSP and SPC co-expressing cells in lung bronchiole 

are shown by a bar graph.  (F) Representative photographs showing restoration of epithelial 

layer with CCSP expressing cells in lung bronchioles of Dox-treated LSL R172H and LSL 

R172H, tightMDM2 mice 72 hours after naphthalene injury.  (G) Fraction of bronchioles 

restored have been compared using Box and Whisker plots. In all graphs, p-values are 

indicated.  

 

 

MDM2 is needed for repair of lung injury:  Ability of Dox-induced MDM2 to 

facilitate repair of naphthalene-induced lung injury, raised the possibility that MDM2 is 

needed for repair of lung injury.  Since loss of both alleles of mdm2 is embryonically lethal 

in the presence of WTp53, p53-/-:mdm2-/- mice, obtained infrequently, were tested.  

However, mice with loss of one or both alleles of mdm2 with p53-/- background proved to 

be vulnerable to naphthalene injury and did not survive more than 24 hours.  Since 24 hours 

could be inadequate to determine repair of naphthalene-induced lung injury, efficiency of 

repair were investigated in p53+/-:mdm2+/- mouse lungs compared to p53+/-:mdm2+/+ 

controls.  Accordingly, p53+/-:mdm2+/- and p53+/-:mdm2+/+ mice were injected with 

naphthalene followed by BrdU, and were harvested at 72 hours after treatment. 

IHC analysis of serial FFPE lung tissue sections from p53+/-:mdm2+/- mice showed a 

robust reduction of BrdU labeled CCSP positive cells (Figure 33A, B) and a consistent 

decrease in CCSP and SPC co-expressing cells in the bronchiole and BADJ compared 
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sections from p53+/-:mdm2+/+ mice (Figure 33C, D).  In addition, bronchioles of p53+/-

:mdm2+/- showed reduced efficiency of re-epithelialization (Figure 33E, F).  These data 

indicate that loss of one endogenous mdm2 allele impedes repopulation of bronchiolar 

epithelium after naphthalene injury, signifying that MDM2 is needed for injury repair.   
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Figure 33. Loss of one mdm2 allele reduces efficiency of re-epithelialization after 

naphthalene injury.  p53+/-:mdm2+/+ and p53+/-:mdm2+/- mice were harvested 72 hours 

after naphthalene injury and 5 hours after BrdU delivery, and FFPE sections of lungs were 

analyzed by immunostaining. Representative photographs showing (A) BrdU incorporation 

(red) in CCSP (green) expressing cells in lung bronchioles, (B) a bar graph showing 

frequency of BrdU incorporating CCSP positive cells, (C) representative photographs 

showing CCSP (green) and SPC (red) co-expressing progenitor cells (arrows) in lung 

bronchioles, (D) a bar graph showing frequency of CCSP and SPC co-expressing cells in 

lung bronchioles, (E) representative photographs showing restoration of epithelial layer with 

CCSP expressing cells in lung bronchioles, (F) Box and Whisker plots to demonstrate 

fraction of bronchioles restored. In all graphs, p-values are indicated.   

 

 

Discussion. 

This chapter demonstrates that increased expression of human oncoprotein MDM2 

accelerates proliferation and expansion of lung progenitor cells in response to naphthalene 

and radiation injury along with rapid repopulation of lost epithelial layers (Figure 23, 29, 

30).  Consistently, the presented data also show that loss of one endogenous allele of MDM2 

impedes proliferative activities of lung progenitor cells and restoration of bronchiolar 

epithelium implicating MDM2 in epithelial restoration after lung injury (Figure 33).  

Presented data also show that lung injury in the context of MDM2 overexpression leads to 

accelerated proliferation and EMT of lung progenitor cells.  While these data reveal a novel 

role of MDM2 in repair of lung injury (Figure 34), it also suggests a mechanism by which 

deregulated progenitor cell proliferation after lung injury may induce tumor formation or 

may facilitate lung fibrosis.  Since lung injury has been reported to generate growth factors 

(144, 150), increased or sustained exposure to growth factors could also cooperate with cell 

proliferative activities of MDM2.  Arguing for this hypothesis, co-occurrence of MDM2 and 

growth factor overexpression in human cancers (151-153) has often been reported signifying 
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their cooperation during tumorigenesis.  These observations are consistent with earlier 

reports suggesting resistance of cancer cells with MDM2 overexpression to radiation therapy 

(126, 154). 

Although p53-independent oncogenic functions of MDM2 have gained attention 

recently (155, 156), biological functions of MDM2 including its tumorigenic ability have 

been primarily ascribed to its E3-ubiquitin ligase functions, particularly to its ability to 

inactivate and degrade tumor suppressor p53 (126, 157).  While MDM2 overexpression is 

common in human lung cancer (126), how MDM2 overexpression establishes cell 

proliferation in normal adult lungs, and whether inactivation of WT p53 is responsible for 

this function is not known.  The presented data indicate that although MDM2 overexpression 

drives Club or alveolar epithelial cells to interphase, it requires injury-induced signaling to 

motivate the cells to replicate DNA.  Proliferative activity in adult lungs are mostly detected 

as a response to injury (141), which is known to induce secretion of growth factors, eliciting 

the injury signaling pathway, and  causing progenitor cell proliferation and re-

epithelialization (144, 150).   

MDM2 is capable of Akt phosphorylation(30), and the presented data indicate that this 

activity of MDM2 is needed for inducing DNA replication in lung progenitor cells and re-

epithelialization of bronchiolar epithelium.  Transient up-regulation of MDM2 facilitates 

repair of lung injury, while inhibition of MDM2-induced Akt signaling prevents 

proliferation of lung progenitor cells that endogenously overexpresses MDM2 (Figure 26, 

27).  However, the Akt inhibitor did not ablate basal proliferative activity induced by lung 

injury (Figure 26B, C), suggesting the presence of an alternative Akt-independent pathway 
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operative in lung.  These observations signify that inhibition of Akt signaling in the context 

of MDM2 overexpression may restrict deregulated progenitor cell proliferation and therefore 

fibrosis or tumor formation after lung injury.  This observation could be clinically important, 

because if cell proliferative activity of MDM2 consequent to lung injury is due to its Akt 

phosphorylation function, an Akt inhibitor rather than the inhibitors of MDM2-p53 

interaction would be needed to combat expansion of MDM2-overexpressing lung progenitor 

cells. 
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Figure 34. Consequence of lung injury in the context of MDM2 overexpression. 

MDM2-induced Akt phosphorylation accelerates proliferation of lung progenitor cells 

restoring epithelial layer depleted by injury.   

 

Conclusion.  

The presented data is consistent with earlier reports that MDM2 contributes to wound 

repair (130, 158) or renal development (129), and maintenance of hematopoietic stem cells 

(159).  However, these studies were essentially designed to determine the consequence of 

WTp53 degradation by MDM2, and therefore is distinct from the observed WTp53-

independent regenerative properties that accelerate DNA replication, expansion of lung 

progenitor cells, and re-epithelialization even in the context of p53 mutation.   

While the presented data reveals a novel role of MDM2 in accelerated repair of lung 

injury, it also suggests a mechanism by which deregulated progenitor cell proliferation after 

lung injury may induce tumor formation or may facilitate lung fibrosis.  Since lung injury 

has been reported to generate growth factors (144, 150), increased or sustained exposure to 

growth factors could also cooperate with cell proliferative activities of MDM2.  Arguing for 

this hypothesis, co-occurrence of MDM2 and growth factor overexpression in human 

cancers (151-153) has often been reported signifying their cooperation during tumorigenesis.   
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Implication of GOF p53 mediated DNA replication stress on genetic 

instability and tumorigenesis.  

The work presented in this chapter has been published in the Journal of Clinical 

Investigation (J Clin Invest. 2017 May 1;127(5):1839-1855.) ChIP analysis and sequencing 

assays were performed by Catherine Vaughan. 

 

Introduction.  

Loss of WT p53 or expression of GOF p53 are both known to deregulate the cell cycle 

and to induce untimely S phase entry (160), yet GOF p53 also specifically confers a selective 

proliferation advantage.  To determine the mechanism of GOF p53-dependent growth of 

cancer cells, we investigated the architecture of genome duplication in the presence and 

absence of GOF p53.  Since GOF p53 mutation is prevalent in lung cancer, human lung 

cancer or primary mouse lung cells were used for these experiments.  Our data indicate that 

in comparison to p53-null, p53-depleted or loss of function (non-GOF) p53-expressing cells, 

lung cells with GOF p53 show a higher frequency of origin firing at early S phase, promoting 

rapid genome duplication with errors, as demonstrated by early entry into mitosis and 

increase in micronuclei formation.  Consistent with its increased origin firing activity, GOF 

p53 increased expression of the intra-S phase checkpoint kinase, Chk1, known to prevent 

collapse of replication forks.  Thus, in comparison to p53-/- cells, cells with GOF p53 show 

higher levels of Chk1 and phosphorylated Chk1 and reduced frequency of replication fork 

https://www.ncbi.nlm.nih.gov/pubmed/28394262
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collapse.  In contrast, p53-/- or p53-depleted cells show decreased origin firing, higher 

frequency of replication fork collapse and increased levels of chromatin associated γH2AX.  

Compromise of GOF p53-mediated transcriptional activation abrogated its ability to increase 

origin firing, form micronuclei and activate the intra-S phase checkpoint, re-establishing 

replication fork collapse and reduced cell proliferation.  Genome-wide analyses revealed that 

GOF p53 recognizes the promoters of Cyclin A, needed for origin firing (161-163), and 

Chk1, needed for preventing collapse of replication forks (164-166), and activates their 

expression in a cell cycle dependent manner at the level of transcription. 

