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Abstract

THE p53 RESPONSE IS DIFFERENTIALLY REGULATED BY NUMEROUS 

MECHANISMS INITIATED BY STRESS

by

David E. White

Advisor: Professor Jill Bargonetti

When the living environment is favorable, the p53 response is stringently 

suppressed by the cell. Activation of p53 by genotoxic stress leads to the initiation of 

growth suppressive pathways. These pathways are mediated, in part, from the protein 

products o f genes upregulated by p53. We found that Mdm2 protein co-localized with 

p53 on the p53 binding sites of target genes prior to activation. Once p53 is activated, 

Mdm2 breifly dissociated from p53. At later timepoints, however, Mdm2 was found to 

reassociate with p53 on chromatin. The reformation of this inhibitory complex correlated 

with decreased transcription from these target genes. We also found that the induction of 

growth arrest or apoptotic pathways by p53 did not correlate with the expression of p53 

target genes. The level of p53 protein and p53 target gene expression required to shift a 

cell from a growth arrest to an apoptotic cell fate differ according to the damaging agent 

used. In examining the p53-dependent and independent apoptotic pathways induced by 

mitomycin C (MC) and its derivative 10-decarbamoyl mitomycin C (D-MC), we found 

that MC and D-MC induced cell death in cells expressing wild type p53 provoked 

slightly different apoptotic pathways. MC treatment promoted the stabilization of p73, 

greater levels of p53 phosphorylation at serine 15, but the p53 induced by this drug 

exhibited less transcriptional activity than the p53 protein induced by D-MC. In a p53 

null environment, however, only D-MC was capable of inducing apoptosis. The
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apoptotic pathway utilized by D-MC occurred independently of p53 apoptotic target gene 

activation and was found to be dependent on both caspase and serine protease activity.
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Chapter 1. Introduction

One of our cell’s strongest defenses against unregulated growth and the 

perpetuation of abhorrent genetic mutations is the activation of the tumor suppressor 

protein p53. Over the last fifteen years, knowledge of p53’s role in the cell has expanded 

from a potential oncogene (Lane, 1987) to a critical regulator of anti-cancer pathways. 

p53 has been shown to be mutated in over 60% of cancers (Hollstein et al., 1991). The 

loss of p53 in mice (Donehower et al 1992) or humans with Li Fraumeni syndrome (Ko 

and Prives, 1996) is accompanied by the early onset of multiple tumors and increased 

mortality (Jones et al., 1996; Law et al., 1991). In response to stress, p53 protein 

becomes stabilized. These increased levels of p53 act as a potent transcription factor that 

transactivate a number of target genes whose protein products mediate either cell cycle 

arrest or apoptosis. Growth arrest prevents cellular transformation by blocking 

unregulated cell division in response to oncogenic stimulation or by creating a pause the 

cell cycle to allow for DNA repair in response to damage. Apoptosis sacrifices the cell if 

the amount of DNA damage existing in the cell is insurmountable (Ko and Prives, 1996).

1.1 Domains of p53 and their role in p53 transcriptional activity

The p53 protein contains five domains which individually contribute to the ability 

of p53 to effectively activate its target genes. The transcriptional activation domain is 

located within the first 63 amino acids in the N-terminus (Figure 1.1). This region 

contains numerous amino acids that are targeted for phosphorylation by kinases activated 

by stress. Phosphorylation on these N-terminal residues dissociates p53 from its

1
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inhibitory complex with mouse double minute 2 (Mdm2), as well as promotes the 

association of p53 with members of the transcriptional machinery like TATA binding 

protein (TBP) and numerous TBP associating factors (TAFs)(Buschmann et al., 2001; 

Chen et al., 1993), as well as the histone transacetylase proteins p300 (Avantaggiati et al., 

1997) and p300/CBP associating factor (P/CAF)(Jin et al., 2002). Deletion of this region 

has been shown to inactivate the transcriptional activity of p53 (Wang et a l, 1994; Zhu et 

al., 2000). Initial studies demonstrated that single or double point mutations in the 

transactivation domain were not sufficient to inactivate p53 function (Chen et al., 1996), 

however, later studies found that numerous mutations within or deletions of this region 

were capable of inhibiting p53’s ability to promote transcription and induce apoptosis and 

growth arrest (Venot et al., 1999; Zhu et al., 2000). The proline-rich domain resides 

within residues 64 -  99 in the N-terminus of p53 (Figure 1.1). Deletion studies have 

shown that the proline-rich domain is necessary for the ability of p53 to mediate 

apoptosis, but not cell cycle arrest (Zhu et al., 1999). The proline rich domain serves as 

an additional anchorage site for p300, and deletion of this domain not only inhibits the 

ability of p53 to associate with p300, but also decreases p53 stability by making p53 

more susceptible to downregulation by Mdm2 (Berger et al., 2001; Doman et al., 2003; 

Liu et al., 2003). The central DNA binding domain located between residues 100 and 

300 (Figure 1.1) is essential for the ability of p53 to bind site-specifically to DNA 

(Bargonetti et al., 1993). Over 60% of cancers contain mutations in this region of p53 

(Harris and Hollstein, 1993; Hollstein et al., 1991). In fact, p53 with mutations in this 

domain exhibit oncogenic properties (Michalovitz et al., 1991). The tetramerization 

domain is located between amino acids 316-356 of p53 (Figure 1.1). p53 binds to DNA

2

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



as a tetramer through interactions between p53 monomers at this region (Friedman et al, 

1993). Deletion of this domain abrogates the ability of p53 to mediate transcription 

(Wang et al., 1994). The tetramerization domain also contains a nuclear localization 

signal between residues 316 and 325, which has been shown to be important for the 

retention of p53 in the nucleus (Shaulsky et al., 1991). Additionally, a nuclear export 

signal (NES) has been discovered in this region. Tetramerization of p53 masks the NES 

which further promotes its nuclear retention (Stommel et al., 1999). The C-terminal 37 

amino acids constitute the basic domain (Figure 1.1). Although the deletion of this 

domain has been shown to activate p53 transcriptional activity in vitro (Hupp et al., 1992), 

mutants lacking this region exhibit reduced transcriptional activity of some genes and fail 

to induce apoptosis in vivo (Chen et al., 1996; Wang et al., 1996).

- p 3 0 0 — i  NES
NIS

1 63  100 300 3 5 6  393

tra n sa c tiv a tio n  p ro line-rich  DNA bind ing  te tr a m e riz a tio n  b as ic

Figure 1.1 p53 protein has five functional domains.

1.2 p53 responsive elements and their role in the regulation of target genes by p53 

p53 mediates growth arrest and apoptosis by binding site specifically to enhancer 

elements on its target genes. The p53 consensus sequence consists of two copies of 5’- 

PuPuPuC(A/T)(T/A)GPyPyPy -3’(el-Deiry et al., 1992). The region encompassing the 

p53 binding site has been shown to be nucleosome free and poised for transcriptional 

activation on numerous p53 target genes (Graunke et al., 1999; Xiao et al., 1998). p53

3
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binding sites are not localized to one specific part of a gene, and have been shown to 

reside in promoters, upstream of promoters, or within introns, regardless of the function 

of the gene. It is not known whether the location of the p53 binding sites affects how p53 

regulates transcription from these loci. Intronic p53 binding sites have been placed 

upstream of minimal promoters in numerous studies to show p53 responsiveness (Kastan 

et al., 1992; Selvakumaran et al., 1994; Thomborrow et al., 2002). To date, only one 

study has shown that p53 can mediate transcription of genes independently of its binding 

site. p53 has been shown to promote transcription from the gadd45 promoter in 

association with the Wilm’s tumor suppressor protein 1 (WT-1) without the p53 binding 

site located in the 3rd intron (Zhan et al., 1998).

Although the location of the p53 responsive element has not been shown to affect 

how p53 regulates target genes, differences exist in the ability of p53 to interact with the 

p53 responsive elements from apoptotic target genes (Qian et al, 2002). Chromatin 

immunoprecipitation (ChIP) studies have revealed that p53 has a lower binding affinity 

for p53-responsive elements on apoptotic genes (Kaeser and Iggo, 2002; Szak et al.,

2001). Additionally, ChIP has been used to demonstrate that the transcriptional 

machinery assembled with p53 on apoptotic target genes is different than the 

transcriptional complex found with p53 on growth arrest-promoting genes (Espinosa et 

al., 2003). These differences suggest that there may be distinct pathways that converge 

on p53 which contribute to p53’s ability to determine cell fate.

4
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13 p53-dependent growth arrest

One way in which p53 responds to stress is by blocking cell growth. In order for 

cellular division to take place effectively, there must be favorable conditions within the 

cell. Low oxygen levels (hypoxia), low ribonucleotide levels, DNA damage, and 

abnormal proliferative signals (oncogenic stimulation) have been shown to activate p53. 

Once activated, p53 transactivates a number of downstream target genes that halt cellular 

division until the conditions improve and once again favor growth (Kastan et al., 1991). 

p53 has been shown to promote growth arrest at the Gl/S checkpoint by transcriptionally 

activating the cyclin dependent kinase (CDK) inhibitor wafl/cipl (El-Deiry et al 1993). 

The protein product of this gene, p21, binds to and inhibits the cyclin/CDK complexes 

that hyperphosphorylate the tumor suppressor retinoblastoma (Rb) protein which is 

complexed to E2F. In the absence of p21, the hyper-phosphorylation of Rb releases the 

transcription factor E2F, which then promotes the cell cycle progression from G1 into S 

phase by activating a number of genes promote DNA replication (Medrano et al., 1995). 

p53 promotes a G2/M cell cycle arrest by transcriptionally activating two other target 

genes, gadd45 (Kastan et al., 1992) and 14-3-3o (Hermeking et al., 1997). Although it is 

not clear how Gadd45 mediates G2 arrest, it has been shown that overexpression of 

Gadd45 protein induces a G2 arrest (Wang et al., 1999). Additionally, gadd45 null mice 

exhibit defects in G2 arrest, DNA repair, and genomic stability (much like p53 null 

mice)(Sheikh et al., 2000). The cytoplasmic protein 14-3-3a, on the other hand, mediates 

G2 arrest by inhibiting the cyclin dependent kinase phosphatase Cdc25C (Hermeking et 

al., 1997). Cdc25C promotes progression into mitosis by removing inhibitory phosphate 

groups from cycinE/Cdk2 (Figure 1.2) (Gu et al., 1992).

5
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The tumor suppressor protein p!4arf also plays a role in regulating the ceil cycle 

through p53. pl4arf has been shown to be induced by numerous oncogenes, including 

Ras and E1A (de Stanchina et a l, 1998; Ries et al, 2000). In response to oncogenic 

stimulation, pl4arf transcript and protein levels increase in the cell. pl4arf stabilizes p53 

protein by binding to p53’s N-terminus and competitively inhibiting the association of 

Mdm2 with p53. This dismption of the Mdm2-p53 complex promotes growth arrest 

through the p53-dependent activation of wafl (Figure 1.2) (Kamijo et al., 1998).

m n;.

Cdc25A■ ►  cyclin/cdk

14-3-3

DNA dam ag e

p53 
activation

Gl

ana;

E2F cyclin/cdk

G l Arrest

Figure 1.2 p53 promotes cell cycle arrest at both G l and G2/M in response to DNA

damage or oncogenic stimulation.

6
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1.4 p53-dependent apoptosis

There are two principle pathways that can drive p53-dependent apoptosis: the 

extrinsic and intrinsic pathways (Kiechle and Zhang, 2002). The extrinsic pathway 

originates from the plasma membrane, while the intrinsic pathway begins at the 

mitochondria. Both pathways utilize members of a family of cysteine proteases, called 

caspases (Mashima et al., 1995). Two classes of caspases are activated during apoptosis, 

initiator caspases and effector caspases. Caspases exist in the cell in an inactive pro- 

caspase form. Activation occurs when the N-terminal pro domain is cleaved off.

Initiator caspases lie directly upstream of the effector caspases. In addition, adaptor 

proteins reside upstream of the initiator caspases. The extrinsic and intrinsic pathways 

have different initiator caspases. The extrinsic pathway utilizes caspase 8, while the 

intrinsic pathway utilizes caspase 9. These pathways both signal to the predominant 

effector caspase 3, which digests most of the principle cellular components during 

apoptosis (Burns and El-Deiry, 1999).

p53 promotes apoptosis through the extrinsic pathway by transcriptionally 

activating genes coding for death receptors from the TNF-receptor superfamily, like 

fas/apol and killer/dr5 (Muller et al., 1998; Wu et al., 1997). The induction of these 

apoptotic target genes enhances the sensitivity of the cell towards the p53-independent 

expression of ligands for these receptors following stress. Following ligand binding, the 

Fas receptor associates with the adaptor protein Fas associating death domain (FADD). 

This complex then recruits receptor interacting protein (RIP) and the initiator procaspase-

7
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8, which in turn promotes apoptosis through the activation of caspase-8 (Figure 1.3) (luo 

et al., 1998).

The activation of apoptosis via the intrinsic pathway involves the interplay 

between pro-survival and pro-apoptotic members of the Bcl-2 family of proteins. 

Members of the Bcl-2 family share numerous regions of homology referred to as Bcl-2 

homology (BH) domains. Bcl-2, Bcl-XL, Bax, and Bak are referred to as multidomain 

members of the Bcl-2 family, because they share numerous BH domains in common. 

Other Bcl-2 family members only contain one BH domain, the BH3 domain, which is the 

region of interaction between Bcl-2 family members. These BH3-only proteins promote 

apoptosis by binding to and inhibiting the pro-survival activity of Bcl-2 and Bcl-XL. In 

response to stress, Bax protein localizes to the mitochondrial membrane where it inserts 

its hydrophobic C terminus. The insertion of Bax into the mitochondrial membrane and 

the binding of Noxa or Puma to Bcl-2 alter the membrane potential and promote the 

release of cytochrome C into the cytoplasm (Figure 1.3) (Nakano and Vousden, 2001; 

Oda et a l, 2000; Wu and Deng, 2002). As a member of the electron transport chain, 

cytochrome C plays an important role in ATP production, but once released from the 

mitochondria, cytochrome C contributes to caspase activation. The pro-survival Bcl-2 

family members, Bcl-2 and Bcl-XL prevent apoptosis by preserving the integrity of 

mitochondrial membrane, which prevents the release of cytochrome C (Wu and Deng,

2002). Overexpression of Bcl-2 has been shown to inhibit p53-dependent apoptosis by 

preventing the translocation of Bax to the mitochondria (Murphy et al., 2000).

8
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Figure 13 p53 mediates apoptosis in response to DNA damage via extrinsic and 

intrinsic pathways.
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p53 promotes apoptosis through the intrinsic apoptotic pathway by disrupting the 

delicate ratio of pro-survival proteins to pro-apoptotic proteins by transcriptionally 

activating a subset of apoptotic target genes, including box, noxa, and puma (Figure 1.3). 

p53 has been shown to transcriptionally activate bax in association with the transcription 

factor Spl (Thomborrow and Manfredi, 2001), while noxa and puma transcription have 

only been shown to require p53 for their upregulation (Nakano and Vousden, 2001; Oda 

et al., 2000; Yu et al., 2001). The induction of these pro-apoptotic target genes by p53 

offsets the inherent protection administered by the pro-survival factors, Bcl-2 and Bcl-XL. 

Increased levels of Bax, Noxa, or Puma promote the release of cytochrome C from the 

mitochondria (Nakano and Vousden, 2001; Nomura et al., 1999; Oda et al., 2000). 

Cytoplasmic cytochrome C forms a complex with the adaptor protein Apafl and the 

initiator caspase-9, called an apoptosome (Figure 1.3). The formation of the apoptosome 

activates caspase-9 within this complex (Perkins et al., 2000; Zhuang and Cohen, 1998).

The initiator caspases from both the extrinsic and intrinsic pathways converge on 

the principle effector caspase-3. Caspase-3, and to a lesser extent caspase-9 and 7, 

cleave numerous proteins, like poly(ADP)ribose polymerase-1 (PARP-1) and caspase 

activated DNase (CAD), that prevent or promote the methodical digestion of cellular 

components. There exists a significant amount of redundancy in these apoptotic 

pathways, since some cell lines, like MCF-7, do not express caspase-3, yet have been 

shown to efficiently undergo apoptosis in response to stress (Johnson et al., 2000).
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Numerous downstream target genes of p53 also contribute to the onset of 

apoptosis by lowering the cell’s apoptotic threshold. p53 inducible gene-3 (pig-3) codes 

for a cytoplasmic protein that may act as a flavoprotein to promote the induction of 

reactive oxygen species (ROS) (Figure 1.3), which propentiates apoptotic pathways (Flatt 

et al., 2000). p53 has also been shown to transcriptionally activate a number of genes for 

proteases that play a role in the apoptotic mechanism. The genes for the serine protease 

HtrA2 (Jin et al., 2003a) and the effector caspase-6(MacLachlan and El-Deiry, 2002) are 

both downstream targets of p53.