Collapse of replication forks is known to induce either cell death or gross chromosomal 

rearrangement due to incomplete DNA replication (167, 168).  Consistently, experiments 

utilizing a mouse xenograft model revealed that inhibition of Chk1 reduced the size of 

tumors generated from a human lung cancer cell line with GOF p53 mutation more 

efficiently than GOF p53 knockdown cells, and selectively reduced proliferation of cultured 

lung cancer cells with GOF p53 mutation.  These data provide compelling evidence that 

GOF p53 establishes oncogene addiction in cancer cells by generating and fostering DNA 

replication forks, and inactivation of these functions of GOF p53 may represent a promising 

therapeutic avenue in cancer.  

 

Materials and methods.  

Plasmids, lentiviral vectors and cell lines:  Generation of plasmids, lentiviruses and 

stable transfectants expressing GOF p53 or shRNA against GFP or p53 has been carried out 

using pLKO.1 expression vector purchased from Open Biosystem (Lafayette, Co) following 
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supplier’s protocols.   Lung cells from mice were generated and cultured following standard 

protocols (30, 31). CCNA2 promoter is a gift from Dr. Toshio Nikaido (169).  CHEK1 

promoter was constructed by isolating upstream promoter region. H1299 and H1048 cell 

lines were obtained from American Type Culture Collection (ATCC). VMRC cell line was 

obtained from JCRB Cell Bank (Japan).  

Animals:  p53-null and p53 R172H knock-in (KI) mice were generated by crossbreeding 

corresponding heterozygous (p53+/- and p53R172H/WTp53 respectively) mice [gifts from 

Guillermina Lozano (34, 170)]. Nude mice were obtained from Jackson Laboratory.  

Chemicals and Drugs:  Iododeoxyuridine (IdU) and chlorodeoxyuridine (CldU) were 

purchased from Sigma.  PHA767491 (Tocris Bioscience) was used at a concentration of 10 

μM for indicated times (101, 102).  Chk1 inhibitor PF-00477736 was purchased from 

(Sigma) and used at a concentration of 50 nM for 24 hours for treatment of cultured cells 

and 10 mg per kg for treatment of tumors (171). 

Antibodies: Antibodies used included anti-p53 (sc-6243), Chk1 (sc-56288), Cyclin A 

(sc-751) , ERK-2 (sc-154), Actin (sc-47778) from Santa-Cruz Biotechnology, phospho Chk1 

(2348s) from Cell Signaling Technology, γ-H2AX (05-636) and H3 (1953330) from  

Millipore, were used per manufacturer’s protocol.  Mitotic cells were identified by staining 

with α-Tubulin antibody (T9026) from Sigma. Anti-human p53 monoclonal antibody was a 

gift from David Lane.  IDU was detected by mouse anti-bromodeoxyuridine (347580) from 

Becton Dickinson primary antibody and Alexafluor 594-conjugated rabbit anti-mouse and 

Alexafluor 594-conjugated goat anti-rabbit (Life Technologies) secondary and tertiary 

antibodies respectively.  Cldu was detected by rat anti-bromodeoxyuridine (OBT0030G) 



99 

 

 

 

primary antibody from Accurate, and Alexafluor 488-conjugated chicken anti-rat and 

Alexafluor 488-conjugated goat anti-chicken (Life Technologies) secondary antibodies.  

Detection of replicating nuclei:  Replicating nuclei were detected following methods 

described earlier (31).  Briefly, density arrested cells were replated on cover slips and labeled 

with 40 μM Iodo deoxy uridine( IdU) for 20 minutes at desired time after replating.  IdU 

was washed off using PBS.  Cells were fixed with 3% paraformaldehyde solution.  Fixed 

cells were treated for 5 minutes with 0.5% triton X-100, followed by 1 hour treatment with 

2.5 N HCl to denature the DNA, and neutralized with three washes of 0.1M sodium borate.  

Cells were then washed with 0.1% tween in PBS (wash buffer) and blocked in 2% BSA in 

wash buffer for an hour.  The cells were then sequentially incubated with primary and 

Alexafluor 594-conjugated secondary antibodies each for an hour in 1% BSA in wash buffer.  

The cover slips were washed and mounted on slides with Prolong Gold Antifade with DAPI 

(4’, 6’- diamino-2-phenylindole hydrochloride, Life Technologies) and imaged using 

confocal microscopy (Zeiss LSM700). 

Detection of replicating cells by flow cytometry:  Flow cytometric analysis of 

replicating cells was performed using methods described earlier (88, 172).  Cells were 

labeled with nucleotide analogue bromodeoxy uridine (BrdU) as described above.  For flow 

cytometry, cells were fixed with 70% ethanol at 4°C overnight.  Acid base treatment and 

immunostaining were conducted using protocol described above using an Alexafluor 488 

conjugated anti-BrdU antibody (BD Biosciences).  DNA was stained with propidium Iodide 

(PI). The samples were analyzed using a BD FACScanto II flow cytometer using BD FACS 

Diva software. 
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Identification of DNA replication origin firing:  DNA replication origin firing was 

determined by DNA fiber spreading analysis following published protocols (31, 99, 100, 

173).  Briefly, cells were pulse-labeled sequentially with nucleotide analogues IdU (40 μM) 

and CIdU (100 μM) to track the replication pattern and directionality of fork movement. 

Cells were collected by trypsinization, and genomic DNA of approximately 600 cells was 

aligned on slides by fiber spreading as described earlier. Slides were then air dried and fixed 

3:1 methanol/acetic acid and dried overnight.  After acid treatment (2.5N HCl 30 minutes) 

and blocking (2% BSA in PBS), DNA fibers on slides were immunostained with primary 

antibodies against IdU and CIdU followed by fluorescently-labeled secondary and tertiary 

antibodies, washed dried and mounted in Prolong Gold Antifade (Life Technologies).  

Images were collected by confocal microscopy (Zeiss LSM700).  Newly initiated single 

origins were detected as red track flanked on both sides by green track as explained in Figure 

4A.  Approximately 150 to 200 fibers from each sample were scored and analyzed using 

Image J software (NIH). 

Cell cycle analysis and detection of mitotic nuclei:  Cell cycle analysis was performed 

by ethanol fixation and propidium iodide staining at different time intervals after replating 

density arrested cells and flow cytometry (BD FACSCanto II).  Cell cycle analysis was 

performed using BD FACSDiva software.  For identification of mitotic nuclei, density 

arrested cells were replated on coverslips and fixed using 3% paraformaldehyde. The cells 

were then treated with 0.1% triton X-100 for 10 minutes, followed by PBS washes and 1 

hour blocking in 5% BSA.  The primary antibody incubation was performed in the blocking 

buffer for 1 hour followed by PBS wash and 1-hour incubation with Alexa 488-conjugated 
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secondary antibody.  Cells were briefly stained with DAPI solution, washed and mounted 

on slides using Prolong Gold Anitfade and imaged by confocal microscopy (Zeiss LSM700) 

at 40x magnification. 

Detection of micronuclei:  Cultured cells were plated on coverslips and fixed using 3% 

paraformaldehyde, mounted on slides with Prolong Gold Antifade with DAPI and imaged 

using confocal microscopy (Zeiss LSM700).  Presence of micronuclei was examined for 500 

randomly selected cells.  

Detection of γH2AX:  Cultured cells were washed with PBS and harvested.  The cell 

pellet was digested in lysis buffer (10mM HEPES pH 7.9, 1.5mM MgCl2, 10mM KCl, 

0.5mM DTT, 1.5mM PMSF) containing 0.2N HCl for 30mins.  The supernatant was 

neutralized with phosphate buffer.  Chromatin bound γH2AX was detected by immunoblot 

analysis.  For detection of γH2AX foci, cultured cells were plated on coverslips and fixed 

using 3% paraformaldehyde.  The cells were then treated with 0.1% triton X-100 for 10 

minutes, followed by PBS washes and 1 hour blocking in 5% BSA.  The primary antibody 

incubation was performed in the blocking buffer for 1 hour followed by PBS wash and 1 

hour incubation with Alexa 488-conjugated secondary antibody.  Coverslips were mounted 

on slides using Prolong Gold Anitfade with DAPI and imaged by confocal microscopy (Zeiss 

LSM700) at 40x magnification. 250 cells were randomly examined for presence of γH2AX.  

Immunoblot analysis and quantification:  Immunoblot analysis was performed 

following standard techniques.  Antibodies have been described above.  Quantitave 

comparisons were performed using Quantity One 4.6.2 software (Biorad). 
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RNA extraction and sequencing:  Total RNA was isolated from exponentially growing 

cultured cells lines using TRIZOL reagent (Life Technologies) following supplier’s 

protocols.  For RNA sequencing, 4ug of total RNA was processed and sequenced at 

Donnelly Sequencing Center at the University of Toronto.  RNA samples were run on the 

Illumina HiSeq 2500 System and individual fastq files were used for analysis.  Sequences 

were aligned to the human genome (HG19) and analyzed using the DNASTAR ArrayStar 

(version 12) software.  All RNA-Seq experiments were normalized by assigned Reads Per 

Kilobase of template per Million (RPKM) mapped reads.   

Chromatin Immunoprecipitation (ChIP) analysis and sequencing:  ChIP and ChIP-

seq was performed using standard methods (174).  Briefly, exponentially growing H1299 

cells expressing either empty vector or the p53 mutant p53R273H were fixed with 

formaldehyde, extracted and immunoprecipitated with antibodies against p53 (DO1 and FL-

393, Santa Cruz Biotechnology).  DNA fragments were eluted from immunoprecipitates, 

reverse crosslinked and purified.  Purified DNA (150ng) was sequenced at the Donnelly 

Sequencing Center at the University of Toronto.  ChIP samples were run on the Illumina 

HiSeq 2500 System and individual fastq files were used for analysis.  Sequences were 

aligned to the human genome (HG19) and analyzed using the DNASTAR ArrayStar (version 

12) software.  Peaks were visualized using a SeqMan Pro software (DNASTAR).  ChIP-Seq 

experiments were normalized by Reads assigned Per Million mapped reads (RPM).  Regions 

on the genome that showed binding of p53 in the p53-R273H expressing cells but no binding 

in the vector cells or where there was greater than 1.5-fold higher binding in the p53-R273H 

cells were considered significant.  Gene lists for the RNA-seq and ChIP-seq were compared 
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to determine which were up-regulated by mutant p53 and which also have p53 binding to 

the promoter. For ChIP analysis, DNA samples were suspended in water and the presence 

of cyclin A and chk1 promoter fragments were analyzed by three contiguous sets of primers. 