1.5 Mdm2 and the regulation of p53 protein in the absence of stress

Under normal conditions, the levels of p53 protein are kept low through 

interactions with the oncogene Mdm2. Mdm2 binds to a region on the amino terminus of 

p53 (Bottger et al., 1997). When bound to p53, Mdm2 acts as E3 ubiquitin ligase 

ubiquitinating p53 at multiple lysine residues on its carboxyl terminus (Honda et al., 

1997). In association with p300, Mdm2 promotes the polyubiquitination and subsequent 

degradation of p53 (Figure 1.4) (Jin et al., 2004). In addition, Mdm2 silences the regions 

adjacent to p53 binding sites by ubiquitinating adjacent histone proteins (Minsky and 

Oren, 2004). Mdm2 also inhibits p53 function by interfering with the ability of p53 to 

interact with members of the transcriptional machinery (Figure 1.4) (Thut et al., 1997). 

Following genotoxic stress, p53 protein is phosphorylated on numerous residues that 

disrupt its association with Mdm2 (Figure 1.4) (Shieh et al., 1997). The dissociation of 

p53 from Mdm2 activates p53’s transcriptional activity and increases its half-life 

(Kubbutat et al., 1997). Mdm2 is a target gene of p53 (Barak et al., 1993). If p53 protein
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levels increase in the absence of stress, the resulting mdm2 induction serves to destabilize 

p53 in a negative feedback loop. Just as p53 is critical for maintaining genomic stability 

and blocking abnormal cellular proliferation, Mdm2 is necessary for regulating p53’s 

growth suppressive activity. In fact, deletion of the mdm2 gene is embryonic lethal 

(Montes de Oca Luna et a l, 1995). Deletion of the p53 gene rescues mdm2 null mice, 

which are then able to come to term. However, these mdm2/p53 double knockout mice 

exhibit a phenotype similar to p53 null mice and develop tumors at an early age (Jones et 

al., 1996).

u b i q u i t i n a t i o n  of  
h i s t o r i e s

1 63 x«u 300 356 393

transactivation  proline-rich DNA binding te tram eriza tion  basic

Figure 1.4 In the absence of stress, Mdm2 inhibits the ability of p53 to mediate 

transcription by binding to the transactivation domain and ubiquitinating p53 and 

nearby histone proteins.

Mdm2 protein levels remain stable in the nucleus through its phosphorylation by 

the protein kinase AKT (Mayo and Donner, 2001; Ogawara et al., 2002). AKT kinase 

phosphorylates Mdm2 at serines 166 and 168 (Mayo and Donner, 2001). These
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phosphorylation events not only increase the nuclear retention of Mdm2, but also 

stimulate its E3 ubiquitin ligase ability through its association with p300. Although 

Mdm2 has been shown to mono-ubiquitinate proteins on its own, p300 association 

enables Mdm2 to polyubiquitinate proteins like p53, targeting them for degradation in 

proteasomes (Grossman et al., 2003). Basal mdm2 expression is maintained by two 

promoters, a p53-independent PI promoter upstream of the 1st exon, and a p53-dependent 

P2 promoter located in the first intron (Juven et al., 1993). Although the regulation of 

this intronic p53-responsive promoter has been examined in numerous studies, it is not 

currently known if anything other than basal transcription occurs from the PI promoter.

1.6 Effects of post-translational modification on p53 function following stress

The ability of p53 to activate downstream pathways in response to cytotoxic 

stimuli, like DNA damage, may rely on its post-translational modification. Numerous 

stress kinases converge on p53 following damage and phosphorylate it on serine and 

threonine residues in its amino and carboxyl termini (Lakin and Jackson, 1999). The 

PI3K family members, DNA-PK, ATM and ATR, have been shown to phosphorylate p53 

at serine 15 (Canman et al., 1998; Lakin et al., 1999; Lees-Miller et al., 1992). 

Phosphorylation of p53 at serine 15 promotes its further phosphorylation at threonine 18 

and serine 20, which reside within the Mdm2 binding site on p53 (Dumaz et al., 1999; 

Saito et a l, 2002). Phosphorylation of p53 at these sites is believed to inhibit Mdm2 

binding and promote p53’s transcriptional activity (Figure 1.5) (Ashcroft et al., 1999; 

Craig et al., 1999; Unger et al., 1999a). Different types of genotoxic stress which activate 

these stress kinases have been shown to differentially affect the phosphorylation status of
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p53 (Lakin and Jackson, 1999). While some genotoxic agents, like UV and CPT, have 

been shown to induce phosphorylation of p53 on threonine 18 and serine 20 (Ashcroft et 

al., 2000; Sakaguchi et al., 2000), other agents, like actinomycin D (Act D), do not 

promote N-terminal phosphorylation events. Surprisingly, p53 induced by Act D 

transcriptionally activated wafl and mdm2 and also promoted apoptosis (Ashcroft et al.,

2000). These data suggest that phosphorylation of this region of p53 may not be 

necessary for p53 to mediate downstream pathways. A recent study demonstrated that 

p53 is phosphorylated at serine 46 by an unidentified kinase associated with p53DMPl 

(Okamura et al., 2001). Although mutation of serine 46 does not affect the ability of p53 

to bind to its responsive elements, phosphorylation at this site was critical for the ability 

of p53 to promote apoptosis (Bulavin et al., 1999).

The phosphorylation of p53 on its N-terminus in response to stress not only serves 

to relieve repression by Mdm2, but also promote p53 acetylation. Acetylation of p53 by 

the histone transacetylase p300 may increase p53’s transcriptional activity directly by 

changing its conformation (Avantaggiati et al., 1997; Gu and Roeder, 1997), or by using 

p53 as a scaffold to remodel the chromatin on target genes during transcription (Figure

1.5) (Espinosa and Emerson, 2001). Recent studies using chromatin 

immunoprecipitations have detected acetylated p53 bound to its responsive element on 

p53 target genes that were determined to be transcriptionally active (Szak et al., 2001). 

p300 binds to p53 within the same region recognized by Mdm2 and acetylates numerous 

lysine residues on p53’s C-terminus (Ito et al., 2001; Kobet et al., 2000).

Phosphorylation of p53 at serine 15 has also been shown to promote association with
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p300 (Dumaz and Meek, 1999; Kar et al, 2002). Additionally, Zhu et al found that 

although p53 mutants containing point mutations on these critical residues in the N- 

terminus retained their ability to bind to chromatin, their ability to associate with p300 

was diminished. These N-terminal mutant variants of p53 were less capable of 

transcriptionally activating wafl/cipl, which correlated with lower levels of acetylated 

histone proteins on this target gene (Zhu et al., 2001b). Other studies, however, suggest 

that the acetylation of p53 may require more than just N-terminal phosphorylation. 

Acetylation of p53 has been shown to occur on p53 in response to Act D in the absence 

of N-terminal phosphorylation (Ito et al., 2001).

Figure 1,5 In the presence of stress, p300 binds to the phosphorylated N-terminus of 

p53 and acetylates on C-terminal lysine residues on p53.

63
tra n s a c t iv a t io n  p ro lin e -r ic h

300 356 393
te t r a m e r iz a ts o n  b a s icDNA b in d in g
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1.7 pS3 family members

p53 has two homologues, p63 and p73, that are considered members of the p53 

family of proteins. p63 and p73 share homology with p53 in three principle regions, the 

transactivation domain, the central DMA binding domain, and the tetramerization domain 

(Figure 1.6 ). Like p53, both p63 and p73 are capable of binding to p53 responsive 

elements (Levrero et al., 1999). p63 and p73 exist in primarily two forms, containing or 

lacking the N-terminal transactivation domain. The expression of these two isoforms of 

p63 and p73 occurs via two promoters. The delta varient lacks the transactivation 

domain and originates from an the internal promoter (Dohn et al., 2001; Grob et al.,

2001). This form of p63 and p73 can bind to the p53 responsive element, but because it 

lacks the transactivation domain it cannot promote transcription (Figure 1.6). 

Overexpression of A-p73 or p63 can inhibit the p53 response by competing with p53 for 

binding to its responsive elements, as well as by associating with and inactivating the p53 

tetramer (Chan et al., 2004; Yang et al., 2002). The transactivation proficient (TA)-p73 

or p63 varient arises from the activation of the PI promoter, and exists in two splice 

variants, a full length alpha form (Figure 1.6) and a slightly shorter beta form. Full 

length p73 and p63 have been shown to play a role in the ability of p53 to promote 

apoptotic pathways in response to DNA damage (Flores et al., 2002). Interestingly, only 

p73 has been shown to be stabilized in response to stress. Numerous studies have shown 

that p73a can be induced, in a c-Abl dependent manner, by several types of DNA damage 

including cisplatin and DR. and promote apoptosis. Furthermore, full length p73 is 

capable of mediating apoptosis in the presence or absence of p53 (Agami et al., 1999;

Toh et al., 2004; Yuan et al., 1999; Zhu et al., 2001a).
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Figure 1.6 Domains shared by p53 and p73.

1.8 Regulation of p53 response pathways

The decision to promote either growth arrest or apoptosis may be based on the 

context of the cell in which p53 activation occurs. The cellular context is dependent upon 

the proteins that are present prior to and following the genotoxic event. It is these 

elements that permit or prevent the mediation of response pathways by p53 (Oren, 1994). 

The expression of determinant factors prior to p53 induction may establish conditions 

that promote either growth arrest or apoptotic responses. The expression of these factors 

may be tissue specific, allowing for cells derived from different tissues expressing similar 

levels of p53 to elicit different downstream pathways. Recent studies utilizing 

tetracycline regulatable systems have shown that overexpression of p53 protein in the Li 

Fraumeni cell line, MDAH041, resulted in growth arrest (Agarwal et al., 1995), while 

high levels of p53 in the colon cancer cell line DLD-1 induced apoptosis (Yu et al., 1999). 

In another study examining numerous cell lines from a similar origin, colorectal cancer, it 

was found that the overexpression of p53 induced apoptosis in one cell line and growth
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arrest in another. Furthermore, when these cell lines were fused together, the resulting 

hybrid underwent apoptosis in response to p53, suggesting that the apoptotic cellular 

context was dominant over the context of the cells prone to undergo p53-dependent 

growth arrest (Polyak et al., 1996).

*

Although p53 is believed to be central to the induction of either growth arrest or 

apoptosis, a number of cytoplasmic pathways composed of kinases are also stimulated or 

inhibited by stress. These stress responsive pathways play a role in dictating the cellular 

outcome not only by signaling to the p53 pathway, but also by activating a number of 

factors that either promote survival or mediate apoptosis. In order for p53 to promote 

apoptosis, the pathways that promote survival must be overcome (Aranda-Anzaldo and 

Dent, 2003; Holbrook et al., 1996). Activation of the extracellular signal-regulated 

kinase (ERK) and the phosphatidyl inositol 3-kinase (PI3K) pathways promotes survival 

in the cell. The ERK pathway promotes cellular survival by activating a number of 

transcription factors like Spl that induce DNA repair proteins like ERCC1, XRCC1 and 

XPC(Yacoub et al., 2003; Yacoub et al., 2001). Furthermore, ERK signaling promotes 

the expression of pro-survival genes like bcl-xl, mcl-1, and bcl-2 (Boucher et al., 2000), 

as well as mdm2 through Ras and Raf, which lie upstream of ERK (Figure 1.7) (Ries et 

al., 2000). Inhibition of the ERK pathway has been shown to occur in response to some 

damaging agents, like vinblastine. Additionally, use of ERK pathway inhibitors has been 

shown to sensitize cells to apoptosis-inducing agents (Brantley-Finley et al., 2003). The 

PI3K pathway promotes survival by inducing pro-survival genes like mcl-1 and c-flipl 

through the activation of AKT (Nam et al., 2003; Osaki et al., 2004). AKT has also been
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shown to phosphorylate Mdm2 (Figure 1.7), which increases its ability to localize in the 

nucleus negatively regulate p53 (Mayo and Donner, 2001). The PI3K pathway has also 

been shown to be inhibited by stress (Zundel and Giaccia, 1998). Furthermore, inhibition 

of the PI3K survival pathways sensitizes cells to apoptosis inducing agents (Martelli et al., 

2003). The activation of p53 can counteract these pro-survival pathways by activating 

target genes like pten that inhibit the PBK pathway member AKT, and box, puma, and 

noxa which overcome the pro-survival effects of bcl-2 and bcl-xl expression in response 

to ERK signaling (Mayo and Donner, 2002; Wu and Deng, 2002).

Other kinase driven pathways, like the SAPK/JNK and the p38 mitogen activated 

kinase (MAPK) pathways, respond to stress by promoting apoptotic signals that 

contribute to the p53 response. Topoisomerase inhibitors, DR, UVC, and MMS have been 

shown to activate the SAPK/JNK pathway (Brantley-Finley et al., 2003). Activated JNK 

has been shown to phosphorylate numerous factors that promote apoptosis, including the 

tumor suppressor p53 (Fuchs et al., 1998), the pro-apoptotic proteins Bim and Bmf 

(Figure 1.7) (Lei and Davis, 2003), and the transcription factor c-Jun (Brantley-Finley et 

al., 2003). The phosphorylation of c-Jun by JNK leads to the formation of the potent 

transcription factor AP-1. Numerous members of the Jun family have been shown to 

form heterodimers with members of the Fos family, as well as with activating 

transcription factor (ATF), to form AP-1 (Ameyar et al., 2003). Since mdm2 and gadd45 

both contain binding sites for AP-1, the formation of AP-1 through the activity of JNK 

may play a role in the regulation of p53 target genes (Graunke et al., 1999; Phelps et al., 

2003). Furthermore, p53 has been shown to cooperatively transactivate the metastasis
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suppressor gene kail with c-Jun in response to ETOP treatment (Mashimo et al., 2000). 

The p38/MAPK pathway has also been shown to promote apoptosis or G2/M growth 

arrest, depending on the cell type and the type of stress exuded on the cell (Sheikh et al., 

2000). In contrast to the JNK pathway, it has not been determined how p38 mediates 

these downstream pathways, but it may involve the stabilization of p53 through an 

association with GADD45a (Figure 1.7). Studies using gadd45a null MEFs have shown 

that GADD45a and p38 activity were required for p53 stabilization in response to UVB 

and oncogenic stimulation by H-Ras (Jin et al., 2003b). p38 and GADD45a have also 

been shown to associate in vivo (Bulavin et al., 2003). p38 may also promote p53 

stabilization by targeting p53 for phosphorylation. Both JNK and p38 have been shown 

to phosphorylate p53 (Figure 1.7) (Bulavin et al., 1999; Hu et al., 1997).

Survival Death
p 3 8  JNK

G add45

Mdm2

Figure 1.7 Kinase pathways can prevent or promote p53-dependeet apoptosis.
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1.9 Dissertation Hypothesis

Numerous pathways converge on p53 and affect its ability to mediate its tumor 

suppressive function. It is these pathways emulating from the cell membrane towards the 

nucleus and from the site of damage in the nucleus itself that set up the conditions for the 

ensuing p53 response. This dissertation focuses on two separate aspects that dictate the 

ability of p53 to regulate downstream target genes: the activation of p53 on chromatin, 

and the ability of this activated p53 to direct cell fate. In addition, the p53-dependetn and 

independent apoptotic pathways utilized by 10-decarbamoyl mitomycin C is also 

examined.

Although Mdm2 has been shown in numerous studies to associate with p53 and 

inhibit p53’s transcriptional activity, it has never been clearly shown that Mdm2 mediates 

this repression of p53 that is bound to DNA. We hypothesized that not only is Mdm2 

bound to p53 prior to activation, but that following activation Mdm2 dissociates from p53 

on chromatin permitting active transcription. Using chromatin immunoprecipitation we 

were able to show that Mdm2 co-localizes with p53 on p53 responsive elements prior to 

activation. Following activation, Mdm2 dissociates from p53 and this dissociation 

correlates with transcriptional activity. Surprisingly, we found that Mdm2 re-associates 

with p53 at later time-points, and this reformation of Mdm2’s inhibitory complex with 

p53 was followed by decreases in transcription from the loci we examined.