Generation of cDNA and quantitative PCR (QPCR):  RNA extraction, cDNA 

preparation and QPCR were performed following standard protocols (175).  cDNA was 

synthesized using the Thermoscript Reverse Transcription-PCR system (Life Technologies). 

QPCR was carried out using a LightCycler system (Roche).  Primers were designed using 

OLIGO 5 software (Molecular Biology Insights) and were synthesized by Integrated DNA 

Technologies. Reactions were performed in duplicates utilizing SYBR green dye, which 

exhibits a higher fluorescence upon binding of double-stranded DNA.   

Analysis of Cyclin A and Chk1 Promoter activity:   H1299 cells were transfected with 

200 ng of luciferase reporter plasmid (pGL3), with luciferase reporter under the control of 

CCNA2 (169) or CHEK1 promoter sequences or empty pGL3 basic vector (Promega, 

Madison, WI) and 1 ug of the indicated p53 expression plasmid using Lipofectamine 2000 

(Invitrogen) following the manufacturer’s instructions.  Cell lysates were prepared 48 hours 

after transfection, and luciferase activity was determined. Luciferase analysis was carried 

out using the luciferase assay system (E1500) and instructions from Promega.  Experiments 

were performed in triplicate as described before (86). 

Xenograft studies: Nu/nu mice were used for the tumorigenicity studies. Eight-week-

old mice were injected with 1×107 cells subcutaneously in both flanks and measured 

periodically following published protocols (176).  H1048 cell line expressing shRNA against 

p53 or GFP was used. Tumor size was assessed at day 10 and mice were equally distributed 



104 

 

 

 

into two groups to receive daily 10mg/kg of PF-0047773 dissolved in 2% DMSO, 40% PEG 

or vehicle by intraperitoneal injection.  

Statistical analysis:  Unless otherwise specified, all experiments were performed in 

triplicates and representative data is shown. Presence of bi-directional origins as well as 

collapsed forks detected by sequential labeling of replicating DNA in different samples in 

each experiment set was compared using student’s t test.  Percent mitotic cells between 

different samples were compared using Student’s t test. Micronuclei per cell for different 

samples were evaluated using chi-square test. QPCR reactions were performed in duplicates 

and repeated in three independent experiments. All the immunoblots have been repeated 

three times and representative data is shown. Unless otherwise specified for all the 

experiments a p-value of less than 0.05 was considered significant.  

Study Approval: All animals used in this study were maintained and assayed in 

accordance with federal guidelines and those established by the Institutional Animal Care 

and Use Committee at the Virginia Commonwealth University, Richmond, Virginia. 

 

Results.  

GOF p53 mutation and loss of WT p53 hasten time of S phase entry to a similar 

extent. While loss of p53 deregulates the cell cycle to enter S phase (160), several 

laboratories have demonstrated that GOF p53 accelerates cell proliferation and tumor growth 

in comparison to p53-null or knockdown cells (86, 177) and up-regulates expression of cell 

proliferating genes (175).  Therefore, experiments were carried out to determine whether 

GOF p53 hastens the time of S phase entry compared to p53-null cells.  Short-term cultures 
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of lung cells from p53R172H (human R175H) knock-in (KI) and p53-null mice were 

partially synchronized by density arrest, and their ability to incorporate the nucleotide 

analogue IdU (iododeoxyuridine) was determined at various times after replating by 

immunostaining IdU, and scoring IdU labeled cells using confocal microscopy.  The data 

showed that lung cells from p53-null and p53R172H-KI mice entered S phase at similar 

times with 20 to 23% cells incorporating IdU at 12 hours after replating density arrested 

cells, while lung cells from normal (WTp53) mice show 5 to 7% IdU labeled cells under 

similar conditions (Figure 35).  These data suggest that the absence of p53 or presence of 

p53R172H hastens S phase entry to a similar extent.  
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Figure 35. GOF p53 mutants do not hasten the S phase entry of cells.  The figure 

shows representative images of lung cells from (A) p53R172H-KI (R172H), p53-/- and WT 

(p53 WT) mice pulse-labeled with IdU at 12 hours after confluence-arrest and replating.  

Cells were immunostained by Alexa 594 tagged IdU antibody, stained with DAPI and 

analyzed by confocal microscopy (20X).  Lung cells from two different mice for each 

construct were analyzed.  Two hundred nuclei were scored in each experiment.  Percent of 

nuclei incorporating IdU in lung cells from p53R172H-KI, p53-/- or p53 WT mice are shown 

by bar graphs. The p-values calculated using Student’s t test is shown at the bottom of the 

bar graph.  ns: Not significant 

 

Compared to p53-null cells, the frequency of DNA replication origin firing is higher 

in cells expressing GOF p53 mutants.  Since GOF p53 mutants activate expression of 

genes required for DNA replication (175), the ability of these mutants to increase firing of 

DNA replication origins during S phase entry was determined.  To determine if GOF p53 

mutants alter frequency of DNA replication origin firing in otherwise normal cells, lung cells 

from p53-/- and p53R172H-KI mice were cultured and the frequency of origin firing during 

early S phase was determined using fiber analysis of replicating DNA using methods 

published earlier (31, 100, 173).  Cells were partially synchronized by density-arrest and 

replating, and sequentially labeled with IdU and CldU at early S phase.  Cellular genomic 

DNA was then spread on slides and replicating DNA fibers were detected by 
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immunostaining of incorporated IdU and CldU using red and green fluorescence tagged 

antibodies respectively followed by confocal microscopy.  Scoring of bidirectional origins 

in untangled immunostained DNA fibers revealed that the frequency of origin firing in lung 

cells from p53R172H-KI mice was at least double of that in lung cells from p53-null mice 

(Figure 36A-C), whereas frequency of origin firing in replicating lung cells isolated from 

normal mice (WT p53) was approximately 3-fold lower than that in p53-null mice (Figure 

36B) as expected.  These results suggest that the presence of the GOF p53 mutant R172H in 

non-transformed lung cells accelerates the frequency of origin firing at early S phase.  
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Figure 36. Compared to p53-null or -depleted cells, transformed or non-

transformed lung cells harboring GOF p53 fire more DNA replication origins at early 

S phase. Fiber images (A) display bi-directional origin, elongating or terminating forks. 

Percent of origins in replicating fibers from lung cells of p53-/-, p53R172H-KI (R172H) and 

WT (p53WT) mice (B), and mock-depleted (shGFP) or p53-depleted (shp53) lung cancer 

cell lines H1048 (D), which harbors R273C, and VMRC, which harbors R175H, (F) are 

shown by bar graphs. Expression of p53 was determined by immunoblot analysis in each 

experiment (C, E, G). WT p53 expression (C) was visualized by analyzing higher protein 

(6-fold over p53R172HKI lung cell extract) and longer exposure. Actin is a loading control. 

Lung cells from two mice of each construct or two clones stably expressing shGFP or shp53 

were analyzed. The p-values calculated using Student’s t test are shown at the bottom of the 

bar graphs. 
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Knockdown of GOFp53 mutant in human lung cancer cells reduces the frequency 

of origin firing.  The ability of GOF p53 mutants to increase origin firing in a human lung 

cancer cell line that naturally expresses GOF p53 was also determined.  For this purpose 

endogenous p53R273C expression in the human SCLC lung cancer cell line H1048 or 

R175H expression in human NSCLC VMRC cell line was stably knocked down by 

expressing shRNA against p53 (shp53) or a control shRNA against GFP (shGFP) from a 

lentiviral expression vector (86).  H1048 and VMRC cells stably expressing shGFP or shp53 

were synchronized by density arrest and replating.  Fiber analysis of replicating DNA from 

these cells was performed as described above.  Scoring of bi-directional origins in untangled 

immunostained DNA fibers showed that knockdown of endogenous p53 significantly 

reduced frequency of origin firing in both the cell lines (Figure 36D-G).  These results 

indicate that GOF p53 mutants accelerate firing of DNA replication origins at early S phase 

in cells harboring p53 mutation. 

 

GOF p53 upregulates expression of intra-S phase checkpoint kinase Chk1 

preventing collapse of replication forks.  Hyper-replicative activities of oncogenes induce 

cellular checkpoint responses (106, 109) to prevent collapse of progressing replication forks, 

and thus cell death (164, 166, 178, 179).  Intra-S phase Chk1 is known to protect replication 

forks, while inactivation of Chk1 leads to fork collapse, which could be evidenced by 

phosphorylation of histone H2AX (γH2AX) (164, 166, 178).  Since GOF p53 accelerates 

origin firing at early S phase, its ability to activate intra-S phase checkpoint for preventing 

collapse of replication forks in cells harboring the mutation was investigated.  For this 
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purpose, lung cells from p53-null and p53R172H-KI mice were partially synchronized by 

density arrest and replating, and the cell extracts were analyzed for Chk1 expression and 

phosphorylation at S345 by immunoblot analysis.  Results (Figure 37A) of these 

experiments revealed that in comparison to lung cells from p53-/- mice, lung cells from 

p53R172H-KI mice show a significantly higher level of p-Chk1 (9- to 10-folds) and Chk1 

(2- to 3-folds) at early S phase in repeated experiments, suggesting that GOF p53 may 

increase Chk1 phosphorylation during increased origin firing by up-regulating Chk1 

expression. 