Although many mechanisms have been discovered which affect the ability of p53 

to promote growth arrest or apoptosis, it has still not been determined how p53 dictates
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cell fate in response to genotoxic stress. Using the myeloid leukemia cell line ML-1 that 

contains a well-documented p53 response, we determined whether p53 mediates growth 

arrest or apoptotic pathways by differentially regulating its downstream target genes. 

Surprisingly, we found no correlation between the types of target genes induced by 

similar levels of p53 protein and the cellular outcome that resulted from drug treatment. 

Furthermore, we found that different DNA damaging agents require different levels of 

p53 protein and target gene expression to shift the cell from growth arrest to apoptotic 

cell fates. Our data suggest that the ability of a DNA damaging agent to promote 

apoptosis through p53 relies on their ability to activate cooperative pathways that 

contribute to the p53 response.

The antibiotic mitomycin C (MC) has been used as a cancer treatment for 

numerous years. Studies examining how MC inhibits tumor growth have found that MC 

mediated DNA damage induces p53 protein and p53-dependent apoptosis (Abbas et al., 

2002; Blagosklonny and El-Deiry, 1998). MC is much less effective at inducing cell 

death in cell lines that lack functional p53 (a defect found in most known cancers).

Recent work in our laboratory by Abbas et al found that the analog of MC, decarbamoyl- 

mitomycin C (D-MC) induced apoptosis in cell lines regardless of their p53 status (Abbas 

et al., 2002). In order to further investigate the mechanism by which D-MC mediates 

apoptosis in cell lines expressing and lacking wild type p53, we examined the regulation 

of two proteins known to contribute to p53-dependent and independent cell death, p73 

and the caspases. Since p73 has been shown to transactivate a number of p53 target 

genes and promote apoptosis in the absence of p53 (Lee and La Thangue, 1999; Zhu et al.,
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1998; Zhu et a!., 2001a), we proposed that D-MC may be mediating p53-independent 

apoptosis by stabilizing and activating the p53 homologue p73. We found, however, that 

neither p73a protein nor p53 apoptotic target genes were induced by D-MC in cells that 

lacked p53. p73 has also been shown to contribute to p53’s apoptotic potential (Flores et 

al., 2002). To determine a possible role of p73 in apoptosis induced by MC and D-MC, 

we examined the p73 protein levels in drug treated ML-1 cells. Surprisingly, we found 

that MC, but not D-MC, treatment stabilizes p73 protein in a p53-dependent manner.

The p53 induced by MC, however, did not display a greater ability to transcriptionally 

activate downstream when compared to D-MC. These data suggest that although p73 

was induced by MC treatment in ML-1 cells, it did not play a role in heightening the p53 

response. When we examined the activity of the caspases in response to MC and D-MC 

in ML-1 cells, we found that MC and D-MC treatment differentially activate the 

downstream caspases. Additionally, we found that there were significantly lower 

quantities of caspase activity in response to D-MC in cells lacking p53. However, both 

caspases and serine proteases were required for the D-MC mediated p5 3 -independent 

apoptotic pathway.
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Chapter 2. Materials and Methods

2.1 Reagents

Camptothecin, Etoposide, N-acetyl-Leu-Leu-Norleu-al (LLnL), Mitomycin C, 

Cycloheximide, Tetracycline and Doxycycline (DOX) were purchased from Sigma. 

Zeocin was purchased from Invitrogen. D-MC was synthesized from MC by Maria 

Tomasz and colleagues. RPM I1640, McCoy’s 5A, Fetal Bovine Serum (FBS), 

Gentomycin (G418) and the Penicillin-Streptomycin solution were purchased from 

Mediatech. Hygromycin B was purchased from Calbiochem. Powdered DMEM and 

Sodium Bicarbonate were purchased from Gibco/BRL and prepared on the premises. 

Rottlerin and 12-O-tetradecanoylphorbol 13-acetate (TPA) were purchased from 

Calbiochem.

2.2 Cell Culture

The myeloid leukemia cell line ML-1 and erythromyeloid leukemia cell line K562 were 

grown in RPMI 1640 supplemented with 10% FBS and 2500 units of Penicillin- 

Streptomycin. The ML-1 cells were a generous gift from Michael Kastan. The K562 

cells were purchased from the American Type Culture Collection. The colon cancer cell 

line DLD-1 was grown in McCoy’s 5A media supplemented with 10% FBS and 2500 

units of Penicillin-Streptomycin. The p53-regulatable cell line, D-A2, was grown in 

McCoy’s 5A media supplemented with 10% FBS, 2500 units of Penicillin-Streptomycin, 

0.4 mg/ml G418, 20 ng/ml Doxycycline, and 0.25 mg/ml Hygromycin B. The DLD-1 

and D-A2 cells were a generous gift from Burt Vogel stein. The MDAH041 and TR9-7
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cells were a generous gift from Muiraa Agarwal. The TR9-7 cells were grown in DMEM 

supplemented with 10% FBS, 2500 units of Penicillin-Streptomycin, 0.4 mg/ml G418, 5 

ug/ml Tetracycline, and 0.25 mg/ml Hygromycin B. p53 and pl9arf mouse embryonic 

fibroblasts were a generous gift from Charles Shetr. All cells were incubated at 37°C 

with 5% €02 .

2.3 Protein Extract Preparation

Protein extracts were prepared using a variation of the Dignam protocol (Dignam et al., 

1983). Cells were washed twice in Ix Phosphate Buffered Saline (PBS), pH 7.3 (136 

mM NaCl, 2.6 mM KC1, 1.4 mM KH2PO4, 4.2 mM NaaHPO^. The washed cells were 

spun down and the resulting cell pellets were resuspended in 5 packed cell volumes of 

Buffer A (10 mM HEPES, pH 7.8, 1.5 mM MgCl2, 10 mM KC1, 0.5 mM 

phenylmethylsulfonyl fluoride (PMSF), 0.5 mM dithiolthreitol (DTT), 50 ug/ml 

Aprotinin, 0.1 uM Trichostatin A (TSA), 1% Phosphatase Inhibitor Cocktail 1 (Sigma), 

0.96 mg/ml Leupeptin). The samples were then immediately spun down at 2000 rpm for 

10 min at 4°C. The supernatant was discarded and the resulting pellet was resuspended 

with 2 packed cell volumes of Buffer A. Each sample was lysed with two strokes of a 20 

gauge needle, and then incubated on ice for 10 min. Following the incubation, the cells 

were spun down at 12000 rpm for 10 min at 4°C. The resulting supernatant was the 

cytoplasmic extract. The remaining pellet was then resuspended in one packed cell 

volume of Buffer C (20 mM HEPES, pH 7.8, 25 % glycerol, 0.42 mM NaCl, 1.5 mM 

MgCla, 0.2 uM EDTA, pH 8.0, 0.5 mM phenylmethylsulfonyl fluoride (PMSF), 0.5 mM 

dithiolthreitol (DTT), 50 ug/ml Aprotinin, 0.1 uM Trichostatin A (TSA), 1% Phosphatase

25

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Inhibitor Cocktail 1 (Sigma), 0.96 mg/ml Leupeptin), and then lysed with 3 strokes of a 

20 gauge needle. Each sample was rocked for 30 min at 4°C. Following this incubation, 

each sample was vortexed briefly and then spun down at 15000 rpm for 30 min at 4°C. 

The supernatant was saved as the nuclear extract.

2.4 Flow Cytometry

FACS analysis was carried out on a BD Biosciences scan. Cells were spun down at 1850 

rpm for 7 min, washed twice with phosphate buffered saline (PBS), and resuspended in 

20 ml of PBS containing 2% bovine serum albumin and 0.1% sodium azide. Ethanol (9 

ml) was then added drop wise while vortexing. Propidium Iodide staining and RNase 

treatment were carried out at 37°C for 30 min 24 hr prior to flow cytometry.

2.5 Western Blot Analysis

Protein samples were electrophoresed on a 10% denaturing poly-acrylimide gel and then 

electrotransferred to nitrocellulose (Amersham). Blots were probed with either the 

monoclonal p53 specific antibodies (421, 240, and 1801) as indicated, or the monoclonal 

anti-poly (ADP-ribose) polymerase 1 (PARP-1) antibody (Pharmingen), or the 

monoclonal anti-procaspase-3, 7, 8  or 9 antibodies (Oncogene Research), or a phosphor- 

c-Jun antibody (Oncogene Research), or the phosphor-Chk2 antibody (Oncogene 

Research), or the monoclonal Mdm2 specific antibodies (4B2, a generous gift from 

Arnold Levine) and D-7 (Santa Cruz Biotechnology), or the monoclonal anti-p21 

antibody AB-1 (human) or AB-4 (murine) (Oncogene Research), or a polyclonal anti-
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actin antibcxly (Sigma). The immunoblotted proteins were detected by 

chemiluminescence.

2.6 Quantitative RT-PCR

RNA was isolated from cells using the QIAshredder columns and the RNeasy Mini Kit 

(Qiagen). For each sample, 5 ug of RNA were used for cDNA synthesis using the high 

capacity cDNA archive kit (Applied Biosystems). The TaqMan primer probes for 

glyceraldehyde 3-phosphatase dehydrogenase, fas/apol, and wafl/cipl were obtained 

from Applied Biosystems Assays on Demand, while the mdm2 (exons 5,6), noxa, puma, 

box, pig-3, and gadd45 specific TaqMan primer probes were also obtained from Applied 

Biosystems, but were designed by Celera Discovery Systems. The manufacture’s 

conditions were followed for TaqMan PCR with the Applied Biosystems 5700 Sequence 

Detection System (Perkin Elmer Lifesciences). One cycle for the UNG Incubation at 

50°C for 2 min and for priming the reaction at 94°C for 10 min was followed by 40 

cycles of 94°C for 15 sec denaturation and 60°C for 1 min annealing. Fluorescence was 

detected during each annealing step and plotted automatically for each sample.

2.7 Electrophoretic Mobility Shift Assays

For this study, synthetic oligonucleotides were purchased from Operon. The super 

consensus site contained three adjacent p53 half sites. The sequence of this 

oligonucleotide was:

5 ’ -TCGAGCCGGGCATGTCCGGGCATGTCCGGGCATGTC-3 ’

3 ’ -GGCCCGT AC AGGCCCGT AC AGGCCCGTACAGCTCGA-5 ’
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Labeling of the oligonucleotides was performed with the large fragment of DNA 

polymerase I and [32P]dCTP. Electrophoretic mobility shift assay experiments (15 ul) 

were carried out in reaction mixtures with 150 pmol of 32P-oligonucleotide. 5 ug of 

nuclear extract was added and the reaction was incubated for 2 0  min at room temperature 

in a reaction buffer containing 20 mM HEPES, pH 7.8,100 mM KC1, 1 mM 

EDTA, pH 8.0, 1 mM DTT, 1 ug of sheared salmon sperm DNA, and 10% glycerol. 

Reactions were carried out in the presence or absence of pAb421 as indicated. Samples 

were separated by 4% polyacrylimide gel electrophoresis (gels were pre-run at 100 V for 

15 min at 4°C) at 200V for 3-3.5 hr. Gels were dried for 1 hr at 55 °C and 

autoradiography was performed.

2.8 Chromatin Immunoprecipitation

Prior to addition to cells, 37% Formaldehyde (Sigma) was boiled and then allowed to 

cool to room temperature. The boiled Formaldehyde was then diluted to an 11% solution 

in Solution 1 (0.1M NaCl, 1 mM EDTA, 0.5 mM EGTA, 50 mM HEPES, pH 8.0). This 

diluted Formaldehyde solution was then used for the next step where cells were incubated 

for 30 min at 37°C with a final concentration of 1% Formaldehyde. The crosslinking 

reaction was quenched by adding glycine to a final concentration of 0.125 M. The cells 

were then incubated at room temperature for 5 min. After collection, the cells were 

washed two times with ice cold lx  PBS, pH 7.3, and then spun down at 1850 rpm for 7 

min at 4°C. The resulting cell pellet was resuspended in 5 ml of 100 mM Tris-Cl, pH 9.4 

with 20 mM DTT and incubated for 15 min at 30°C. The cells were spun down at 2000 

rpm for 5 min. The resulting pellet was resuspended in 2 ml of Solution 2 (0.25% Triton
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X-100,0.5% IGE-PAL (Sigma), 10 mM EDTA, 0.5 mM EGTA, 10 mM Tris-Cl, pH 8.0,

1 mM PMSF) and incubated on ice for 10 min. The samples were then spun down at 

2000 rpm for 5 min at 4°C. The cell pellet was resuspended in 2 ml of Solution 3 (0.2 M 

NaCl, 1 mM EDTA, 0.5 mM EGTA, 10 mM Tris-Cl, pH 8.0, 1 mM PMSF), and 

incubated at room temperature for 10 min. The samples were spun down at 2000 rpm for 

5 min at 4°C. The resulting pellet was resuspended in 1 ml of Solution 4 (1 mM EDTA, 

0.5 mM EGTA, 10 mM Tris-Cl, pH 8.0, 1 mM PMSF) and then sonicated on ice 10 times 

for 10 sec. The sonicated extract was spun down at 14000 rpm for 10 min at 4°C. The 

supernatant was saved, and its volume measured. An appropriate volume of lOx RIP A 

buffer (1% Triton X-100, 1% Deoxycholate, 1.4 M NaCl, 1% SDS) was added to each 

sample to make the total concentration of RIP A buffer in solution lx. From each sample, 

0.2 ml was removed and designated the “input” fractions. Antibody (or in the case of the 

beads alone samples, no antibody) was then added to the rest of the sample and was set to 

rock overnight at 4°C. 2 ug of AB-6 , D-7, and anti-Bcl-XL (Oncogene Research), 10 ug 

of purified 4B2, or a 1:200 dilution of anti-phosphoserine 15-p53 was used for these 

immunoprecipitations. The next day, 50 ul of Protein A/G Plus beads (Santa Cruz) were 

added to each sample. The samples were then rocked an additional two and a half hours 

at 4°C. The immunoprecipitated samples were then spun down at 3400 rpm for two and 

a half minutes at 4°C. The beads were washed once in Wash 1 (0.1% SDS, 1% Triton X- 

100, 2 mM EDTA, 20 mM Tris-Cl, pH 8.1, 150 mM NaCl), once in Wash 2 (0.1% SDS, 

1% Triton X-100, 2 mM EDTA, 20 mM Tris-Cl, pH 8.1, 500 mM NaCl), once in Wash 

3 (0.25 M LiCl, 1% IGE-PAL, 1% Deoxycholate, ImM EDTA, 10 mM Tris-Cl, pH 8.1), 

and twice in TE buffer (10 mM Tris-Cl, pH 8.0, 1 mM EDTA, pH 8.0). After each wash
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was added the samples were rocked for 10 min at 4°C, then spun down at 3400 rpm for 2 

and a half minutes at 4°C. After the last TE wash, 0.1 ml of Elution buffer (1% SDS, 0.1 

M NaHCOS) was added to immunoprecipitated and input samples. All samples were 

incubated at 65°C overnight to remove the formaldehyde crosslinks. The following day, 

the resulting DNA was isolated using the QIAquick PCR Purification Kit (Qiagen). 

Isolated DNA was stored at 4°C until analysis.

2.9 PCR and Qualitative Analysis of ChIP Samples

For each sample, 5 ul of the total 50 ul volume of DNA isolated from the chromatin 

immunoprecipitation or the input samples was used in each 25 ul PCR reaction (50% 

TaqMan Universal PCR Mix (Applied Biosystems), 0.3 pmoles/ul primers). The primer 

sequences used to analyze DNA isolated using ChIP are as follows: 

mdm2: (forward primer) 5’-CGGGAGTTCAGGGTAAAGGT-3’, (reverse primer) 5’- 

AGCAAGTCGGTGCTTACCTG-3 ’

w afl/cipl: (forward primer) 5’-GTGGCTCTGATTGGCTTTCTG-3’, (reverse primer)

5’ -CTGAA AAC AGGC AGCCC AAG-3 ’

The number of cycles utilized to visualize the resulting amplicons differed according to 

the amount of product obtained, but the conditions for each PCR reaction remained the 

same (50°C for 2 min once, 94°C for 10 min once, 94°C and then 60°C for the number of 

cycles warranted). The entire PCR reaction was then electrophoresed on an 8 % 

nondenaturing polyacrylimide gel, which was then stained with EtBr. The gel was de­

stained in water until the PCR products were clearly visible.
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2.10 MTT Assay

Following treatment, at least 2.5 x 105 of ML-1 or K562 cells were spun down at 1850 

rpm for 5 min at room temperature (RT). The supernatant was removed and the resulting 

cell pellet was resuspended in 1 ml of complete RPMI media containing 0.5 mg/ml MTT. 