Since GOF p53 increases Chk1 and p-Chk1 levels, the oncoprotein may reduce 

replication fork collapse, and therefore γH2AX foci formation.  The presence of chromatin 

associated γH2AX in lung cells from p53-null and p53R172H-KI mice was determined by 

acid extraction of γH2AX from the chromatin fractions and immunoblot analysis.  The result 

of this experiment showed that compared to lung cells from p53-null mice, chromatin 

associated γH2AX levels in lung cells from p53R172H-KI mice were drastically reduced 

(Figure 37A, B).  Similar analysis using mock-depleted or p53 depleted H1048 human lung 

cancer cells stably expressing non-targeting shGFP or shp53 showed reductions in p-Chk1 

and Chk1 levels and increases (approximately 2- to 6-fold) in γH2AX levels in shp53 

expressing H1048 cells compared to H1048 cells expressing shGFP (Figure 37C, D).  These 

results indicate that expression of GOF p53 increases p-Chk1 and Chk1 levels and reduces 

chromatin bound γH2AX levels, signifying that checkpoint activation by GOF p53 prevents 

collapse of replication forks and thus γH2AX foci formation. 
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Next, the ability of GOF p53 to reduce frequency of replication fork collapse was tested.  

For this purpose, partially synchronized lung cells from p53-null and p53R172H-KI mice 

were sequentially labeled for 20 minutes with IdU and 20 minutes with CldU at early S 

phase.  Replicating fibers and direction of fork progression were detected in these cells by 

immunostaining IdU and CldU with red and green fluorescence tagged antibodies, 

respectively.  It was reasoned that if the progressing forks collapse during the incorporation 

of IdU, these forks should not incorporate CldU, and therefore the red-only tracks should 

indicate collapse of progressing replication forks (Figure 37E).  Untangled replicating DNA 

fibers were scored for the presence of red-only tracks.  Result of this experiment revealed 

that in comparison to lung cells from p53-null mice, the frequency of red-only tracks was 

drastically reduced in lung cells from p53R172H-KI mice (Figure 37E, F) indicating a 

reduction in fork collapse in lung cells expressing p53R172H. 

Reduction of replication fork collapse due to activation of Chk1 expression by GOF p53 

should reduce chromatin association of γH2AX.  To complete the analysis of GOF p53 

mediated modulation of fork collapse, this possibility was examined.  For this experiment, 

cultured lung cells from p53R172H-KI mice were treated with a Chk1 inhibitor, 

PF00477736.  Chromatin associated γH2AX was extracted and analyzed by immunoblot 

analysis.  Results of this experiment indicated that the Chk1 inhibitor PF00477736 elevates 

the levels of chromatin-associated γH2AX more than 6-fold (Figure 37G, H), as opposed to 

1.6-fold increase in p53-null lung cells.  Consistent with earlier studies (12, 171), inhibition 

of Chk1 upregulated RPA phosphorylation (at Ser 4 and 8) due to generation of replication 

stress (Figure 37G).  These data indicate that the GOF p53-mediated reduction in γH2AX 
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can be overridden by inhibition of Chk1.  These observations signify that cell proliferation 

induced by GOF p53 is at least partly due to its ability to increase expression of Chk1, 

activity of which prevents collapse of increased number of replication forks generated by 

the mutant protein, allowing rapid completion of genome duplication and cell proliferation 

sooner than p53-null cells.  Thus, the ability of GOF p53 to upregulate Chk1 expression, and 

therefore its activity, may contribute to its ability to confer an addictive influence to the cells 

expressing the mutant protein. 
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Figure 37. GOF-p53 activates intra-S phase checkpoint preventing collapse of 

replication forks. Detection of p-Chk1, Chk1 and chromatin associated γH2AX by 

immunoblot analysis using (A) lung cells of p53-/- and p53R172H-KI (R172H) mice, and 

(C) mock-depleted (shGFP) or p53-depleted (shp53) H1048 lung cancer cells. For detection 

of chromatin associated γH2AX, insoluble chromatin fraction was acid-extracted and 

analyzed by immunoblotting. Band intensities of γH2AX normalized by H3 levels are shown 

by bar graphs (B, D). Lung cells from two mice of each construct or two clones stably 

expressing shGFP or shp53 were analyzed. The experimental strategy for detection of 

replication fork collapse by fiber analysis is shown by a cartoon (E). Collapse of progressing 
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replication forks was assayed by fiber analysis of replicating DNA. The bar graph (F) 

compares the percent of red-only tracks (indicated by arrows in the fiber images) in 

replicating fibers. Approximately 200 untangled fibers from each sample were scored. The 

p-value calculated using Student’s t test is indicated at the bottom of the bar graph (F). Lung 

cells from two mice of each construct were analyzed. Chromatin associated γH2AX levels 

in lung cells from p53-/- and R172H mice after treatment with a Chk1 inhibitor, PF477736, 

were determined by immunoblot analysis (G). γH2AX band intensities normalized by H3 

levels are shown by bar graphs (H). Phosphorylated (Ser4/8) RPA (p-RPA) was detected by 

immunoblot analysis (G) to ensure activity of PF477736.  

 

 

GOF p53 promotes rapid genome duplication and mitotic entry.  Increased number 

of origin firing, and successful progression of generated replication forks should lead to rapid 

genome duplication.  Therefore, we determined whether GOF p53 promotes quicker genome 

duplication in comparison to p53-null cells, by analyzing S phase progression and mitotic 

entry of partially synchronized lung cells from p53-null and p53R172H-KI mice generated 

as described above.  Flow cytometric analysis of propidium iodide (PI) stained cells at 12 

and 16 hours after release from density arrest showed that lung cells from both p53R172H-

KI and p53-null mice entered S phase at a similar time and frequency with approximately 

29% of p53R172H-KI and 21% p53-null cells in the S phase at 12 hours after release.  

However, with progress through S phase, at 16 hours lung cells from p53-null mice 

accumulated in S phase (43.5%), whereas lung cells from p53R172H-KI mice progressed to 

G2/M showing 29.6% S phase cells (Figure 38A).  Accordingly, at 16 hours 23.7% 

p53R172H-KI cells completed genome duplication and entered G2/M phase as opposed to 

15.3% lung cells from p53-null mice (Figure 39A-D).  This data was further confirmed by 

identifying replicating cells at 12 and 16 hours after release from density arrest by pulse 

labeling with BrdU followed by PI staining.  Flow cytometric analysis (Figure 39E, F) 
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showed that consistent with the data shown in Figure 38A, similar percentages lung cells 

from p53R172H-KI or p53-null mice incorporated BrdU (18.8 and 16% respectively) at 12 

hours.  However, at 16 hours 28.5% of p53-null cells incorporated BrdU, most (90%) of 

which remained in early or mid S phase. In contrast, only 10.8% lung cells from p53R172H-

KI mice were found in early and mid-S phase (Figure 38B).  Next, mitotic entry of the lung 

cells at 16 hours after release of density arrested cells was determined. Mitotic cells (Figure 

40) were identified by immunostaining microtubule with α-tubulin antibody and staining 

nuclei with DAPI (4’, 6’- diamino-2-phenylindole hydrochloride).  Percent of cells in mitosis 

were determined by scoring 500 cells for mitotic nuclei under fluorescent microscope.  The 

results revealed that lung cells from p53R172H-KI mice entered mitosis at a 2.5 to 2.8-fold 

higher frequency than that of p53-null lung cells (Figure 38C).  These results show that p53-

null lung cells take longer time to complete genome duplication to enter mitosis compared 

to p53R172H-KI lung cells, which complete genome duplication and enter mitosis sooner 

than p53-null lung cells. 



116 

 

 

 

 



117 

 

 

 

Figure 38. GOF-p53 promotes rapid genome duplication and mitotic entry.  

Percentages of S phase (A) and actively DNA replicating (B) lung cells generated from p53-

null and p53R172H-KI mice and their frequency of mitotic entry (C) at 12 and 16 hours after 

density arrest and replating are shown by bar graphs. S phase and DNA replicating cells 

were identified by PI staining or BrdU pulse labeling and PI staining followed by flow 

cytometry. Approximately 500 cells were counted in each sample. The p-value calculated 

using Student’s t test is shown at the bottom of the bar graph.  

 

 
 

 

Figure 39. Flow cytometric gating of lung cells from p53-/- and p53R172H-KI 

(R172H) mice. DNA histogram (A-D) show percentages of cells in G1, S, G2/M phases at 

12 (A, C) and 16 hours (B, D) after density arrest and replating.  Representative bivariate 

dot plot generated by flow cytometry of lung cells after BrDU incorporation, 

immunostaining and PI staining at 16 hours after releasing cell cycle arrest (E, F).  As a 

background control, antibody immunostaining and PI staining were performed without 
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BrDU incorporation (E).  Gating to identify BrDU positive cells in early (E), mid (M), and 

late (L) S phase of the cell cycle is indicated. 

 

 
 

 
 

Figure 40. Representative images to show mitotic lung cells from p53-/- and 

p53R172H-KI (R172H) mice. Cells undergoing mitosis are indicated by arrows. 
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GOF p53 induces micronuclei formation, which can be prevented by blocking 

origin firing.  Increased frequency of origin firing have been implicated in genomic 

abnormality (4, 164, 166, 180-182), and one of the indicators of genomic abnormality is 

micronuclei formation (183-185).  Although an increase in Chk1 level would protect 

collapse of replication forks stalled due to increased origin firing, it has been reported that 

the topological stress during progress of increased number of forks may lead to genome 

abnormality by mechanisms such as fork reversal, which could be evidenced by micronuclei 

formation (181, 182).  Since GOF p53 increases origin firing, the frequency of micronuclei 

formation in the presence or absence of GOF p53 was determined.  For this purpose, cultured 

lung cells generated from p53-null or p53R172H-KI mice were plated on coverslips, fixed 

and stained with DAPI, and cells with micronuclei were scored by confocal microscopy.  