Resuspended cells were plated in a 24 well plate and incubated from one to three hours at 

37 C. The MTT treated cells were spun down at 1850 rpm for 5 min at RT, and the 

resulting cell pellet was thoroughly resuspended in 0.04N HC1 diluted in Isopropanol. 

Samples were incubated for 5 min at RT, and then spun down at 14,000 rpm for 2 min. 

250 ul of supernatant was transferred into a 96 well plate and the absorbance was read at 

620 nm.

2.11 Annexin Staining

Following treatment, at least 5.0 x 105 of ML-1 or K562 cells were spun down at 1850 

rpm for 5 min at room temperature (RT). The resulting pellet was resuspended in 500 ul 

of lx  Binding Buffer containing 1.25 ul of Annexin. Samples were incubated for 15 min 

at RT in the dark. The cells were spun down at 2000 rpm for 5 min at RT. The 

supernatant was removed and the pellet was resuspended in 500 ul of lx  Binding Buffer. 

10 ul of Propidium Iodide was added to each sample, and the samples were kept on ice 

until analysis.

2.12 Guava Caspase Assay

Following treatment, at least 5.0 x 104 of ML-1 or K562 cells were spun down at 1850 

rpm for 5 min at room temperature (RT). The resulting pellet was resuspended in 100 ul
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of lx  Apoptosis Wash Buffer (Guava Technologies). 5 ul of 20x SR-VAD-fmk reagent 

was added to each sample. Each sample was then briefly vortexed and incubated for 1 hr 

at 37 C in 5% C02. The samples were resuspended once or twice during the incubation. 

One ml of lx  Apoptosis Wash Buffer was added to each sample. Each sample was 

vortexed and then spun down at 400g for 5 min. The supernatant was aspirated, and the 

resulting pellet was washed three times in 1 ml Wash Buffer (Guava Technologies).

After the final wash, the pellet was resuspended in 100 ul of Wash Buffer. 5 ul of 

caspase 7-AAD was added to each sample. Each sample was then incubated for 10 min 

at RT, and then another 100-400 ul of Wash Buffer was added prior to analysis in the 

Guava Fluorescence Activated Cell Sorter (Guava Technologies).
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Chapter 3. Mdm2 associates with chromatin only in the presence of p53 and 

precedes decreases in transcription from p53 target genes

3.1 Introduction

In response to genotoxic stress, the tumor suppressor p53 conducts numerous 

pathways, such as cell cycle arrest, apoptosis, and DNA repair, which avert cellular 

transformation (Bargonetti and Manfredi, 2002; Velculescu and El-Deiry, 1996). Acting 

principally as a transcription factor, p53 binds to DNA as a tetramer, localizing to 

specific p53 responsive elements on genes whose protein products mediate growth 

suppressive activity indicative of the p53 pathway (el-Deiry et al., 1994; Farmer et al., 

1992; Zhan et al., 1994a). In the absence of stress, p53 levels remain low due primarily to 

association of p53 with its negative regulator, Mdm2 (Giaccia and Kastan, 1998; Kastan 

et al., 1991). Mdm2 is a p53 target gene (Juven et al., 1993) whose protein product 

regulates p53 activity by multiple mechanisms. Mdm2 protein binds to a region on the 

N-terminus of p53 and inhibits the transcriptional activity of p53 by blocking the ability 

of p53 to associate with transcriptional machinery (Barak et al., 1993; Oliner et al., 1993; 

Thut et al., 1997). In the presence of cytotoxic stimuli, like DNA damage, stress kinase 

pathways signal to and phosphorylate p53 on numerous sites (Bean and Stark, 2002). 

Phosphorylation of p53 on amino acids within the Mdm2 binding site (like serine 15, 

threonine 18, and serine 20) disrupt Mdm2-p53 complex formation (Sakaguchi et al., 

2000; Shieh et al., 1997; Unger et al., 1999a). Additionally, Mdm2 acts as an E3 

ubiquitin ligase targeting p53 for degradation in proteasomes (Honda et al., 1997; 

Ogawara et al., 2002). These phosphorylation events not only stabilize p53 protein in the
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cell, but also promote the transcriptional activity of p53 (Colman et al., 2000). A 

mathamatical model proposed by Samuel Levs Bar predicted that the p53-Mdm2 

negative feedback loop is cyclical. This model was substantiated by the observed 

oscillations in the levels of Mdm2 and p53 proteins within the cell following the 

activation of p53 in response to DNA damage (Lev Bar-Or et al., 2000).

Recent studies have begun to delineate how p53 mediates transcription of its 

target genes by determining which cooperative factors co-localize with p53 at its 

responsive element. The regions encompassing the p53 binding sites on target genes, like 

mdm2 and gadd45, have been found to be nucleosome free and poised for transactivation 

(Graunke et al., 1999; Xiao et al., 2000; Xiao et al., 1998). Studies using chromatin 

immunoprecipitation (ChIP) have found p53 bound to its binding sites prior to activation 

(Espinosa et al., 2003; Szak et al., 2001). Additionally, increasing levels of p53 were 

detected on these DNA binding sites with ChIP following activation of p53 by stress 

(Espinosa et al., 2003; Kaeser and Iggo, 2002; Szak et al., 2001). High levels of p53 

expressed in the absence of stress have also been immunoprecipitated with DNA 

containing p53 binding sites from the gadd45 gene (An et al., 2004). Chromatin 

immunoprecipitation has also been used to show that p53 promotes transcription by co- 

localizing with numerous components of the transcription initiation complex (Espinosa et 

al., 2003), the histone acetyltransferases (HAT) GCN5 and p30Q (An et al., 2004), and 

the HAT complex scaffolding protein TRRAP (Ard et al., 2002). Recent work by 

Minsky and colleagues used chromatin immunoprecipitation to show the co-localization 

of Mdm2 with p53 on the wafl p53 responsive element in cells overexpressing Mdm2
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(Minsky and Oren, 2004). It is not known, however, whether p53 bound to the promoters 

of its target genes is associated with Mdm2 prior to damage, and if this association is 

truly relieved on all p53 target genes following damage. Using chromatin 

immunoprecipitation, we have examined the role of Mdm2 in the regulation of p53- 

dependent mdm2 and wafl/cipl transcription. Interestingly, we founddhat Mdm2 only 

associated with chromatin in the presence of p53. Not surprisingly, oscillations in the 

associated Mdm2 at p53 responsive elements (Lev Bar-Or et al., 2000) occurred freeing 

p53 from Mdm2 during times of active transcription. A decrease in Mdm2 co­

localization was observed early in the p53 response. Higher levels of Mdm2 protein 

returned to the p53 responsive elements at a later time-point despite the presence of 

phosphoserine-15 p53. The re-association of Mdm2 with p53 correlated with decreases 

in mdm2 and wafl transcription. Taken together, these data suggest that the dissociation 

of Mdm2 from p53 is important in promoting p53-dependent transcription, while the 

reformation of the chromatin-associated Mdm2-p53 complex may act to shut off 

transcription after the initial p53 response has been set in motion.
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3.2 Results

Similar levels of p53 induced in the presence of CPT and ETOP differentially

re g u la te  m dm l and wafl.

The relationship between Mdm2 and p53 in the regulation of cell growth has been 

examined in numerous studies, but it is not known how these two antagonistic proteins 

interrelate on chromatin. In this study, we examine the localization of p53 and Mdm2 on 

the p53 responsive elements of two p53 downstream target genes, mdm2 and wafl/cipl.

In order to investigate the relationship between this association and gene activation in the 

presence and absence of DNA damage, we used the p53 inducible cell line, D-A2. 

Previous studies have shown that DNA damaging agents, like camptothecin (CPT) and 

etoposide (ETOP), differentially affect the ability of p53 to regulate its downstream target 

genes (Arriola et al., 1999; Ashcroft et al., 2000). Etoposide treatment has been shown to 

induce mdm2 transcription in a p53-dependent manner (Arriola et al., 1999), while CPT 

has been shown to repress p53-mediated transcription of mdm2 in the tetracycline- 

regulated wild type p53 expressing cell line, TR9-7 (Xiao et al., 2000). Here, we analyze 

the localization of p53 and Mdm2 on the promoters of mdm2 and wafl gene during 

periods of transcriptional activation or repression. We first looked at the ability of high 

levels of p53 to up regulate mdm2 and wafl in the presence of ETOP and CPT (Figures

3.1 A & B). As expected, removal of doxycycline for 6  his resulted in an induction in 

both mdm2 and wafl transcripts. Although our past results demonstrated the inhibition of 

only mdm2 by CPT treatment (Xiao et al., 2000), D-A2 cells grown in the presence of 0.5 

pM CPT for four hours, two hours after doxycycline withdrawal, repressed p53-
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dependent transactivation of both mdm2 and wafl genes. In contrast, treatment with as 

high as 25 fiM ETOP did not diminish the ability of p53 to upregulate mdm2 and wafl 

transcripts (Figures 3.1 A & B).

In order to determine whether the reduction in mdm2 and wa/irtranscripts that 

occurred in the presence of CPT was due to decreases in the levels of p53 protein, p53 

protein levels in drug treated D-A2 cells were analyzed by Western blot using the p53- 

specific antibody 1801 (Figure 3.1C). Previous work in our lab had shown that CPT 

treatment did not affect the level of p53 expressed by the tetracycline-regulated 

constructs in TR9-7 cells (Xiao et al., 2000). Consistent with this observation, no 

significant decrease in p53 protein was detected in the presence of drugs. To verify that 

the damage response pathways initiated by CPT and ETOP treatment were inducing p53 

phosphorylation at serine 15, p53 protein in drug treated D-A2 cells was examined by 

Western blot (Figure 3.ID). p53 was barely detected in either the D-A2 cells (+DOX) or 

the parental DLD-1 cell line (Figure 3.ID, lanes 1 and 2). Higher exposures of D-A2 

(+DOX) cell extract, however, did reveal some leakiness from the p53-expressing 

constructs (data not shown). Unexpectedly, low levels of phosphoserine-15 p53 were 

observed in untreated D-A2 cells (-DOX) (Figure 3.ID, lane 3), suggesting that the 

overexpression of p53 may be exerting stress on the cell and activating stress kinase 

pathways that signal to p53. Higher levels of phosphoserine 15-p53, however, were 

observed in the D-A2 cells (-DOX) treated with drugs (Figure 3.ID, lanes 4 though 7). 

These data, taken together, suggest that the differential regulation of mdm2 and wafl
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transcription by p53 exposed to different drugs was not due to lower levels of induced 

p53 protein or differential phosphorylation of p53 at serine 15 by the various treatments.

Figure 3.1 p53 target genes are differentially regulated by similar levels of p53 

protein. Quantitative PCR was carried out on cDNA obtained from RNA isolated from  

D-A2 cells grown in the presence (+DOX) or absence (-DOX) o f doxycycline for 6 hrs. 

Where indicated, samples were treated with camptothecin (CPT) or etoposide (ETOP) for  

4 hrs following two hours o f growth in the absence o f doxycycline. The amount o f RNA 

in each sample was normalized using TaqMan probes for gapdh. The fold induction o f 

mdm2 (A) or wafl/cipl (B) transcripts was calculated over the D-A2 (+DOX) sample.

The results shown are representative o f two independent experiments. Nuclear extracts 

were isolated from DLD-1 cells (lane I), D-A2 cells (+DOX, lane 2), D-A2 (-DOX, lane 

3) or D-A2 (-DOX) treated with camptothecin (lane 4) or increasing dosages o f etoposide 

(lanes 5 through 7). 100 ug o f the resulting nuclear extract was electrophoresed on a 

10% SDS-PAGE and subjected to immunoblotting using 1801 Ab (C, upper panel) or an 

anti-phosphoserine-15 p53 antibody (D). To show equal loading between lanes these 

samples were also immunoblotted fo r  actin (D, lower panel).
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The differential regulation of p53 target genes was not due to alterations in the 

ability of p53 protein to associate with its responsive element.

Although the expression of p53 protein was not affected by drug treatment, this 

did not address whether this p53 was associated with chromatin. Chromatin 

immunoprecipitation (ChIP) experiments were utilized to determine whether drug 

treatment promoted the differential regulation of m.dm.2 and wafl genes by affecting the 

ability of p53 to localize to its responsive element. Chromatin-associated p53 has been 

demonstrated at the wafl and mdm2 response elements in response to numerous DNA 

damaging agents (Kaeser and Iggo, 2002; Szak et a l, 2001). Semi-quantitative PCR 

using primers specific for the region encompassing the wafl (5’) or the mdm2 p53 

response elements was utilized to analyze immunoprecipitated DNA. As expected, we 

were unable to detect any DNA containing either p53 binding site from 

immunoprecipitations with p53-specific antibodies from the parental p53 null cell line, 

DLD-1 (Yu et al., 1999) (Figure 3.2A & B, lanes 2 and 3). Similar levels of DNA from 

both p53 target genes were immunoprecipitated from D-A2 ceils (-DOX) in the presence 

or absence of drug (Figure 3.2C & D, lanes 4 through 6) using the p53-specific antibody, 

AB-6. Whereas DNA containing the wafl or mdm2 p53 responsive elements from D-A2 

(-DGX) was barely detectable in immunoprecipitations using phosphoserine-15 p53 

specific antibodies, greater quantities of DNA containing these sites were 

immunoprecipitated from cells treated with CPT or ETOP (Figure 3.2C & D, compare 

lane 7 to lanes 8 and 9). No differences in the levels of chromatin-bound phosphoserine- 

15 p53 were observed between CPT and ETOP treatments. Taken together, these data 

suggest that the differential regulation of target genes by p53 was not due to any variation
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In the ability of p53 to bind to its responsive elements in vivo. The lowest panels from 

these D-A2 ClifPs represent one set of INPUT samples, indicating that all samples were 

normalized for chromatin prior to the immunoprecipitation. No detectable DNA from 

either gene was immunoprecipitated in the absence of antibody or from D-A2 cells (- 

DOX) with an antibody specific for the mitochondrial protein, Bcl-XL, substantiating the 

specificity of the D-A2 ChlPs (Figures 3.2A & B, lane 4, C& D, lanes 1 through 3). 

These data suggest that the repression of mdm2 and wafl transcription by CPT was not 

due to the inability of p53 to bind to its responsive elements.

Figure 3.2 DNA damage drug treatment does not affect the ability of p53 to bind to 

its responsive elements on mdm2 or wafl/cipl. Chromatin immunop recip it at ion was 

performed on formaldehyde crosslinked DNA from the DLD-l parental cell line for  

mdm2 (A) and wafl/cipl (B)from ChlP using antibodies specific for p5 3 (lane 2, upper 

panel) or phosphoserine-15 p53 (lane 3, upper panel). As a negative control, beads 

without antibody were also used (A and B, lane 1, upper panel). One fifth o f the DLD-l 

input DNA from each sample was also amplified using the same primers for mdm2 (A, 

lower panel) or wafl/cipl (B, lower panel) promoters for 34 and 31 cycles, respectively. 

PCR was also carried out on DNA isolated from D-A2 cells grown in the absence o f 

doxycycline for 6 hrs (lanes 1, 4, 7) alone, or in the presence o f 0.5 uM camptothecin 

(lanes 2, 5, 8) or 5 uM etoposide (lanes 3, 6, 9) for 4 hrs after 2 hrs DOX removal. PCR 

was carried out on these samples using primers specific for the promoter region 

including the p53 responsive elements on mdm2 (C, upper panel) for 33 cycles or 

wafl/cipl (D, upper panel) fo r 30 cycles. One fifth o f the input DNA from each sample
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VMS also amplified using the same primers for mdm.2 (C, lower panel) or wafl /d p i (D, 

lower panel) promoters for 33 and 28 cycles, respectively. The p53 antibody AB-6 

(lanes 4 through 6) and the anti-phosphoserine-15 p53 antibody (lanes 7 through 9) were 

utilized fo r  the immunoprecipitations noted in the upper panels. .45 a negative control 

beads without antibody were also used (lanes 1 through 3, upper panels).
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The localization of Mdm2 on p53 responsive elements requires the presence of p53.

Although no differences in the ability of p53 to associate with chromatin in 

response to drag were observed using ChIP, it was clear that the transcriptional activity 

of p53 was diminished in cells treated with CPT. Mdm2 has been shown to inhibit the 

transcriptional activity of p53 through an association at the N terminus of p53 (Barak et 

a l, 1993; Oliner et al., 1993; Thut et al., 1997). To address whether the lower levels of 

p53 target gene expression detected in response to CPT were due to the association of 

Mdm2 with p53 on chromatin, chromatin immunoprecipitations were carried out on drug 

treated D-A2 cells using Mdm2-specific antibodies. No detectable DNA was 

immunoprecipitated from DLD-l cells using these antibodies (Figures 3.3A & B), 

however, DNA encompassing the p53 responsive elements on the mdm.2 and wafl genes 

was immunoprecipitated from D-A2 cells (-DOX) and D-A2 cells (-DOX) treated with 

ETOP (Figures 3.3C & D). Interestingly, MDM2-specific antibodies 

immunoprecipitated comparatively lower levels of DNA from both wafl and mdm.2 genes 

in cells treated with CPT (Figures 3.3C & D, lanes 2 and 5). These data, taken together, 

imply that Mdm2 protein is unable to interact with chromatin in the absence of p53, but it 

can co-localize with p53 at its responsive element. Additionally, the presence of a DNA 

damage signal and phosphorylation of p53 at serine 15 only slightly reduces the quantity 

of Mdm2-bound with p53 on chromatin. The only conditions under which we saw no 

Mdm2 associated with p53 was when mdm2 was repressed by CPT treatment (Figure 

3.1 A & B). To determine whether the lower levels of Mdm2 bound to chromatin 

exhibited in CPT-treated samples was due to decreased Mdm2 protein levels, we 

analyzed nuclear extracts from drag treated D-A2 cells by Western Blot. High levels of
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Mdm2 protein were detected in D-A2 cells (-DOX) using the 4B2 antibody (Figure 3.3E, 

lane 3). This 4B2-reactive Mdra2 species was downregulated in response to CPT, but not 

ETOP treatment (Figure 3.3E, lanes 4 and 5). These data correlated with the 

transcriptional data obtained from these samples (Figure 4.1 A). No basal expression of 

4B2 reactive Mdm2 was detected in DLD-l cells or in D-A2 cells prior to doxycycline 

removal (Figure 3.3E, lanes I and 2). The levels of p21 protein also corresponded to the 

transcriptional data observed in these samples (Figure 3. IB). These data, taken together, 

suggest that the decreased levels of chromatin-bound Mdm2 protein were due to 

decreased Mdm2 protein resulting from the repression of mdm2 transcription by CPT 

treatment.

Figure 3.3 The localization of Mdm2 on p53 responsive elements requires the 

presence of p53. Chromatin immunoprecipitation was performed on formaldehyde 

crosslinked DNA from the DLD-l parental cell line for mdm2 (A) and wafl/cipl (B)from 

ChlP using antibodies specific for Mdm2 (lanes 2 and 3, upper panel). As a negative 

control, beads without antibody were also used (A and B, lane 1, upper panel). One fifth 

o f the DLD-l input DNA from each sample was also amplified using the same primers for  

mdm2 (A, lower panel) or wafl/cipl (B, lower panel) promoters fo r  34 and 31 cycles, 

respectively. PCR was also carried out on DNA isolated from D-A2 cells grown in the 

absence of doxycycline fo r  6 hrs (lanes 1,4, 7) alone, or in the presence o f 0.5 uM 

camptothecin (lanes 2, 5 ,8) or 5 uM etoposide (lanes 3, 6, 9) fo r  4 hrs after 2 hrs DOX 

removal. PCR was carried out on these samples using primers specific for the promoter 

region including the p53 responsive elements on mdml (C, upper panel) for 33 cycles or
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wafl/cipl (D, upper panel) for 31 cycles. One fifth o f the D-A2 input DNA from each 

sample was also amplified using the same primers for mdm2 (C, lower panel) or 

wafl/cipl (D, lower panel) promoters for 33 and 31 cycles, respectively. The Mdm2 

antibodies D-7 {lanes 1 through 3) and 4B2 (lanes 4 through 6) were utilized for the 

immunoprecipitations noted in the upper panels. Nuclear extracts were isolated from  

DLD-l cells (lane 1), D-A2 cells (+DOX, lane 2), D-A2 (-DOX, lane 3) or D-A2 (-DOX) 

treated with camptothecin (lane 4) or 0.5 uM etoposide (lanes 5). 100 ug of the resulting 

nuclear extract was electrophoresed on a 10% SDS-PAGE and subjected to 

immunob lot ting using the Mdm2 specific antibody 4B2 (E, upper panel) or anti-p21 (E, 

middle panel). To show equal loading between lanes these samples were also 

immun ob lotted for act in (E, lower panel).
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Mdm2 dissociates from chromatin during p53-activated transcription, and then re­

associates with p53 at later time points.

Our current understanding of Mdm2 tells us that the presence of Mdm2 with p53 

on chromatin should inhibit p53 transactivation activity. However, we found Mdm2 and 

p53 co-Iocalized on genes that were transcriptionally active. This caused us to consider 

that the dissociation of Mdm2 from p53 on chromatin was an early event in p53- 

dependent transactivation. Following the initiation of transcription, Mdm2 might return 

to p53 on chromatin to repress further transactivitation from the locus. We examined this 

possibility by following the localization of Mdm2 on the mdm2 and wafl genes, while 

p53 was induced over time in the D-A2 cell line. Low levels of DNA were 

immunoprecipitated with p53-specific antibodies and modest levels of DNA containing 

the p53 responsive elements from both genes was immunoprecipitated with Mdm2- 

specific antibodies prior to the removal of doxycycline (Figures 3.4A & B, lane 1). 

Interestingly, while the level of DNA immunoprecipitated with p53-specific antibodies 

remained high, the amount of DNA immunoprecipitated with Mdm2-specific antibodies 

decreased following doxycycline removal, with the lowest quantity evident after 1.5 hrs 

(-DOX) (Figures 3.4A & B, lane 3). These data suggest that Mdm2 began to dissociate 

from the chromatin on mdm.2 and wafl as early as 30 minutes following the induction of 

p53, while p53 association with the chromatin increased slightly over time (Figures 3.4A 

& B, lane 2). The p53 induced after 1.5 hrs of DOX removal was practically free from 

bound Mdm2 protein (Figures 3.4A & B, lane 3). These data, taken together, suggest 

that Mdm2 co-localized with p53 on chromatin prior to transcriptional activation and then 

upon the activation of p53 it dissociates alleviating repression of p53-dependent
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transcription. The presence of Mdm2 with p53 on these enhancer elements after 6 firs of 

p53 expression (Figure 3.4A & B, lane 5) also suggests that after a period of 

transcriptional activity, Mdm2 again co-localizes with p53 on chromatin to yield an 

inhibitory complex. The reformation of this inhibitory complex may serve to 

downreguiate the p53 response after its initiation.
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Figure 3.4 MDM2 dissociates from p53 early on following the induction of p53. 

Chromatin immunoprecipitations were carried out on D-A2 cells grown in the presence 

of doxycycline (+DOX, lane 1) or for increasing times in the absence o f doxycycline (- 

DOX, lanes 2 though 5) using the p53 specific antibody AB-6 (upper panel), the Mdm.2 

specific antibody D-7 (second panel from the top), or with beads alone (second paneI 

from the bottom). Primers specific for the mdm.2 (A) or wafl/cipl (B) promoters were 

utilized to analyze the resulting DNA fo r 33 and 30 cycles, respectively. To show equal 

loading between lanes these samples were also immunoblottedfor actin (A, lower panel).
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The re-association of Mdm2 with p53 on chromatin is followed by decreases in

transcription.

If the reformation of the Mdm2-p53 inhibitory complex on the p53 response 

elements serves to downregulate the p53 response, then a decrease in p53-mediated 

transactivation should be evident after the re-association of Mdm2 with chromatin. To 

address the hypothesis, we used quantitative PCR to examine if the level of wafl and 

mdm2 transcript decreased after the 6 hr time point where we saw Mdm2 association with 

p53 on chromatin. The level of wafl and mdm2 transcript decreased after 6 hrs of p53 

expression suggesting that oscillations in Mdm2-p53 association occur on chromatin, and 

that Mdm2 reforms its inhibitory complex with p53 in order to quell the already initiated 

p53 response (Figure 3.5C & D).

Figure 3.5 The re-association of Mdm2 with p53 on chromatin correlates with 

decreases in transcription. Quantitative PCR was carried out on cDNA obtained from  

RNA isolated from D-A2 cells grown in the presence (+DOX) or absence (-DOX) of 

doxycycline for 3, 6, or 9 hrs. The amount o f RNA in each sample was normalized using 

TaqMan probes for gapdh. The fold induction ofmdm2 (C) and wafl/cipl (D) 

transcripts were calculated over the D-A2 (+DOX) sample. The results shown are 

representative o f two independent experiments.
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Similar levels of p53 protein also differentially regulate downstream target genes in 

cells that contain a natural p53 response.

Since the p53 expression system in D-A2 ceils is artificial, we next looked at 

whether p53 associated with Mdm2 on chromatin in cells that have a well-documented, in 

tact p53 response. We were also interested in determining whether the presence of this
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complex on chromatin, if detected, correlated with the pattern of gene expression 

exhibited by p53 induced by various agents. The myeloid leukemia cell line, ML-1, has 

been used in numerous studies examining p53 activation following stress (Houser et al., 

2001; Kastan et al., 1991; Nelson and Kastan, 1994; Zhan et al., 1994b). We used the 

proteasome inhibitor, N-acetyl-Leu-Leu-Norleu-al (LLnL), to induce high levels of p53 

protein in the absence of a damage response. LLnL treatment of ML-1 cells facilitated 

the investigation of p53 and Mdm2 association on chromatin in the absence of DNA 

damage as determined previously in the D-A2 cell line. The p53 null erythroid leukemia 

cell line, K562, was used to examine the association of Mdm2 with chromatin in the 

absence of p53. ML-1 cells were treated with different dosages of LLnL, CPT, and 

ETOP to induce similar levels of p53 (Figure 3.6A). Although similar levels of ETOP 

and CPT generated p53 with calpain cleavage, this has been seen before (Kubbutat and 

Vousden, 1997). Using antibodies specific for phosphoserine-15 p53, we confirmed that 

CPT and ETOP treatment exhibited higher levels of p53 protein phosphorylated at serine 

15 (Figure 3.6B). No p53 was detected in K562 cells, even in the presence of drug (data 

not shown).

In order to confirm that the p53 induced by these agents was transcriptionally 

active, quantitative PCR was performed on cDNA created from RNA isolated from drug 

treated ML-1 and K562 cells. ETOP treatment induced a form of p53 in ML-1 cells that 

exhibited the most transcriptional activity, promoting high levels of both mdm2 and wafl 

transcripts (Figures 3.6C & D). In contrast to earlier findings in the D-A2 cell line, high 

levels of p53 induced in the absence of damage using LLnL only modestly induced the
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mdm2 and wafl genes (Figures 3.6C & D). Consistent with results obtained in the p53 

regulatable cell line TR9-7 by Xiao et al (Xiao et al., 2000), CPT treatment promoted the 

induction of wafl transcripts, but repressed transcription from the mdm2 gene (Figure 

3.6C & D). The upregulation of wafl transcription in response to CPT may partly be due 

to a p53-independent mechanism, as the p53 null cell line K562 exhibited some induction 

of this gene, however, no induction of wafl was observed in K562 cells treated with 

ETOP or LLnL (Figure 3.6F). There was also no induction of mdm2 in drag treated 

K562 cells (Figure 3.6E).

Figure 3.6 Similar levels of p53 protein induced by different drugs differentially 

regulate downstream target genes in ML-1 cells. Nuclear extracts were prepared from  

ML-1 cells that were grown in the absence (lane 1) or presence o f 20 uM LLnL (lanes 2 

and 3), 0.5 uM CPT (lanes 4 and 5), or 8 uM ETOP (lanes 6 and 7) fo r  3 and 6 hrs. 100 

ug o f the resulting extract was electrophoresed on a 10% SDS-PAGE and immunoblotted 

fo r p53 using pAbl801 (A, upper panel) or anti-phosphoserine-15 p53 (B, upper panel). 

To show equal loading between lanes these samples were also immunoblotted for actin 

(A and B, lower panel). Quantitative PCR was performed on cDNAfrom RNA isolated 

from ML-1 (C and D) and K562 cells (E and F) grown in the presence or absence o f 20 

uM LLnL, 0.5 uM camptothecin (CPT), or 8 uM etoposide (ETOP) fo r  3 and 6 hrs and 

fo r  the samples examined for mdm2 transcript level, 12 hrs. The amount o f RNA in each 

sample was normalized using TaqMan probes fo r  gapdh. The fo ld  induction o f mdm2 (C 

and E) or wafl/cipl (D and F) transcripts was calculated over the untreated sample. The 

results shown are representative o f two independent experiments.
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p53 induced by different drugs binds site-specifically to DNA in vitro.

In order to examine the capacity of the p53 stabilized by different signaling 

pathways to bind to DNA, electrophoretic mobility shift assays (EMSA) using the p53 

super consensus sequence (SCS) were carried out. The super consensus sequence is an 

oligonucleotide containing 3 half sites from the p53 responsive element which has been 

optimized for binding by p53 (el-Deiry et al., 1992). The p53-specific antibody 421 was 

added to the binding reaction to promote binding in vitro, and to supershift the p53- 

specific binding species (Hupp and Lane, 1994). Interestingly, we found that the p53 

421-induced binding extracts from LLnL treatment exhibited stronger DNA binding 

ability than the p53 induced by damage at the 3 hr timepoint (Figure 3.7A, compare lane 

4 to lanes 6 and 8). The p53 induced by CPT exhibited less DNA binding ability at 6 hrs 

than the p53 induced by either LLnL or ETOP treatment (Figure 3.7B, compare lane 6 to 

lanes 4 and 8). Although these data determined that the p53 stabilized by these drugs 

were capable of binding to DNA in vitro, they did not address the ability of the p53 

protein to interact with chromatin.

Figure 3.7 p53 induced by different drugs binds site-specifically to DNA in vitro.

The ability 5 ug o f nuclear extract isolated from ML-1 cells grown in the absence (lanes 1 

and 2) or presence o f 20 uM LLnL (lanes 3 and 4), 0.5 uM CPT (lanes 5 and 6), or 8 uM 

ETOP (lanes 7 and 8) for 3 (G) and 6 hrs (H) to bind to a radiolabeled SCS 

oligonucleotide was determined in an EMSA. 2 ug o f the p53 specific antibody was 

added to the binding reaction where noted. Reactions were electrophoresed on a 4%

54

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



nondenaturing acryiimide gel and the resulting hands were visualized by

autoradiography.
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Figure 3.7 cont.

The differential regulation of p53 target genes was not due to differences in the 

ability of p53 to localize to chromatin.

Chromatin immunoprecipitations carried out in the D-A2 cell line showed that the 

high levels of p53 expressed upon doxycycline removal bound to their response elements 

on both target genes examined in this study. While the levels of induced p53 associated 

with chromatin remain unchanged, oscillations in the association of Mdm2 with this 

chromatin bound p53 were evident during the p53 response. Similar chromatin 

irnmunoprecipitatiori experiments were carried out on drug treated ML-1 ceils in order to 

determine whether oscillations in Mdm2-p53 association also occurred in cells with a 

natural p53 response. Although drug treatment did not affect the ability of high levels of 

p53 to associate with chromatin, we first addressed whether the drug-induced p53 in ML-
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1 cells differentially associated with its binding sites on the mdm.2 and wafl genes. As 

demonstrated previously with chromatin immunoprecipitations of DLD-l cells, no 

detectable DNA containing the p53 binding site from either the mdml or wafl gene was 

immunoprecipitated from the K562 cell line using p53-specific antibodies (Figure 3.8A 

& B). In ML-1 cells, antibodies specific for p53, but not p53 phosphorylated at serine 15, 

immunoprecipitated low levels of DNA from both the mdm2 and wafl genes prior to drug 

treatment (Figure 4.8). Following treatment with LLnL, greater quantities of DNA from 

both target genes were immunoprecipitated with the p53-specific antibody AB-6 (Figure 

3.8C through G, top two panels). Unexpectedly, low levels of DNA from the mdm2 p53 

binding site, but not from the wafl gene, were also immunoprecipitated using a 

phosphoserine-15 p53 antibody after 3 hrs of LLnL treatment (data not shown). These 

data confirm our earlier data in the D-A2 cell line as well as other studies that 

demonstrated that high levels of p53 protein were capable of binding to p53 responsive 

elements in the absence of stress (Figure 3.2) (An et al., 2004; Kaeser and Iggo, 2002).