Scoring of cell nuclei associated with micronuclei revealed that lung cells from p53R172H-

KI mice formed micronuclei at a significantly higher frequency than lung cell from p53-null 

mice (Figure 41A, B).  Furthermore, it was determined whether knockdown of p53 reduces 

micronuclei formation in human lung cancer cells.  H1048 cells (p53R273C), expressing 

shGFP or shp53, were cultured on coverslips, fixed and stained with DAPI, and scored for 

cells with micronuclei.  Results of this experiment revealed a significant reduction in the 

frequency of cells generating micronuclei in H1048 cells stably expressing shp53 compared 

to those expressing shGFP (Figure 41C, D). These data indicate that GOF p53 increases 

micronuclei formation, an index of genetic abnormality. 
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Figure 41.  Lung cells with GOF-p53 form micronuclei at a higher frequency than 

lung cells from p53-null mice:  Representative images of micronuclei (indicated by arrows) 

from lung cells of p53-/-, and p53 R 172H-KI (R172H) mice (A), and mock-depleted 

(shGFP) or p53-depleted (shp53) H1048 lung cancer cells (C), detected by confocal 

microscopy (magnification 40X) after DAPI staining.  The bar graphs (B, D) compare the 

percent of cells with micronuclei in each sample.  Lung cells from two mice of each construct 

or two clones stably expressing shGFP or shp53 were analyzed. The p-values calculated 

using Chi square test are shown at the bottom of the bar graphs.  

 

Next, experiments were designed to determine whether increase in the frequency of 

origin firing elevates micronuclei formation by GOF p53.  It is known that in mammalian 

cells, DNA replication origins are activated by cyclin dependent kinases (cdk) and cdc7 

kinase, which induces melting of double stranded DNA at the origin of replication (93, 120).  

Since GOF p53 induces origin firing, a cdc7 kinase inhibitor PHA767491, which specifically 

prevents activation of origins, but does not prevent fork progression (101, 102), was used to 

determine whether inhibition of origin firing in lung cells harboring GOF p53 mutation 

would reduce frequency of micronuclei formation.  Lung cells from p53R172H-KI mice 

were treated with PHA76749 or vehicle (DMSO) for three replication cycles (approximately 

72 hours), and the frequency of micronuclei formation was determined as described above.  

The results (Table 2) of this experiment showed a highly significant reduction in percentage 

of nuclei associated with micronuclei in lung cells from p53R172H-KI mice.  These data 

indicate that inhibition of origin firing in lung cells from p53R172H-KI mice reduces their 

ability to generate micronuclei.  

 

 

 



123 

 

 

 

Mouse 
number 

Treatment 
Nuclei with Micronuclei 

(500 scored) 
p value 

55 
DMSO 36 

0.0014249 
PHA76749 (6μM) 25 

67 
DMSO 39 

PHA76749 (6μM) 27 

 

Table 2. An inhibitor of origin firing reduces micronuclei formation in lung cells of 

p53R172HKI mice 

 

The transactivation function of GOF p53 mutants is required for its ability to 

accelerate cell growth, increase firing of DNA replication origins, form micronuclei and 

protect replication forks.  GOF p53 mutants activate transcription of growth promoting 

genes using its transactivation domains [Figure 42A, (65, 186-188)].  The transactivation 

function of GOF p53 mutants has been related to its ability to induce tumorigenesis and cell 

proliferation (189, 190).  Therefore, experiments were designed to investigate whether the 

transactivation function of GOF p53 is also required for its ability to increase cell growth, 

origin firing, micronuclei formation, Chk1 expression and to reduce γH2AX foci formation.  

For this purpose, plasmids expressing p53R273H or p53R273H with compromising 

mutations (Figure 5A) of transactivation domain I (TADI, L22Q, W23S), or transactivation 

domains I and II (TADI & II, L22Q, W23S, L53Q, F54S) were stably introduced into p53-

null H1299 human lung cancer cells, and the ability of the stable transfectants to perform the 

above biological activities was determined.  Examination of the rate of cell proliferation 

revealed that H1299 cells expressing p53R273H proliferated more rapidly than cells 
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expressing either empty vectors or TADI mutants of p53R273H (Figure 42B, C).  Fiber 

analysis of replicating DNA from H1299 cells expressing p53R273H, p53R273HTADI or 

p53R273HTADI/TADII at early S phase showed that H1299 cells expressing p53R273H 

fired almost 3-fold more origins than either of the TAD mutants (Figure 42D).  This 

observation indicates that to induce origin firing, p53R273H requires its transactivation 

function.   

The ability of the transactivation-deficient p53R273HTADI or TADI/TADII mutants to 

induce micronuclei formation was determined by staining of fixed cells on coverslips with 

DAPI and scoring cells with micronuclei by confocal microscopy.  The results revealed that 

H1299 cells expressing the transactivation deficient p53R273HTADI or TADI/TADII 

formed micronuclei less frequently than H1299 cells expressing transactivation competent 

p53R273H (Figure 42E).  Consistently, transactivation deficient p53R273HTADI did not 

activate expression and phosphorylation of Chk1 (Figure 42F).  Immunostaining of γH2AX 

foci showed a drastic increase in foci formation in H1299 cells expressing transactivation 

deficient p53R273H TADI mutants compared to H1299 cells expressing p53R273H (Figure 

42G, H).  These results indicate that the ability of GOF p53 mutants to accelerate cell 

proliferation, increase origin firing and micronuclei formation, up-regulate expression and 

phosphorylation of Chk1and protect fork collapse requires its transactivation function.  
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Figure 42. The transactivation function of GOF p53 is required for cell 

proliferation, increased frequency of replication origin firing, micronuclei formation, 

Chk1 expression and phosphorylation and replication fork protection.  Functional 

domains of p53, including its transactivation domains I and II (TADI, TADII), sites of hot 

spot mutations and created mutations on TADI (L22Q and W23S)) and TADII (L53Q and 

F54S) are shown by a cartoon (A).  Rate of proliferation of H1299 cells stably expressing 

p53R273H or its TADI mutant was determined (B).  Data is presented as mean ± SD of 

triplicate experiments.  Two clones of TADI mutants were used.  p53 expression was 

confirmed by immunoblot analysis (C).  Origin firing was determined by fiber analysis of 

replicating DNA.  Data obtained by scoring 200 untangled fibers are shown by a bar graph. 

The p value calculated using Student’s t test is shown at the bottom of the graph (D).  

Micronuclei formation was determined by DAPI staining.  Data obtained by scoring 500 

cells are shown by bar graphs (E).  The p value calculated using Chi square test is shown at 

the bottom of the bar graphs.  Expression of Chk1 and phospho-Chk1 (p-Chk1 at S345) in 

H1299 cells expressing p53R273H or its TADI mutant was determined by immunoblot 

analysis (F).  γH2AX foci formation in H1299 cells expressing p53R273H or TADI mutant 

was determined by immunostaining with Alexa 488 coupled γH2AX antibody followed by 

confocal microscopy (G).  Arrows indicate nuclei with green foci.  Frequency of nuclei with 

γH2AX foci in each construct is shown by bar a graph (H). Two hundred fifty cells were 

scored and p value was calculated using Student’s t test.  

 

GOF p53 mutants up-regulate expression of genes involved in cell cycle regulation 

and DNA replication. Several laboratories have demonstrated that GOF p53 accelerates 

cell proliferation and tumor growth in comparison to p53-null or GOF p53-knockdown cells 

(86, 177, 187).  Since the data presented above indicate that GOF p53 requires its 

transactivation domains to increase origin firing and to prevent replication fork collapse, the 
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profile of genes activated by GOF p53 mutant R273H were determined by RNA-seq 

analysis.  RNA was extracted from H1299 cells stably expressing p53R273H or stably 

transfected with empty vector and the expression profiles were compared.  To determine the 

mechanism by which GOF p53 mutants increase origin firing and prevent collapse of 

replication forks, profile of genes involved in the regulation of DNA replication was 

analyzed.  The analysis revealed that indeed GOF p53 mutants up-regulate an array of genes 

that regulate cell cycle and DNA replication (Figure 43A).  
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Figure 43. GOF p53 up-regulates expression of an array of genes involved in 

regulation of cell cycle and DNA replication and localizes on their upstream regulatory 

sequences.  Heat maps of transcripts generated from RNA-seq analysis (A) and DNA 

fragments generated from ChIP-seq analysis (B) of H1299 cells stably transfected with 

vector (Vector) and stably expressing p53R273H (R273H).  Number of sequences identified 

in (B) was too numerous to be listed in the figure.  Gray areas indicate no p53 binding.  A 

Venn diagram (C) show 121 genes common between the RNA-seq and ChIP-seq gene list, 

representing 81.75% of the RNA-seq genes and 69.54% of the p53 ChIP-seq genes that are 

involved in cell cycle and DNA replication. Genes that showed greater than two-fold up-

regulation by expression of the p53R273H mutant and whose p-value was less than 0.01 

were considered significant. 

 

GOF p53 mutants recognize regulatory elements upstream of cell cycle and DNA 

replication genes.  To determine whether GOF p53 mutants localize on the regulatory 

elements of the DNA replication genes, chromatin immunoprecipitation (ChIP) using H1299 

cells stably expressing p53R273H was performed.  Chromatin fragments bound to 

p53R273H were pulled down using two p53 antibodies, DO1 and FL393.  Pulled down 

fragments were analyzed by ChIP-seq.  H1299 cells stably transfected with vector, and IgG 

isotypes of the antibodies were used as controls.  Four to ten million reads obtained from 

Illumina HiSeq were analyzed using the ArrayStar 11 (DNASTAR) program.  The analysis 

revealed that p53R273H localizes on the upstream regulatory sequences of an array of genes 

involved in cell cycle regulation and DNA replication (Figure 43B).  A Venn diagram 
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(Figure 43C) show that there are 121 genes in common between RNA-seq and p53 ChIP-

seq data, representing 81.75% of the genes detected by RNA-seq and 69.54% of the genes 

detected by p53 ChIP-seq that are involved in cell cycle and DNA replication, two of which 

are Cyclin A and Chk1.  These results strongly support the hypothesis that p53R273H 

activates expression of DNA replication genes by targeting their regulatory sequences.  