In ML-1 cells treated with CPT and ETOP, decreases in the amount of mdml and wafl 

DNA immunoprecipitated using the p53-specific antibody AB-6 were complemented by 

increases in the amount of detectable DNA immunoprecipitated with phosphoserine-15 

p53 specific antibodies. These data suggest that the phosphorylation of p53 at serine 15 

may recruit in factors at these time points that mask the AB-6 epitope (Figure 3.8B, C, F, 

and G, top two panels). No detectable levels of DNA were found to interact with the 

beads when p53 was present. The lowest panel from each ML-1 ChIP represents one set 

of INPUT samples. Similar levels of amplicons were obtained from each INPUT portion 

removed from the samples described previously. These data indicate that p53 was bound
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to its responsive element on both mdm2 and wafl in ML-1 cells prior to treatment with 

these agents. Following treatment, higher levels of p53 become detectable on these 

responsive elements, regardless of the amount of transcription evident from these target 

genes. These data support an earlier study which suggested that the presence of p53 on 

its responsive element did not predict the level of transcriptional activity from that locus 

(Szak et al., 2001).

The association of Mdm2 with chromatin requires p53.

The Mdm2 specific antibodies D-7 and 4B2 were used to determine if Mdm2 protein 

localized on p53 responsive elements in drug treated ML-1 cells. No detectable DNA 

containing the p53 responsive element from mdm2 or wafl was i mmunoprecipitated from 

K562 cells which lack p53 using Mdm2-specific antibodies (Figure 3.8A and B, lanes 4 

and 5). These data suggest that Mdm2 cannot bind to chromatin without p53 also 

present. In contrast to the data obtained in the D-A2 cell line, the quantity of DNA from 

the wafl gene immunoprecipitated with Mdm2-specific antibodies was very low and 

difficult to detect above background. DNA from the mdm2 gene, however, was 

detectable using this method. Interestingly, significant amounts of DNA containing the 

mdm2 p53 responsive element was immunoprecipitated from ML-1 cells treated with 

ETOP for 1 and 6 hrs, but not at the 3 hr time-point, using Mdm2-specific antibodies 

(Figure 3.8E, D-7 and 4B2). These data resemble the oscillations in Mdm2-p53 

association noted on chromatin from the D-A2 cell line. It is interesting to note that the 

oscillations in Mdm2 localization on chromatin occurred in ETOP treated cells where the 

induced a form of p53 exhibited the most transcriptional activity. Sustained levels of

57

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



DNA containing the mdml p53 binding site were immunoprecipitated with Mdm2- 

specific antibodies from cells treated with LLnL from 1 to 3 hrs (Figure 3.8C, D-7 and 

4B2). These samples exhibited similar quantities of chromatin-bound p53, but only 

modest levels of p53 transcriptional activity (Figure 3.6C). Taken together, these data 

suggest that the sustained presence of Mdm2 protein with p53 on p53 responsive 

elements may decrease the amount of transcription evident from these loci. Interestingly, 

CPT treatment also exhibited sustained quantities of DNA containing the p53-responsive 

element on mdml immunoprecipitated with these Mdm2-specific antibodies (Figure 3.8D, 

D-7 and 4B2). Like the LLnL treated samples, these data also correlated with low levels 

of p53-dependent transcription of mdm2 (Figure 3.6C). It is unclear whether Mdm2 

localization in CPT-treated ML-1 cells contributed to this lack of mdm2 transcriptional 

activity. No Mdm2 was detected on the p53-responsive element from the mdm2 gene in 

D-A2 cells when CPT-mediated repression of p53-dependent transcription was evident.

Figure 3.8 p53 co-localizes with Mdm2 on the m dm l promoter. Chromatin 

immunoprecipitation was performed on formaldehyde crosslinked DNA isolated from the 

p53 null K562 cell line for mdml (A) and wafl/cipl (B)from ChIP using antibodies 

specific for p53 (lane 2, upper panel), phosphoserine-15 p53 (lane 3, upper panel), and 

Mdml (lanes 4 and 5, upper panel). As a negative control, beads without antibody were 

also used (A and B, lane 1, upper panel). As an additional control, PCR was carried out 

from DNA isolated by a Bcl-XL ChIP o f ML-1 cells treated fo r  1 hr with 8 uM ETOP (A 

and B, lane 6). One fifth o f the K562 and ML-1 input DNA from each sample was also 

amplified using the same primers for mdml (F, lower panel) or wafl/cipl (J, lower panel)
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promoters fo r  34 and 31 cycles, respectively. PCR was also carried out on DNA isolated 

from ML-1 cells grown in the absence (lane l ) o r  presence o f 20 uM LLnL (C and F), 0.5 

uM CPT (D and G), or 8 uM ETOP (E and H)for 1, 3 and 6 hrs using antibodies specific 

fo r p53 (upper panel), phosphoserine-15 p53 (second highest panel), the Mdm2-specific 

antibodies D-7 (third highest panel), 4B2 (fourth highest panel) or no antibodies and 

beads alone (second lowest panel). PCR was then performed on the resulting DNA 

using mdm2 (C, D, and E) or wafl/cipl (F, G, and H) specific primers from 34 to 30 

cycles depending on the sample set. One fifth o f the ML-1 input DNA from each sample 

was also amplified using the same primers for mdm2 (C, D, and E, lowest panel) or 

wafl/cipl (G, H, and I, lowest panel) promoters. Only one set o f input samples are 

presented in this figure. Similar levels o f amplification were obtained from all input 

samples examined (data not shown).

59

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



A. K562 | B. K562

I I I 3 Si
I mdm2 primers

INPUT

i *1 f  * N -!
2 % i  ? q i

w a f l  prim ers

I INPUT
1 2 3 4  5  6

m dm l primers

C. ML-1
"g 20 u M

D. ML-1 E« ML-1

as LLnL
0.S uM 

CPT
1 SuM
% ETOP o ■
3 rl n VO

A B -6 (p 5 3 )

1 2  3  4

F. ML-1

A B -6(p S 3)

D-7 (M dm2) |  * *  |  s e r l5 -p 5 3

4B 2 (Mdm2) 1  I I  D-7 ( Mdm2)

Beads

INPUT

1 2  3

wafl  primers 
G. ML-1

0.5  UM

4B2 (Mdtn2)

INPUT

AB-6 Cp53)

D-7 (M dm2)

4B2 (M dm2)

1 2  3  4

ML-1
"g 8  UM20  uM

LLnL

AB-6 (p 5 3 )
A B -6 (p 5 3 )AB-6 (p 53)

se r t5 -p 5 3 se r l5 -p S 3D-7 (Mdm2)

D-7 (M dm2) D-7 (M dm 2)
I  4B 2 (Mdm2)

4B 2 (Mdm2)4B2 (M dm2)

Beads
INPUT

INPUT
INPUT1 2  3 4

1 2  3

Figure 3.8 cont.

60

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



3 3  Discussion

The interaction of p53 with chromatin has been demonstrated by both ChIP and in 

vivo footprinting (Chin et al., 1997; Espinosa et a l, 2003; Szak et al., 2001; Xiao et al., 

2000; Xiao et al., 1998). While this p53-chromatin interaction has been determined and 

an association between the proteins p53 and Mdm2 has been well described (Haines et al., 

1994; Moll and Petrenko, 2003), the co-localization of these two proteins on chromatin 

required investigation. In order to determine if Mdm2 was able to co-localize with p53 

on chromatin we examined two p53 responsive genes (mdm2 and wafl/cipl) in four 

different cell lines under many different conditions. What was striking in our study was 

that Mdm2 only localized to chromatin if p53 was also associated with chromatin.

Initially, this result was perplexing because Mdm2 co-localized with p53 on the 

promoters of genes that exhibited active transcription. Current evidence suggests that 

Mdm2 inhibits the ability of p53 to promote transcription (Barak et al., 1993; Oliner et al., 

1993; Thut et al., 1997). We expected to see transcriptional repression from this 

complex. When we examined the kinetics of Mdm2-p53 chromatin association, we 

found that Mdm2 dissociated from the chromatin as early as 30 minutes following gene 

induction and then re-localized later. Our data suggests that Mdm2 can localize with p53 

at the enhancer elements prior to the activation of transcription. Following the increase 

in p53 protein, we found that Mdm2 briefly disassociated from the chromatin and then 

returned at later time-points perhaps reforming an inhibitory complex. We observed 

similar phenomena on the p53 target genes in ML-1 cells and notably after etoposide 

treatment, which corresponded to the greatest gene activation and the least amount of 

Mdm2 protein was found to co-localize on the chromatin. This suggests that less Mdm2
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associated with the chromatin corresponds to greater gene activation. Our data suggests 

that this brief disassociation of Mdm.2 from p53 may relieve the repression inherent at 

these loci, and thus facilitate p53-mediated transcriptional activation.

We were only able to find Mdm2 associated with chromatin when p53 was 

present. No Mdm2 was detected on the p53 responsive element on either mdm2 or wafl 

in DLD1 or K562 cells, which lack wild-type p53. Recent work by Gu and colleagues 

(Gu et al., 2002) showed that Mdm2 can promote transcription from the NFkappaB/p65 

gene by associating with Spl binding sites. The mdm2 primers used in this study 

amplified a 400 bp region of the mdm2 P2 promoter containing not only the p53 

responsive element but a number of Spl binding sites. Even with these sites present, we 

did not detect any Mdm2 binding in the absence of p53. Therefore if Mdm2 can interact 

with Spl binding sites, it requires p53 on the chromatin.

The co-localization of Mdm2 with p53 on the p53 binding sites on mdm2 and 

wafl genes correlated with a decrease in the level of transcription evident from these loci. 

Yu and colleagues observed significant decreases in the level of wafl transcript in D-A2 

cells after 6 hrs of p53 induction (Yu et al., 1999). In our study, we found that the level 

of mdm2 and wafl transcript decreases in D-A2 cells 9 hrs after doxycycline removal. 

This decrease in p5 3-dependent transcription was preceded by an association of Mdm2 

with the chromatin on the mdm2 and wafl (5’) genes. Mdm2 localization on wafl and 

mdm2 was also observed in ML-1 cells following the induction of p53 by LLnL, CRT, 

but far less after ETOP treatment. In the case of ML-1 cells treated with ETOP, Mdm2
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re-association with p53 on the chromatin of the mdm2 promoter occurred at 6 hrs and 

was followed by slightly decreased mdm2 transcript levels. Taken together, these data 

suggest that the association of Mdm2 with p53 on chromatin represses p53-dependent 

transcription from loci after an initial period of activation.

Mdm2 association with the p53 protein has been shown to repress p53 

transcriptional activity (Haines et al., 1994; Leng et al., 1995; Thut et al., 1997). LLnL 

and CPT treatment of ML-1 cells induced a form of p53 that exhibited specific DNA 

binding activity in vitro and in vivo. The p53 induced by these agonists, however, was 

not transcriptionally active. Using chromatin immunoprecipitation, Mdm2 was found to 

co-localize with p53 up to 3 hrs following LLnL treatment, and 6 hrs following CPT 

treatment. In the ML-1 cells treated with ETOP, where the resulting p53 induced 

exhibited high levels of transcriptional activity, no Mdm2 protein was observed in 

conjunction with p53 on chromatin after one hour. The early dissociation of Mdm2 from 

p53 may be a critical event in promoting the assembly of a transcriptional complex that 

exhibits the highest level of activity.

Although many reports have stated that such phosphorylation interrupts the 

interaction of p53 with Mdm2 (Chehab et al., 1999; Shieh et al., 1997), others have 

argued that this is not always the case (Blattner et al., 1999; Dumaz and Meek, 1999). 

The possibility exists that some p53 molecules in the tetrameric p53 are phosphorylated, 

while others are not. In addition, Mdm2 might then interact with the non-phosphorylated 

molecules of the tetramer. In our model depicted in Figure 3.9, we propose that some of
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the four molecules of tetrameric p53 bound to DNA were associated with Mdm2 protein 

prior to (Figure 3.9, panel 1) and following activation (Figure 3.9, panel 3). The 

transcriptional repression mediated by Mdm2 is relieved by the phosphorylation of p53 

during activation (Figure 3.9, panel 2). Furthermore, Mdm2 cannot associate with the 

region encompassing the p53 responsive element without p53 bound to this site (Figure 

3.9, bottom panel).

In our present study, we observed yet another facet of the intriguing interplay 

between p53 and its antagonistic inhibitor Mdm2. Whether Mdm2 serves to inhibit the 

transcriptional activity of p53 on chromatin, or target p53 for ubiquitination on DNA as 

well, has yet to be determined. The current dogma suggests that Mdm2 inhibits p53 

function by multiple mechanisms, utilizing ubiquitination and transcriptional repression. 

Recent studies using ChIP by Szak and colleagues showed that acetylated p53 can be 

detected on p53 responsive elements following DNA damage (Szak et al., 2001). In 

addition, acetylation of p53 at its C terminal lysine residues following DNA damage has 

been shown to stabilize p53 by preventing ubiquitination by Mdm2 at these sites (Li et al., 

2002; Luo et al., 2004; Nakamura et al., 2000). In order for chromatin bound p53 to be 

ubiquitinated by Mdm2, deacetylases would have to be recruited to these enhancer 

elements. The histone deacetylases HD AC I and Sir2alpha have been shown to associate 

with p53 and repress transcription (Ito et al., 2002; Murphy et al., 1999; Smith, 2002). 

Additionally, HDAC1 has recently been found to associate with Mdm2 (Ito et al., 2002).

It would be interesting to examine whether Mdm2 and HDAC1 co-localize with p53 on 

the p53 binding sites, and if the presence of this complex (if it exists on chromatin)
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correlates with decreased levels of acetylated p53 as well as lower levels of p53- 

dependent transcription. These data may then begin to shed useful insight into the 

kinetics of p53 ubiquitination and transcriptional repression by Mdm2, and whether these 

events occur on both “free-“ and “chromatin-bound” p53 populations in the nucleus.

Figure 3.9 A model depicting the regulation of p53 transcriptional activity by 

Mdm2 on chromatin. A summation o f our hypothesis is depicted in a model where 

Mdm2 co-localizes with p53 at the p53 responsive element prior to transcription, 

dissociates from p53 following activation, and then reforms its inhibitory complex at a 

later time-point. In addition, our data suggests that Mdm2 protein cannot bind to the 

region encompassing the p53-responsive element without p53 present (lowest panel).
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Chapter 4. The activation of growth arrest or apoptotic pathways is not determined

by the level of induced p53 protein or p53 target gene expression.

4.1 Introduction

Although it is clear that the p53 tumor suppressor protein protects against cellular 

transformation by mediating growth arrest and apoptotic pathways, it is unclear how p53 

dictates a cell’s fate (Oren, 1994). In response to numerous types of cellular stress, p53 

protein becomes stabilized (Colman et al., 2000; Meek, 2004) and activates downstream 

target genes that promote either growth arrest or apoptosis (Colman et al., 2000). 

Numerous lines of evidence suggest that p53 may dictate the growth arrest and apoptotic 

pathways by differentially regulating its downstream target genes. Association of p53 

with ASPP has been shown to be required for p53 to mediate apoptosis by promoting 

p53’s ability to transcriptionally activate apoptotic target genes (Samuels-Lev et al.,

2001). Additionally, clear differences in the components of p53-driven transcriptional 

initiation complexes have been found on the growth arrest promoting gene wafl/cipl and 

the apoptotic target gene fas/apol (Espinosa et al., 2003). Other studies suggest that the 

fate of the cell is determined by the level of p53 protein stabilized following stress. In 

accordance with this hypothesis, it has been shown in numerous studies that lower levels 

of p53 protein promote growth arrest, while higher levels of p53 induce apoptosis (Chen 

et al., 1996; Inga et al., 2002; Zhao et al., 2000). Another factor that may contribute to 

the ability of p53 to promote apoptosis or growth arrest may be the underlying cellular 

context. Some cells have been shown to be predisposed to undergo growth arrest in
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response to stress, while other cells treated with the same agent may induce apoptosis 

(Oren, 1994; Polyak et al., 1996).

In this study we charectorized the p53 response in cells expressing similar levels 

of p53 protein induced by the topoisomerase poisons, camptothecin (CPT) and etoposide 

(ETOP), which promoted p53-dependent apoptosis, or the bleomycin analog, Zeocin 

(ZEO), which induced growth arrest in the myeloid leukemia cell line ML-1. Our goal 

was to determine if p53 directed the cell fate by differentially regulating its downstream 

target genes in cells undergoing growth arrest or apoptosis. By focusing on the 

regulation of p53 in one cell line, we excluded the affects of any intercellular variables 

that might arise from differences in cellular context. Additionally, by utilizing different 

drugs that induce similar levels of p53 protein, but promote different cellular outcomes, 

we exclude any variability that may occur because of differences in the p53 protein level. 

Surprisingly, there was no correlation between the level of growth arrest promoting or 

apoptotic target genes induced by each drug and the p53-dependent pathway that the drug 

promoted. These data suggest that the cell’s fate in response to different drugs is not 

determined by the specific pattern of genes up-regulated by p53. To further confirm 

that the differential regulation of target genes by p53 did not play a role in directing cell 

fate, we treated ML-1 cells with increasing concentrations of ZEO to shift the cells from 

a growth arrest to apoptotic cellular outcome. Interestingly, the shift from growth arrest 

to apoptosis in response to higher concentrations of ZEO did not occur as a result of 

enhanced apoptotic gene expression but an overall increase in the p53 response. These 

data suggest that p53 does not direct the fate of the cell by differentially regulating the
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downstream target genes. These data also suggest that the induction of p53 and p53 

target genes in not always sufficient to promote apoptosis. Furthermore, the level of p53 

protein and target gene expression that is required to shift a cell from a growth arrested to 

an apoptotic cell fate differs according to the drug.
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4.2 Results

ETOP, CPT, and ZEO treatment stabilize similar levels of p53.

In order to address whether different types of damage promote alternate cellular 

outcomes through the differential regulation of p53 target genes, we first needed to 

confirm that similar levels of p53 protein were being induced by CPT, ETOP, and ZEO. 

Next, we needed to confirm that these similar levels of p53 were directing different cell 

fates, ie. growth arrest or apoptosis. By having similar levels of p53 induced by these 

agents, we exclude any variability that might occur in the regulation of the target genes 

which could be attributed to higher or lower levels of p53. The myeloid leukemia cell 

line, ML-1 has a well documented wild-type p53 response (Kastan et al., 1991; Nair et al., 

2000; Zhan et al., 1994b). Similar levels of p53 were induced in ML-1 cells grown in the 

presence of 0.5 uM CPT, 8 uM ETOP, and 50 ug/ml ZEO for 3 and 6 hrs (Figure 4.1 A). 

To determine if these DNA damaging agents were signaling to p53 in a similar manner, 

we analyzed the phosphorylation status of p53 at serine 15. Previous studies have shown 

that the phosphorylation of p53 at this site is important in the activation of p53 following 

damage (Bean and Stark, 2001; Shieh et al., 1997). Similar levels of serine-15 

phosphorylation on p53 were observed in response to all of the agents used in this study, 

although the level of phosphorylated p53 in response to ZEO was slightly less (Figure 

4.IB). These data suggest that all three drugs were capable of eliciting a DNA damage 

response and that some elements of these pathways were signaling to p53. The p53 null 

erythromyeloid leukemia cell line K562 was used as a negative control. As expected, 

p53 protein was not detected in extracts from this cell line in the presence or absence of 

drugs (Figures 4.1A & B, lanes 1 and 2).
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Figure 4.1 ETOP, CPT, and ZEO treatment stabilize similar levels of p53 protein, 

and promote the phosphorylation of p53 at serine 15. 100 ug o f nuclear extract from  

ML-1 or K562 cells grown in the presence or absence for 3 and 6 hrs with 0.5 uM CPT, 8 

uM ETOP, or 50 ug/ml ZEO were electrophoresed on a 10% SDS-PAGE. The resulting 

gel was electrotransferred to nitrocellulose and this membrane was immunoblotted with 

a mixture o f 421 and 1801 antibody (A, top panel), phosphoserine-15 p53 specific 

antibody (B, top panel), or anti-actin (A & B, lower panel).

Similar levels of p53 protein induced by different drugs promote different cellular

The ability of these drags to induce growth arrest or apoptosis at these chosen 

dosages was then confirmed by multiple methods. CPT and ETOP have been shown to 

induce apoptosis in numerous cell lines (Abbas et al., 2002; Han et a l, 2002; Kaneko and 

Tsukamoto, 1995). CPT and ETOP, but not ZEO, treatment promoted the cleavage of 

PARP-1 in ML-1 cells (Figure 4.2A), Additionally, no activation of caspase-8 or 9 was 

observed in the ML-1 ceils treated with 50 ug/mi ZEO, while ETOP and CPT treated

outcomes.
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exhibited activation of these apoptotic initiators (Figure 4.2C). No PARP-1 cleavage was 

evident in drug treated K562 cells, even after 24 hrs of treatment (Figure 4.2B). These 

data suggest that CPT and ETOP treatment induced p53-dependent apoptosis, while ZEO 

at this concentration did not promote cell death in either cell line. To determine if ML-1 

cells were undergoing growth arrest in response to Zeocin treatment, FACS analysis was 

used to examine the cell cycle profile of ML-1 and K562 cells grown in the absence or 

presence of CPT, ETOP, or ZEO for 24 hrs. In accordance with previous results obtained 

in our lab (Abbas et al., 2002; Houser et al., 2001), CPT treatment of ML-1 cells 

exhibited an increase in sub-Gl populations. ETOP treatment also exhibited a significant 

increase in the sub-Gl population in this cell line. While treatment of ML-1 cells with 

ZEO did not exhibit any notable increase in the sub-Gl populous, FACS analysis 

displayed significant enrichment in G1 and G2/M subpopulations compared to the control 

(Figure 4.2D). These data indicate that CPT and ETOP treatment induce apoptosis in 

ML-1 cells, while ZEO treatment induces growth arrest. K562 cells did not exhibit sub- 

Gl populations in response to CPT, ETOP, or ZEO after 24 hrs. ETOP and ZEO 

treatment, however, displayed enrichment in the G2/M population as well as a decrease 

in the G1 population (Figure 4.2E), which may be p53-independent G2 arrest. In order to 

confirm that these enhanced cell cycle subpopulations were indeed caused by growth 

arrest in response to Zeocin treatment, growth curves were carried out on drug treated 

ML-1 and K562 cells. In both ML-1 and K562 cell lines, drug treatment drastically 

decreased the growth rate of the cell population over the 24 hr treatment period (Figure 

4.2F and G). Although the K562 cells treated with CPT did not exhibit an abnormal cell 

cycle profile as determined by FACS analysis, it is clear that the cell growth was stunted
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by treatment with this agent (Figure 4.2G). Taken together, these data confirm that CPT, 

ETOP, and ZEO differentially affect the ability of similar levels of p53 to regulate 

downstream effector pathways. CPT and ETOP promoted p53-dependent apoptosis, 

while low doses of ZEO induced growth arrest.

Figure 4.2 Similar levels of p53 protein induced by different drugs promote

different cellular outcomes. Nuclear extract isolated from ML-1 and K562 cells treated 

with CPT, ETOP, or ZEO for 3, 6, and 24 hrs was electrophoresed on a SDS-PAGE and 

then transferred to nitrocellulose. The resulting membrane was immunoblotted for  

PARP-1 (A & B, upper panel). The level o f act in was also determined as a loading 

control (A & B, lower panels). Cytoplasmic extracts were also isolated from ML-1 cells 

treated with CPT, ETOP, or ZEO for 3 and 6 hrs, electrophoresed on a SDS-PAGE, and 

then transferred onto nitrocellulose. The resulting membrane was immunoblotted for  

procaspase-9 (C, top panel), procaspase-8 (C, middle panel), and actin (C, lower panel). 

The cell cycle profile o f ML-1 (D) and K562 (E) cells grown in the absence or presence 

o f CPT, ETOP, or ZEO fo r 24 hrs was determined by FACS analysis. A profile o f the cell 

growth over the 24 hr period o f treatment was also determined by counting these samples 

after 4, 7, 10, and 24 hrs o f treatment using a hemacytometer (F & G). The data is 

representative o f three independent experiments.
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The differential regulation of p53 target genes in response to CPT, ETOP, and ZEO 

does not correlate with the cell fate induced by these drags.

We next sought to address whether these similarly induced levels of p53 protein 

provoke growth arrest verses apoptosis by differentially activating p53 target genes 

known to mediate these pathways. Quantitative PCR was carried out on cDNA 

synthesized from total RNA isolated from drag treated ML-1 and K562 cells. 

Surprisingly, p53 induced by low doses of ZEO transcriptionally activated all p53 target 

genes tested as effectively as p53 induced by CPT. In fact, ZEO treatment (50 ug/ml) 

induced similar levels of the p53 apoptotic target genes,fas/apol, box, pig-3, and noxa, 

as CPT (Figure 4.3 A), but unlike CPT, ZEO treatment did not promote apoptosis (Figure 

4.2). Furthermore, ZEO treatment (50 ug/ml) did not activate higher levels of growth 

arrest-promoting target genes than CPT or ETOP treated samples (Figure 4.3A). p53 

stabilized by ETOP treatment was the most transcriptionally active, exhibiting the 

greatest induction of all of the p53 target genes analyzed in this study (Figure 4.3A). 

Conversely, p53 responsive genes were not upregulated in drag treated K562 cells 

(Figure 4.3B) suggesting that the induction of these genes in ML-1 cells treated with 

these agents was p53-dependent. Taken together, these data suggest that the induction of 

growth arrest or apoptosis by similar levels of drag induced p53 does not lie in the ability 

of this activated p53 to differentially regulate downstream target genes.
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Figure 4.3 The differential regulation of p53 target genes in response to CPT, ETOP, 

and ZEO does not correlate with the cell fate induced by these drugs. Quantitative 

PCR was performed on cDNAfrom RNA isolated from ML-1 (A) and K562 cells (B) 

grown in the presence or absence of CPT, ETOP or ZEO for 3 and 6 hrs. The amount o f 

RNA in each sample was normalized using TaqMan probes fo r  gapdh. The fo ld  induction 

o f mdm2, wafl/cipl, gadd45, fas/apol, bax, noxa and pig-3 transcripts was calculated 

over the untreated sample.
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The shift from growth arrest to apoptosis in response to higher doses of Zeocin

correlates with an enhancement in the p53 response.

Since the growth arrest promoted by p53 in response to ZEO treatment exhibited 

similar levels of apoptotic target genes as the other drugs that induced apoptosis, we next 

sought to determine if higher doses of ZEO treatment would induce apoptosis by 

increasing the levels of apoptotic gene expression or by generally enhancing the p53 

response. Treatment of ML-1 cells for 6 hrs with increasing doses of ZEO (50 -  600 

ug/ml) induced cleavage of PARP-1 and activation of caspases-9, both hallmarks of 

apoptosis (Figure 4.4A & C). Caspase-8 was only modestly activated by these higher 

doses of Zeocin (Figure 4.4C). No PARP-1 cleavage was evident in similarly treated 

K562 cells (Figure 4.4B). These data suggest that ZEO treatment can promote p53- 

dependent apoptosis at higher dosages (-250 ug/ml). A dose-dependent increase in 

nuclear p53 protein level was also evident in ZEO treated ML-1 cells. Additionally, 

these ZEO treated cells exhibited a dose-dependent increase in all p53 target genes 

examined in this study. Surprisingly, the expression of p53 responsive genes increased 

overall by 2.5 fold over the lowest dosage of ZEO. In fact, the level of target gene 

expression at 600 ug/ml of ZEO is greater than what was observed in ETOP treated cells 

(Figure 4.3A). No significant dose-dependent increase in p53 target genes was observed 

in K562 cells treated with ZEO (Figure 4.5B-H). Taken together, these data suggest that 

for ZEO treatment to induce p53-dependent apoptosis, higher levels of p53 protein and 

p53 target gene expression are required. Lower levels of apoptotic gene expression may 

only be sufficient for driving p53-dependent apoptosis in response to some genotoxic 

agents, like CPT, but not others, like ZEO or ETOP. CPT treatment may activate other
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factors that may contribute to lowering the cell’s apoptotic threshold and coordinate with 

p53 to induce cell death. ETOP and ZEO-mediated apoptotic pathways, on the other 

hand, may rely more heavily on p53 activity.

Figure 4.4 Higher doses of ZEO shift the p53 response from growth arrest to 

apoptosis. Nuclear extract isolated from ML-1 and K562 cells treated with increasing 

concentrations o f ZEO fo r 6 hrs was electrophoresed on a SDS-PAGE and then 

transferred to nitrocellulose. The resulting membrane was immunoblotted fo r  PARP-1 (A 

& B, upper panel). The level ofactin was also determined as a loading control (A, lower 

panel). Cytoplasmic extracts were also isolated from ML-1 cells treated with CPT,

ETOP, or increasing concentrations o f ZEO fo r 6 hrs, electrophoresed on a SDS-PAGE, 

and then transferred onto nitrocellulose. The resulting membrane was immunoblotted fo r  

procaspase-9 (C, top panel), procaspase-8 (C, middle panel), and actin (C, lower panel).
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Figure 4.5 The onset of apoptosis in response to Zeocin coincides with a dose- 

dependent increase in nuclear p53 and p53-dependent transcription of target genes. 

Nuclear extract isolated from ML-1 and K562 cells treated with increasing 

concentrations o f ZEO fo r 6 hrs was electrophoresed on a SDS-PAGE and then 

transferred to nitrocellulose. The resulting membrane was immunoblotted fo r  p53 (A, 

upper panel). The level ofactin was also determined as a loading control (A, lower 

panel). Quantitative PCR was performed on c DNA from RNA isolated from ML-1 (blue 

diamonds) and K562 (pink squares) cells grown in the presence o f increasing 

concentrations o f ZEO for 6 hrs. The amount o f RNA in each sample was normalized 

using TaqMan probes for gapdh. The fold induction ofmdm2 (B), wafl/cipl (C), gadd45 

(D), fas/apol (E), pig-3 (F), bax (G), and noxa (H) transcripts was calculated over the 

untreated sample.
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4 3  Discussion

The mechanisms that enable p53 induced by genotoxic stress to discriminate 

between growth arrest and apoptotic outcomes remain poorly understood. There are a 

number of variables that contribute to p53 function once it is activated, including the 

cellular milieu (Oren, 1994), the type and amount of genotoxic stress exerted on the cell 

(Arriola et al., 1999; Ashcroft et al., 2000), the duration of exposure (Blagosklonny et al.,

2002), and the level of stress-induced p53 protein (Chen et al., 1996; Zhao et al., 2000).

In this study, we determined whether p53 promoted growth arrest and apoptosis by 

differentially regulating its downstream target genes. Similar levels of p53 were 

stabilized in ML-1 cells treated with ETOP and CPT and ZEO (50 ug/ml), however 

ETOP and CPT induced apoptosis while ZEO induced growth arrest. In examining the 

induction of numerous downstream target genes by p53, we found that ETOP and CPT 

did not promote the up-regulation of solely apoptosis-inducing genes. Furthermore, ZEO 

treatment (50 ug/ml) did not promote the activation of solely growth arrest-promoting 

genes. In fact, lower doses of ZEO activated apoptotic genes to a level that was 

equivalent to CPT treatment. Additionally, ETOP treatment resulted in a more robust 

activation of growth arrest promoting genes wafl/cipl and gadd45 than ZEO treatment. 

These data support earlier studies that dispute the “differential regulation” model of 

apoptosis and cell cycle arrest by p53 (Inga et al., 2002; Robinson et al., 2003). Taken 

together, these data suggest that high levels of p53 and p53 target gene expression are not 

always sufficient to promote apoptosis.
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Another hypothesis used to describe p53’s ability to direct cell fate predicts that 

lower levels of p53 protein induce growth arrest while higher levels of p53 promote 

apoptosis. Our data demonstrated that the level of p53 protein induced in cells 

undergoing p53-dependent growth arrest or apoptosis can be similar. The amount of 

stabilized p53 and induced p53 target gene expression required to shift a cell from a 

growth arrest to an apoptotic cell fate differs according to the drug. When we treated 

ML-1 cells with higher doses of ZEO (over 250 ug/ml), we found that the shift that 

occurred from p53-dependent growth arrest to apoptotic pathways correlated with dose- 

dependently increased levels of p53 protein and increased growth arrest and apoptotic 

promoting target gene expression. The higher levels of p53 protein and target gene 

expression correlated with the induction of apoptosis in response to this drug. Although 

the doses of CPT and ETOP used in this study induced p53-dependent apoptosis, both 

drugs have also been shown to induce growth arrest in other cell lines that expressed wild 

type p53 (Jaks et al., 2001; Malcomson et a l, 1995). These data suggest that the ability 

of a DNA damaging agent to promote apoptosis through p53 does not solely rely on p53 

level or target gene expression. The shift from growth arrest to apoptosis may rely on the 

ability of a DNA damaging agent to activate cooperative pathways that contribute to the 

p53 response.