 

Gain of function p53 mutants recognize upstream regulatory sequences of CCNA2 

and CHEK1 transcription start sites.  The ChIP-seq analysis described above detected 

localization of p53R273H on the upstream sequences of the CCNA2 and CHEK1 genes, 

expression of which are needed for firing of DNA replication origins (161-163) and stability 

of initiated replication forks (164-166), respectively.  Therefore, experiments were 

performed to confirm localization of p53R273H on the upstream regulatory sequences of 

these genes.  ChIP analysis (Figure 44) showed that an anti-p53 antibody 

immunoprecipitated DNA fragments spanning a 335 base pair (bp) region 106 bp upstream 

of the CCNA2 transcription start site (Figure 44A-C) and a 1000 bp region 200 bp upstream 

of the CHEK1 transcription start site (Figure 44D-F).  These data show that p53R273H 

localizes on the upstream sequences of the CCNA2 and CHEK1 transcription start sites. 
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Figure 44. GOF p53 localizes on the upstream sequences of CCNA2 and CHEK1 

genes.  The peaks represent areas under which maximal p53R273H binding occurs as 

apparent by next generation sequence analysis of ChIP fragments.  Peaks of ChIP fragments 

on CCNA2 promoter from H1299 cells stably transfected with control vector (A) or stably 

expressing p53R273H (B).  ChIP analysis (C) to confirm localization of p53R273H on 

CCNA2 promoter.  Peaks of ChIP fragments on CHEK1 promoter from H1299 cells stably 

transfected with control vector (D) or stably expressing p53R273H (E).  ChIP analysis (F) 

to confirm localization of p53R273H on CHEK1 promoter.  Results from triplicate sets of 

extracts of H1299 cells expressing p53R273H (273H) or empty vector (Vector) are shown 

by bar graphs as mean ± SEM.  ChIP using IgG control (IgG) has been included in each 

case.  The region of genome showing p53R273H-specific binding as determined by ChIP 

and the direction of coding sequences are indicated by arrows.  Blue and purple arrow heads 

indicate Myc and E2F binding sites respectively on the identified promoter sequences. 

 

 

Gain of function p53 mutants activate expression of Cyclin A and Chk1 at early S 

phase.  Since RNA-seq data (Figure 43A) presented above suggest that GOF p53 increases 

Cyclin A and Chk1 expression and recognizes their upstream regulatory sequences (Figure 

44), experiments were performed to confirm whether GOF p53 up-regulates Cyclin A and 

Chk1 expression at early S phase in the absence of other known gene mutation.  Cell cycle 

dependent expression of Cyclin A and Chk1 in partially synchronized lung cells from p53-

null and p53R172H-KI mice at early S phase were compared.  RT-QPCR of transcripts and 

immunoblot analysis of extracts prepared from these cells showed a significant increase in 

Cyclin A and Chk1 expression at the RNA (Figure 45A and B, respectively) and protein 

levels (Figure 45C-E) in lung cells from p53R172H-KI mice in comparison to lung cells 

from p53-null mice.  These data are consistent with the immunoblot analysis (Figure 37A), 

which showed that lung cells from p53R172H-KI mice express higher levels of Chk1 in 

comparison to lung cells from p53-null mice, suggesting that an increase in Chk1 expression 

leads to an increase in p-Chk1.  
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Figure 45. GOF p53 induces Cyclin A and Chk1 expression.  Transcript levels of 

Cyclin A and Chk1 in lung cells from p53-null or R172H-KI (R172H) mice (A, B) and 

H1048 human lung cancer cells stably expressing shRNA against GFP or p53 (F, G), 

determined by RT-QPCR. Data is plotted as mean ± SEM. Cyclin A and Chk1 protein levels 

(C-E and H-J) were determined by immunoblot analysis. Bar graphs show band intensities 

of Cyclin A (D, I) and Chk1 (E, J) determined by densitometry and normalized by Erk2 

loading control.   Lung cells from two mice of each construct or two clones stably expressing 

shGFP or shp53 were analyzed.  

 

Knockdown of GOF p53 diminishes Cyclin A and Chk1 expression at early S phase 

in a human lung cancer cell line.  To further confirm whether GOF p53 increases Cyclin 

A and Chk1 expression at early S phase, GOF p53 was knocked down in H1048 lung cancer 

cell lines.   H1048 cells stably expressing control shGFP or shp53 RNA were partially 

synchronized by confluence arrest and replating.  Expression of Cyclin A and Chk1 was 
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analyzed at early S phase.  RT-QPCR of transcripts and immunoblot analysis of cell extracts 

prepared from these cells showed that knockdown of GOF p53 significantly reduces Cyclin 

A and Chk1 expression at the RNA (Figure 45F, G) and protein levels (Figure 45H-J).  

Consistently in a similar experiment, knockdown of p53R175H in VMRC human lung 

cancer cells also reduced localization of GOF p53 on CCNA2 and CHEK1 promoters and 

expression of Cyclin A and Chk1 transcript and protein levels (Figure 46).  Taken together, 

these results show that GOF p53 mutants increase Cyclin A and Chk1 expression at early S 

phase, and inactivation of this function abrogates cell proliferation, increase in origin firing, 

micronuclei formation, Chk1 activation and chromatin association of γH2AX. 
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Figure 46. Knockdown of p53 (R175H) in human lung cancer VMRC cells reduces 

Cyclin A and Chk1 expression and localization on CCNA2 and CHEK1 promoter.  

Transcript levels of Cyclin A (A) and Chk1(B) in VMRC cells stably expressing shGFP or 

shp53 from a lentiviral vector were determined by RT-QPCR. Data represents QPCR values 

normalized to GAPDH levels and plotted as mean ± SEM.  Cyclin A and Chk1 protein levels 

were determined by immunoblot analysis (C).  Band intensities of Cyclin A (D) and Chk1 

(E) were determined by densitometry and normalized by Actin loading control.  p53 ChIP 

analyses of CCNA2 (F) and CHEK1 (G) promoters in p53-depleted (shp53) and mock-

depleted (shGFP) VMRC cells.  Fold increase over IgG control are plotted as mean ± SEM.    

 

p53 mutants with compromised tumor formation ability do not show localization 

on CCNA2 or CHEK1 promoter, do not upregulate Cyclin A and Chk1 promoter to 

increase expression of respective transcripts, and fire fewer origins than GOF p53 

mutants. GOF p53 mutation often show allele specificity.  To determine whether the ability 

of GOF p53 mutants to localize on the CCNA2 or CHEK1 promoter, upregulate expression 

of Cyclin A and Chk1 and increase origin firing relates to its tumor formation ability, we 

chose a naturally occurring p53 mutant, R267P, in human lung cancer cell line H1437.  

Tumor formation ability of H1437 cell line is not dependent on R267P (177).  In addition, 

we tested a deletion mutant of GOF p53, D281G Δ100-300, that removes its central binding 
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domain (residues 100-300), and thus removes the site of hot spot mutation.  ChIP analysis 

using p53-null H1299 lung cancer cells stably expressing empty vector, p53 D281G Δ100-

300, R267P, R175H, R248W or D281G as described above showed that as in the case of 

H1299 cells stably expressing R273H (Figure 44), anti-p53 antibodies immunoprecipitated 

upstream promoter fragments of CCNA2 and CHEK1 from cells expressing p53 mutants 

R175H, R248W or D281G, but not from cells expressing empty vector, p53 D281G Δ100-

300, R267P (Figure 47). 
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Figure 47. p53 mutants with compromised tumor formation ability do not show 

localization on CCNA2 (A) and CHEK1 (B) promoters.   p53 ChIP analysis CCNA2 and 

CHEK1 promoters from H1299 cells stably expressing p53 mutants with (175H, 248W, 

281G) and without (267P, 281GΔ100-300) GOF activity.  Increase in immunoprecipitated 

promoter fragments by anti-p53 antibody over control IgG are shown by bar graphs.  H1299 

cell line stably expressing empty vector was used as control. Data is shown in bar graphs 

and plotted as mean ± SEM. 

 

Next, we analyzed the abilities of the p53 mutants to upregulate Cyclin A and Chk1 

promoter activities.  Cyclin A and Chk1 promoters containing the GOF p53-interaction sites 
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as determined from our ChIP analysis (Figure 48) were inserted upstream of luciferase gene 

in a reporter plasmid.  The plasmids were introduced in p53-null H1299 cells along with the 

individual p53 mutants or vector plasmid, and luciferase activity was determined as reported 

earlier (86).  Our data (Figure 48A-C) show that expression of GOF p53 mutants R175H, 

R248W, R273H or D281G significantly upregulated luciferase activity compared to empty 

vector, or compared to the mutants p53 D281G Δ100-300, R267P.   RT-QPCR of transcripts 

and immunoblot analysis of extracts prepared from partially synchronized H1299 cells 

stably expressing the p53 mutants showed that consistent with the promoter activity, R175H, 

R248W, R273H or D281G significantly increased Cyclin A and Chk1 transcript and protein 

levels compared to empty vector, or compared to the mutants p53 D281G Δ100-300, R267P 

(Figure 48D-H).  Fiber analysis of replicating DNA from H1299 stable transfectants 

expressing the p53 mutants D281G Δ100-300, R267P, R175H and 281G at early S phase 

showed that H1299 cells expressing R175H and 281G fire almost 3 to 4-fold more origins 

than cells expressing either D281G Δ100-300 or R267P (Figure 48I).  These results show 

that GOF p53 mutants localize on the CCNA2 and CHEK1 promoter sequences, increase 

Cyclin A and Chk1 promoter activities and their expression and increase origin firing at early 

S phase, whereas p53 mutants deficient in GOF properties are inactive in these functions.  
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Figure 48. p53 mutants with compromised tumor formation ability do not 

upregulate of Cyclin A and Chk1 promoter activity (A-C) or expression of Cyclin A 

and Chk1 protein (D-F) and transcripts (G, H), and do not induce firing of DNA 

replication origins (F) in H1299 lung cancer cells.  CCNA2 (A) and CHEK1 (B) promoter 
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activities in the presence of p53 mutants with and without GOF activity were determined by 

transient transfection analysis using luciferase reporter.  Increase in luciferase activities over 

vector control are shown by bar graphs as mean ± SEM of triplicate experiments.  p53 

expression was determined by immunoblot analysis (C).  Actin is a loading control.  

Expression of Cyclin A and Chk1 protein were determined by immunoblot analysis and 

quantified by densitometry (D-F). The bar graphs (D, E) show densitometric values 

normalized to loading control (actin) of a representative experiment.  Cyclin A and Chk1 

transcripts (G, H) were determined by RT-QPCR. Data shown in bar graphs (G, H) are 

values normalized to GAPDH levels plotted as mean ± SEM of a representative experiment. 

Origin firing in early S phase by p53 mutants in H1299 cells were determined by fiber 

analysis of replicating DNA as described in the text and are shown by bar graphs as percent 

of origins in replicating fibers in each sample (I). Two non-GOFp53 mutants (281G Δ100-

300, 267P) and two GOFp53 mutants (175H, 281G) were analyzed.  The p-values are shown 

at the bottom of the bar graph calculated using Student’s t test. 

 

A small molecule inhibitor of Chk1 selectively reduces tumor size and growth of 

lung cancer cells with p53 mutation.  If increased expression of Chk1 by GOF p53 protects 

replication fork progression (Figure 37) and thus accelerates genome duplication (Figure 38) 

and cell proliferation (Figure 42B), GOF p53-mediated cell proliferation should be 

selectively prevented by inhibition of Chk1 activity.  To test this possibility, H1299 lung 

cancer cells stably expressing p53R273H or its transactivation deficient mutant p53R273H 

TADI (Figure 42A) and H1299 cells stably transfected with vector control were treated with 

a Chk1 inhibitor PF00477736, and the rate of cell proliferation was determined.  The results 

of these experiments show that PF00477736 preferentially inhibited growth of cells 

expressing GOF p53R273H compared to p53R273H TADI or cells expressing vector control 

(Figure 49A).  In a similar experiment, H1299 cells expressing p53 mutants D281G Δ100-

300, R267P, R175H and 281G were treated with PF00477736 and cell number at 5 days 

were determined.  Consistent with the previous finding, results (Figure 49B) of this 

experiment show that PF00477736 inhibited growth of H1299 cells expressing p53R175H 
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or p53D281G more efficiently than cells expressing D281G Δ100-300, R267P.  Similarly, 

H1048 lung cancer cells (which naturally express p53R273C) stably expressing shRNA 

against p53 or control GFP were also treated with the Chk1 inhibitor, and rate of cell 

proliferation was determined by counting cell number in each case.  Our data show that 

knockdown of GOF p53 remarkably reduced (2.5 to-3-fold) the sensitivity of the human 

lung cancer cell line H1048 to the chk1 inhibitor (Figure 49C, 52A).  These observations 

indicate that the growth of H1299 cells expressing GOF p53 mutants are dependent on Chk1 

induction by GOF p53 and signify potential therapeutic efficiency of the Chk1 inhibitor in 

lung cancer cells expressing GOF p53 alleles.  
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Figure 49. A small molecule inhibitor of Chk1 selectively inhibits growth and 

reduces tumor size of lung cancer cells with p53 mutation.   Rate of proliferation of (A) 

H1299 cells stably expressing p53R273H, or its TADI mutant or a vector control, (B) 

proliferation of H1299 cells stably expressing p53 mutants 281GΔ100-300, 267P, 175H and 

281G and (C) H1048 lung cancer cells stably expressing shp53 or shGFP in the presence of 
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a Chk1 inhibitor PF00477736 (100nM) (Inhibitor), or only solvent (DMSO).  Data is shown 

as mean± SD from triplicate experiments. 

 

To determine whether the Chk1 inhibitor preferentially target cells that proliferate faster 

independent of GOF p53, we boosted cell proliferation by enriching growth media using 

20% fetal bovine serum and compared the efficiency of growth inhibition of mock-depleted 

and shp53-depleted H1048 lung cancer cells or of vector-transfected H1299 cells with GOF 

p53 R273H expressing H1299 cells in normal media by the Chk1 inhibitor, PF00477736.  

Our data (Figure 50) show that the enriched media increased cell growth in the presence or 

absence of Chk1 inhibitor.  Although growth acceleration of p53-depleted H1048 cells was 

higher in the absence of Chk1 inhibitor compared to its presence, mock-depleted H1048 cells 

showed more sensitivity to Chk1 inhibitor in normal or enriched media (Figure 50A).  

Enhanced proliferation of H1299 lung cancer cells (vector control) in enriched media did 

not increase efficiency of growth inhibition by Chk1 inhibitor (Figure 50).  These data 

suggest that the efficiency of inhibition of cell growth by Chk1 inhibitor is not dependent on 

rate of proliferation alone. 
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Figure 50. Artificial growth acceleration does not sensitize p53-null or GOF p53 

expressing lung cancer cells to Chk1 inhibitor PF0047736.  Proliferation of mock-

depleted or p53-depleted H1048 lung cancer cells (A) or H1299 cells stably expressing 

p53R273H (273H) or a vector control (B) in the presence of Chk1 inhibitor PF00477736 

(100nM), or only solvent (DMSO) and growth medium with 10% or 20% FBS. Data is 

shown as mean ± SD from triplicate experiments.  
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If an increase in Chk1 expression, and therefore replication fork protection, renders 

cancer cells addicted to p53, inhibition of Chk1 should also reduce tumor growth.  This 

possibility was examined using a mouse xenograft model.  Subcutaneous tumors were 

allowed to form in Nu/Nu mice by introducing H1048 cells stably expressing shGFP or 

shp53, and the effect of Chk1 inhibitor PF00477736 on tumor growth was examined.  H1048 

cells expressing shGFP efficiently formed tumors, while PF 00477736 treatment 

significantly reduced the size of the tumors (Figure 51).  Knockdown of p53R273C with 

shp53 also efficiently reduced tumor size, however PF 00477736 treatment did not reduce 

the size of the H1048shp53 tumors appreciably.  Comparing the effect on H1048 shGFP and 

shp53 cells, PF 00477736 reduced size of tumors generated from H1048shGFP cells at 3.6 

to 4-fold higher efficiency than that from H1048 shp53 cells (Figure 52).  These data indicate 

that tumors expressing GOF p53 are targeted efficiently and selectively by PF 00477736 in 

comparison to tumors not expressing GOF p53.  
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Figure 51. A small molecule inhibitor of Chk1 selectively reduces tumor size of lung 

cancer cells with p53 mutation.   Rate of tumor growth (A, B) from H1048 cells expressing 

shGFP or shp53 treated with vehicle or PF00477736, 10mg per Kg (Drug).  Data from two 

sets of clones (A, B) and a representative photograph (C) of tumors are shown.  
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Representative data from n = 4 mice in each experimental group is plotted as mean ± SEM. 

Assay was repeated in n = 12 mice per experimental group.  

 

Discussion. 

Targeting GOF p53 mutants to prevent tumor growth or to treat established tumors has 

recently become an area of active investigation established on reversing the apparent 

addiction of tumor cells to the GOF properties of mutant p53 (188, 191, 192).  However, 

why or how growth of tumors or tumor cells becomes dependent on GOF p53 is not known.   

The tumorigenic activity of GOF p53 and its ability to transcriptionally activate genes 

required for DNA replication (175, 189, 190, 193) drew the focus of this study on firing of 

DNA replication origins and progression of replication forks, the two crucial aspects of 

successful genome duplication.  Consistently, the presented ChIP-seq and RNA-seq analysis 

(Figure 43) indicate that GOF p53 recognizes the promoter region of several genes involved 

in DNA replication, and up-regulates their expression suggesting that the oncoprotein creates 

an intracellular environment conducive to accelerated genome duplication.  Here we present 

data to suggest a novel oncogenic pathway (Figure 53A, B), in which GOF p53-dependent 

growth advantage of cancer cells lies in its ability to localize on the upstream regulatory 

sequences of Cyclin A and Chk1 (Figure 44, 48), upregulating their expression (Figure 45, 

46, 48).  Since more origins are licensed than used [reviewed in (12, 194)], increase in Cyclin 

A expression leads to firing of more number of origins, (Figure 36), whereas increased Chk1 

expression prevents their collapse (Figure 37), thus quickening genome duplication (Figure 

38) and proliferation of cells with genetic abnormalities as evidenced by micronuclei 

formation (Figures 41, 42E).  On the contrary, due to their inability to up-regulate Cyclin A 
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and Chk1 expression, p53-null cells or cell expressing GOF-deficient p53 mutants activate 

fewer origins than cells with GOF p53 (Figure 36), and face a vulnerability to collapse of 

replication forks (Figure 37), which is known to cause incomplete genome duplication, gross 

genome rearrangement and cell death (167, 168).  

Cell cycle progression is deregulated in the absence of WT p53, which normally induces 

expression of the cyclin dependent kinase (cdk) inhibitor p21 (195).  Consistently, data 

presented here show that lung cells from either p53-null or p53R172H-KI mice enters S 

phase at similar times with approximately 20% of the cells synthesizing DNA at early S 

phase, while approximately 5% of lung cells from mice with WT p53 enter S phase at similar 

time (Figure 35).  Thus, the presence of GOF p53 does not hasten time of S phase entry any 

sooner than loss of p53 (Figure 35).  However, expression analysis did reveal that at early S 

phase, GOF p53 up-regulates expression of Cyclin A, required for origin activation, and 

Chk1, required for stabilization of replication forks (Figure 45, 46, 48) and accordingly, 

increases the frequency of origin firing (Figure 36) and prevents collapse of progressing 

replication forks (Figure 37), accelerating genome duplication and cell growth (Figures 38, 

42B).   

Oncogene induced replication stress is thought to induce firing of dormant origins which 

facilitates completion of genome duplication (196).  However, the observed increase in 

origin firing by GOF p53 is concomitant to S phase entry of cells and was dependent on the 

transactivation domain TADI of GOF p53, needed to up-regulate Cyclin A expression 

(Figure 42D).  Since activation of cdk activates origins in replication factories (197, 198), 

GOF p53-induced Cyclin A expression at early S phase should activate origin firing in 
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replication factories.  Increases in the levels of p-Chk1 in GOF p53 expressing cells (Figure 

37A, B) may eventually fire dormant origins due to pausing of progressing replication forks 

at a later time point.   

Our data also show that the increase in the frequency of origin firing by GOF p53 leads 

to micronuclei formation in lung cells expressing GOF p53 (Figure 41).  It has been reported 

that oncogene induced increase in DNA replication induces fork reversal and generates 

unfinished replication intermediates (181).  Although activation of Chk1 by GOF p53 

prevents fork collapse, micronuclei formation in GOF p53 expressing cells may possibly be 

a consequence of mitotic processing of the intermediates generated by topological stress due 

to increase in origin firing as reported by Neelsen et al (29).  In support of this notion, 

reduced micronuclei formation was observed in the presence of a cdk2 inhibitor that is 

known to inhibit origin firing but allow fork progression (Table 2).   

 

 

 



152 

 

 

 

 

 

Figure. 52: A small molecule inhibitor of Chk1, PF0047736 (100nM), (Inhibitor), 

selectively inhibits proliferation of H1048 lung cancer cells expressing shGFP as 

opposed to H1048 cells expressing shp53 and reduces tumor size.  A. Equal number 

(10,000) of cells were plated in each dish and treated with PF0047736 (100nM) 24 hours 

after plating cells.  Cells were fixed with methanol and stained with methylene blue on 7th 

day.  B, C.  Extent of reduction in size of tumors generated by H1048 cells expressing shGFP 

(shGFP) or shp53 (shp53) after treatment with PF0047736 (10mg per Kg) with increase in 

time.  Two different clone sets were injected.  P values calculated using Student’s t test are 

shown in the graphs.  

 

Supporting the central role of GOF p53-mediated transactivation of Chk1 in preventing 

collapse of replication forks, it was observed that a Chk1 inhibitor (Figure 37G, H), or 

inhibition of Chk1 expression by transcriptional inactivation of GOF p53 leads to collapse 
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of replication forks (Figure 42G).  It is known that the collapse of replication forks leads to 

either cell death or gross genomic rearrangement due to incomplete genome duplication 

(167, 168).  GOF p53-mediated fork stabilization, therefore, should allow the cells to evade 

these events detrimental to cell growth, although the cells enter S phase as early as p53-null 

cells.  Accordingly, a Chk1 inhibitor preferentially inhibited proliferation of cells and growth 

of tumors expressing GOF p53 (Figure 49, 52), while transactivation deficient GOF p53 with 

substitution at the amino acid residues 22 and 23 was incapable of increasing origin firing, 

micronuclei formation, replication fork stabilization and induction of cell proliferation and 

vulnerability to Chk1 inhibitor (Figure 49A, B) implicating GOF p53 transactivation in 

regulating all these functions.  Consistently p53 mutants deficient in GOF property did not 

transactivate Cyclin A and Chk1 or increase origin firing and were not vulnerable to Chk1 

inhibitor (Figure 48, 49B). 
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Figure 53. The downstream consequences of unscheduled origin firing (A) GOF 

p53-expressing and (B) p53-null lung cells are depicted. 

 

Conclusion. 

The results discussed above help explain the genetic instability and long latency period 

of tumorigenesis found in p53-null cells (59).  Higher incidence of replication fork collapse 

and gross genome rearrangement in p53-null cells should lead to cell death, but also selection 

of genetically altered cells with survival advantage and tumorigenesis in the long run.  GOF 

p53 driven increases in origin firing along with protection of replication forks should allow 

proliferation of cells with genetic abnormalities.  These observations also explain 

dependence of tumor growth on GOF p53, lack of which would result in decreased origin 

firing and vulnerability to collapse of progressing replication forks, causing decelerated rates 
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of genome duplication and lethal genome rearrangement.  Our model for the role of GOF 

p53 in stimulating replication and simultaneously protecting replication forks (Figure 53) 

provides solid mechanistic justification for developing cancer-cell selective therapeutics that 

target either GOF p53 transactivation function directly or target the protein products of GOF 

p53 transactivated genes.  Such therapies, possibly in combination with other tumor type-

specific targeted therapies, may lead to significant therapeutic gains in intractable cancers 

with high rates of GOF p53 mutation.   
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APPENDIX A 

 

List of primers. 

cDNA primers 

GAPDH 5’-GTC AAC GGA TTT GGT CGT ATT-3’ 

5’- GAT CTC GCT CCT GGA AGA TGG-3’ 

musGAPDH 5’-CCA GCC TCG TCC CGT AGA CA-3’ 

5'- GCC TCA CCC CAT TTG ATG TTA GTG -3' 

musP53 5’-CAC GTG CTC ACC CTG GCT AA-3’ 

5’-CTC AAC ATC CTG GGG CAG CA-3’ 

p53 5’-AAG GAA ATT TGC GTG TGG AGT-3’ 

5’-AAA GCT GTT CCG TCC CAG TA-3’ 

CHEK 1 5’-GAA AGG GGC AAA AAG G-3’ 

5’-ATG TAT GAG GGG CTG GTA-3’ 

mus CHEK1 5’-GGT TCA GGG CAT CAG TTT-3’ 

5’-GGT CTC TTT CAG GCA TTG-3’ 

CCNA2 5’-GAC GGC GCT CCA AGA GG-3’ 

5’-AAT GGT GAA CGC AGG CTG TT-3’ 

musCCNA2 5’-CCC CAG AAG TAG CAG AGT TT-3’ 

5’-GGT ACG GGT CAG CAT CTA TC-3’ 
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CCNE 1 5’-CAG TAT CCC CAG CAA ATC T-3’ 

5’-AGT TCT CTA TGT CGC ACC AC-3’ 

CDC25A 5’-GGC AGG GGA GAA GAG CAA-3’ 

5’-CAG GGA CAG AAG AGG CGT AG-3’ 

MDM2 5’-TGG CGT GCC AAG CTT CTC TGT- 3’ 

5’-ACC TGA GTC CGA TGA TTC CTG CT- 3’ 

musMDM2 5’ AGG GGA AAG ATA AAG TGG AA -3’ 

5’- ATA AAC AAT GCT GCT GGA AG -3’ 

Cyclin D2 5’- TGG GGA AGT TGA AGT GGA AC -3’ 

5’- ATC CAC GTC TGT GTT GGT GA -3’ 

musCyclin D2 5’- AAA TGG GGG CAG ATG GAG A -3’ 

5’- GGC AAA GGA GGA AGG CGT AT -3’ 

SHH 5’-TCT GCT GCT AGT CCT CGT CT-3’ 

5’-TGT CGG GGT TGT AAT TGG GG-3’ 

musCCSP 5’- ACA TCA CCC CAC ATC TAC AGA CAC CAA -3’ 

5’- TGA GGA GGG CCT CAA GGA CTT GAA -3’ 

musHes1 5'- TGA AGG ATT CCA AAA ATA AAA TTC TCT GG -3' 

5'- CGC CTC TTC TCC ATG ATA GGC TTT GAT GA -3' 
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Cloning primers 

CHEK1 promoter 5’- GCTCTCCCCGCCTGTTCTTTG-3’ 

5’-GCAGAAAACGCCTGCGGCAGCG- 3’ 

 

 

ChIP primers 

CCNA2  5’-CCT TTG GTT TAC CCT TCA CTC G -3’ 

5’- CCA AAG AAT AGT CGT AGC CG-3’ 

CHEK 1  5’- GTA CCA GGA GGT TCC CGT TG-3’ 

5’-GGG TCT GGG GAA GAG AGG AA -3’ 

 

 

Genotyping primers 

TightMDM2 5'- CTG TGA GTG AGA ACA GGT GTC AC -3' 

5'- GGC TAT AAT CTT CTG AGT CGA GAG -3' 

CCSP-rtTA 5’-GGC AGG GGA GAA GAG CAA-3’ 

5’-CAG GGA CAG AAG AGG CGT AG-3’ 

SPC-rtTA 5’-TGG CGT GCC AAG CTT CTC TGT- 3’ 

5’-ACC TGA GTC CGA TGA TTC CTG CT- 3’ 

Tet-O-Cre 5’ AGG GGA AAG ATA AAG TGG AA -3’ 
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5’- ATA AAC AAT GCT GCT GGA AG -3’ 

p53LSL-R172H 5’- TGG GGA AGT TGA AGT GGA AC -3’ 

5’- ATC CAC GTC TGT GTT GGT GA -3’ 

p53+/- 5'- AGC GTG GTG GTA CCT TAT GAG C-3' 

5'- GGA TGG TGG TAT ACT CAG AGC C-3' 

5'- GCT ATC AGG ACA TAG CGT TGG C-3' 

MDM2+/- 5'- TGT GGC TGG AGC ATG GGT ATT G-3' 

5'- ATC TGA GAG CTC GTG CCC TTC G-3' 

5'- GGC GGA AAG AAC CAG CTG GGG C-3' 
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