Although p53 induced by CPT up regulated target genes as effectively as p53 

induced by lower doses of ZEO (50 ug/ml), ZEO treatment promoted growth arrest. If 

apoptosis were solely dependent upon the level of apoptotic target gene expression, then 

ZEO treatment (at 50 ug/ml) should have induced apoptosis. CPT most likely activated
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additional pathways that contributed to the apoptotic response. CPT and ETOP have 

been shown to promote apoptosis through the activation of INK, p38, and ERK pathways 

(Gibson et al., 1999; Hayakawa et al., 2003; Lee et al., 2002; Seimiya et al., 1997; Tang 

et al., 2002). Activation of these additional pathways lowers the apoptotic threshold and 

may enable lower levels of p53 and p53 target gene expression to promote apoptosis. In 

the model we proposed in Figure 3.6, higher doses of Zeocin (Figure 3.6, upper panel) 

are required to generate levels of p53 protein (and target gene expression) high enough to 

cross the apoptotic threshold and shift the p53 response from growth arrest to apoptosis. 

The apoptotic threshold is dependent in part on the ability of the damaging agent to 

activate other damage response pathways which converge on p53 (X axis). The 

stabilization of p53 protein and the induction of p53 target genes are depicted as a linear 

event. In our model CPT treatment more efficiently activates these damage responsive 

pathways and as a result the apoptotic threshold is lower. Therefore, the shift towards 

apoptosis occurs in the presence of lower levels of p53 (Figure 3.6, bottom panel). 

Although it is not currently known if ZEO treatment activates these stress responders, it 

is clear that the similar levels of p53 and p53 target genes expression induced by ZEO 

cannot promote apoptosis in the same manner as CPT. A greater understanding of how 

these drugs differentially lower the apoptotic threshold would be useful in gauging the 

effectiveness of these and other agents in clinical settings.
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Chapter 5 . 10-decarbamoyl Mitomycin C; a DNA alkylating and cross-linking agent 

with novel p53-dependent and p53-independent apoptotic activity

5.1 Introduction

One technique that is often used by scientists to improve the potency of a drug is 

to slightly alter its chemical structure. The alkylating agent mitomycin C (MC) is one of 

the more commonly used cancer drugs (Kelly et al., 2000; Verweij and Pinedo, 1990). 

Upon entering the cell, MC is enzymatically reduced into a highly reactive electrophile 

that targets DNA (Suresh Kumar et al., 1997). MC covalently bonds to guanine residues 

forming monoadducts as well as intra- and interstrand crosslinks (Palom et al., 1998; 

Tomasz and Palom, 1997). The monoadducts produced by the tautomerization of MC 

into 2,7-diaminomitosene (2,7-DAM) (Figure 5.1 A) which is only capable of associating 

with one guanine residue. Although significant quantities of this DNA monoadducts 

formed by 2,7-DAM are present in the cell following MC treatment, it is not the source of 

MC cytotoxicity. In fact, 2,7-DAM was incapable of inducing p53 (Abbas et al., 2002). 

Although some reactive oxygen species are also created during its reduction, the principle 

cause of MC cytotoxicity has been shown to be the interstrand MC-DNA crosslinks 

(Palom et al., 2001). Under the hypoxic conditions found in most solid tumors, greater 

cytotoxicity was achieved with MC by removing the carbamoyl group from its carbon at 

position 10 (Palom et al., 2002). In addition to forming similar quantities of the DNA 

adducts formed by MC, the resulting 10-decarbamoyl-mitomycin C (D-MC) was found to 

produce very high levels of a beta-interstrand crosslink (Figure 5. IB) not formed by MC
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(Palom et al., 2002). This beta-interstrand crosslink may be the source of its increased 

cytotoxicity. When cells containing or lacking p53 were treated with D-MC under 

aerobic conditions, both MC and D-MC were cytotoxic in ML-1 cells expressing wild 

type p53, but only D-MC was cytotoxic in K562 cells that lacked p53. Both MC and D- 

MC signal to p53, and have been shown to induce p53-mediated apoptosis. Surprisingly, 

D-MC, but not MC, is capable of inducing cell death in cells that lack p53, which 

suggests that D-MC may be promoting an alternate p53-independent apoptotic pathway 

(Abbas et al., 2002). The increased potency of this new MC analog D-MC under the 

hypoxic conditions found in tumors, as well as its ability to kill cells lacking an in tact 

p53 response suggest that it may have therapeutic potential, especially since over 60% of 

cancers harbor mutations in the p53 gene (Hollstein et al., 1991). In order to better 

understand the mechanisms by which D-MC promotes cell death, we charectorized the 

apoptotic pathways utilized by MC and D-MC in cells expressing or lacking wild type 

p53.

Figure 5.1. MC and D -MC form different DNA adducts. (A) The chemical structures 

of mitomycin C, its major metabolite 2,7-diaminomitosene, and its chemical analog 10- 

decarbamoyl mitomycin C are depicted. (B) The various adducts formed when MC and 

D-MC complex with DNA are depicted. Since MC and D-MC differ in chemical 

structures at one location, this location is represented by the denotation, R. These 

different “R groups ” are presented in the inset box.

91

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Structures o f m itom ycins

:nh

m itom ycin  C
(MC)

h2oh

p C H g

10-d ecarb am o y l m itom ycin  C 
(DMC)

,CH2OCONH2

n h 2

2 ,7 -d iam in o m ito sen e
(2,7-DAM)

The major DNA adducts formed in MC-treated mouse mammary tumor cells.

D-MC a n d  MC D-MC o n l y

HO'XxOJ H
\_7 h2̂
OH

H2NA 
NH V IMH:

10"
'O—R

OH

HO

a lp h a  - (m o n o a d d u c t)

0

<"]A “  N ^ n  N’ 
H

OH

HO"VOx
w

a lp h a  - ( in te r s t r a n d  cross-S ink) OH

b e ta  - (m o n o a d d u c t)

o  h 2n

NH

H0̂  H A iV v
OH N ^ N ^ NH

HO^yOx

b e ta  - ( in te rs tra n d  c ro ss - l in k )  OH

0 h2n̂ n_yW 

T o o

K \  HjC\ HlV >H  \ >  N N"̂ N
OH \ 9  ho- ŝ A 
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One common protein that has been shown to contribute to both p53-dependent 

and independent apoptotic pathways is the p53 homolog, p73a. While MC requires wild- 

type p53 to induce apoptosis (Abbas et al., 2002; Xu et al., 1995), D-MC does not (Abbas 

et al., 2002). The two p53 homologues p63 and p73 have been shown to be crucial for 

the ability of p53 to promote apoptosis (Irwin et al., 2000; Urist and Prives, 2002). Using 

chromatin immunoprecipitation (ChIP), Flores and Jacks were able to show that p53 was 

unable to bind to its apoptotic target genes perp, tax, and noxa in cells that lack p63 and 

p73 (Reczek et al., 2003). It has not been determined whether p73 is induced in 

response to the alkylating agents MC and D-MC in cells that express wild type p53. To 

address how D-MC mediates apoptosis in cells lacking p53, we hypothesized that p73 

may promote p53-independent cell death in response to D-MC treatment by 

transcriptionally activating apoptotic target genes of p53. p73a protein has been shown 

to be induced, in a c-Abl dependent manner, by several types of DNA damage including 

cisplatin and IR (Agami et al., 1999; Toh et al., 2004; Zhu et al., 2001a). Overexpression 

of p73a in cells lacking p53 activates p53 target genes and p53-independent apoptosis 

(Lee and La Thangue, 1999; Zhu et al., 1998; Zhu et al., 2001a). Fontamaggi and 

Bandino showed using ChIP that p73a could localize to the p53 responsive elements on a 

number of p53 target genes, including pig-3, wafl/cipl, and 14-3-3a (Fontemaggi et al., 

2002).

Another protein shared by p53-dependent and independent apoptotic pathways is 

member of the family of cysteine proteases, the caspase. MC has been shown to mediate 

p53-dependent apoptosis primarily through the activation of the intrinsic pathway and

93

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



caspase-9 (Kobayashi et al., 2000; Micheau et al., 1999; Park et al., 2000; Vit et al.,

2001). Caspase-8 has also been shown to be activated by MC, but this activation occurs 

independently of the death receptor, Fas/Apol (Engels et al., 2000; Park et al., 2000; 

Pimia et al., 2002; Wesselborg et a l, 1999). Since MC does not induce cell death in the 

absence of p53, this is the only known apoptotic pathway mediated by MC. D-MC, 

however, has been shown to induce apoptosis in the presence or absence of p53 (Abbas et 

al., 2002). It has not been determined whether D-MC utilizes the same apoptotic 

pathway as MC for mediating cell death in the presence and absence of p53.

In this study, we begin to elucidate the mechanisms by which D-MC mediates 

apoptosis in cells containing or lacking wild type p53. We found evidence that there are 

differences in the array of activated proteins that may contribute to p53-dependent 

apoptosis in response to MC and D-MC. Interestingly, p73a protein was stabilized in 

ML-1 cells treated with MC, but not with D-MC. Furthermore, while MC and D-MC- 

mediated apoptosis correlated with the activation of caspases-9,7, and 3, caspase-8 was 

more robustly activated by MC treatment. These data suggest that the p53-dependent 

apoptosis in response to both MC and D-MC utilizes the intrinsic pathway, while only 

MC seems to also utilize the extrinsic pathway. In examining the mechanisms by which 

D-MC induces cell death in the absence of p53, we found that the default p53- 

independent apoptotic pathway is not mediated by p73. Additionally, we found that D- 

MC mediated apoptosis through the activation of caspases and serine proteases. These 

data suggest that in the absence of p53 D-MC utilizes a default pathway and that this
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pathway does not utilize p73 but requires the activation of both caspases and serine 

proteases.
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5.2 Results

While MC and D-MC are capable of inducing apoptosis in cell lines containing wild 

type p53, only D-MC is capable of promoting p53-independent apoptosis.

Mitomycin C (MC) was one of the first genotoxic agents used to generate a p53 

response (Fritsche et al., 1993; Hess et al., 1994). Studies using mitomycin C have 

focused mostly on how this drag activates p53’s DNA binding ability (Tishler et al., 

1993), transcriptional activity (Beard et al., 1996), or promotes apoptosis (Abbas et al., 

2002; Blagosklonny and El-Deiry, 1998). Like many DNA damaging agents, MC 

requires p53 to exude its cytotoxic affects (Abbas et al., 2002). Numerous drugs, like 

etoposide, UV, and methylmethane sulfonate (MMS), have been shown to be capable of 

promoting cell death in the absence of p53 (Cho et al., 2001; Haapajarvi et al., 1999; 

Lackinger and Kaina, 2000; Malcomson et al., 1995). Previous work from our lab have 

confirmed that the analog of MC, 10-decarbamoyl mitomycin C (D-MC), is capable of 

inducing p53-independent apoptosis in the p53 null erythromyeloid leukemia cell line, 

K562. Treatment of these cells with equimolar dosages of MC, however, did not result in 

cell death (Abbas et al., 2002).

For this study, we utilized the myeloid leukemia ceil line ML-1, that expressed 

wild type p53, and the p53 null cell line K562 to characterize the apoptotic pathways 

mediated by MC and D-MC. Previous work by our lab has shown that in K562 cells, D- 

MC, but not MC, treatment for 24 hrs promoted PARP-1 cleavage as well as an increase 

in sub-Gl populations as determined by FACS. ML-1 cells also exhibited PARP-1
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cleavage and sub-Gl populations in response to both drugs (Abbas et al., 2002). The 

results in the current study corroborate these data (Figures 5.2A - F). MC and D-MC 

treatment of ML-1 cells exhibited increases in the level of sub-Gl cell cycle population, 

as well as clear PARP-1 cleavage after 24 fars (Figure 5.2A and C). Additionally, D-MC, 

but not MC, similarly increased the population of cells in sub-Gl and the level of PARP- 

1 cleavage in K562 cells after 24 hrs of treatment (Figure 5.2B and D). In the samples 

that exhibited these apoptotic markers, both ML-1 and K562 cells displayed the 

morphological characteristics of cells undergoing programmed cell death, including the 

granulation of the cell interior (Figure 5.2A and B). Interestingly, the cell cycle profile of 

K562 cells treated with MC exhibited an enhancement in G1 and G2/M populations, 

which is suggestive of cell cycle arrest (Figure 5.2B). As an additional indicator of 

apoptosis, we also looked at the number of MC and D-MC treated ML-1 and K562 cells 

that stained positively for Annexin. Annexin stains phosphatidyl serine residues which 

have flipped from the interior of the cell membrane to the cell’s exterior, one of the 

hallmarks of apoptosis. As expected, ML-1 cells treated with either MC or DMC stained 

positive for Annexin (Figure 5.2E), while only D-MC treated K562 cells were capable of 

being stained by this agent (Figure 5.2F). These data further substantiate the ability of D- 

MC, but not MC, to induce apoptosis in K562 cells. As was observed before, the degree 

to which D-MC affected this p53 null cell population was less overall than in the wild- 

type p53 containing ML-1 cells.
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Figure 5.2 MC and D-MC induce apoptosis in cells expressing p53, while only D-

MC is able to mediate cell death in the absence of an in tact p53 response. ML-1 (A) 

and K562 (B) cells were grown in the presence or absence o f 5 uM MC or D-MC for 24 

hrs. Images were taken of these samples at the 24 hr time-point under lOOx 

magnification (A & B, left panel). Treated and untreated ML-1 and K562 cells were 

fixed, stained with propidium iodide, and then their cell cycle profiles were determined 

via FACS analysis. 100 ug o f nuclear extract isolated from ML-1 (C) and K562 (D) cells 

grown in the presence or absence o f 5 uM MC or D-MC fo r 3, 6, and 24 hrs was 

electrophoresed on a 10% SDS-PAGE, and the separated protein was electrotransferred 

onto a nitrocellulose membrane. This membrane was probed with antibodies specific for  

PARP-1 (top panel), or actin (bottom panel). ML-1 (E) and K562 (F) cells grown in the 

presence or absence o f 5 uM MC or D-MC fo r 24 hrs were fixed and stained for DNA 

content and Annexin and then analyzed via FACS analysis.
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MC induces cell cycle arrest, while D-MC induces cell death in K562 cells.

Analysis of MC treated K562 cells using flow cytometry displayed clear 

enhancements in the G1 and G2/M cell populations which is indicative of cell cycle arrest 

(Figure 5.2B). To address whether MC treatment induced p53 independent growth arrest, 

we examined the growth of MC and D-MC treated ML-1 and K562 cells over a 24 hr 

period. Interestingly, MC and D-MC more significantly impeded the growth of cells that 

contained wild-type p53. After 24 hrs of treatment, MC and D-MC decreased the cell 

number of ML-1 cells by more than half, from 5.17 x 105 cells/ml in the untreated sample 

to an average of 2.02 x 105 cells/ml and 2.46 x 105 cells/ml, respectively (Figure 5.3A).

In K562 cells, MC and D-MC treatment was less effective decreasing the cell number 

from 8.73 x 105 cells/ml in the untreated sample to 5.6 x 105 cells/ml and 5.16 x 105 

cells/ml, respectively (Figure 5.3B). The decreases in ML-1 cell population correlated 

with the higher levels of apoptosis in ML-1 cells observed via FACS analysis and 

Annexin staining (Figures 5.2A, B, E, and F).

We next addressed whether the p53-independent growth arrest was mediated by 

the potent Cdk inhibitor, p21. p53-independent growth arrest has been shown to occur in 

response to UV through the induction of p21 by the transcription factor, Spl (Haapajarvi 

et al 1999). Although p21 protein was clearly evident in MC and D-MC treated ML-1 

cells after 24 hrs, no p21 was found in K562 cells treated with either drug suggesting that 

the p53-independent growth arrest promoted by MC was not mediated by p21 (Figure 

5.3D). Additionally, MC-treatment did not significantly induce the level of wafl 

transcript. Interestingly, there was modest induction (3.5 fold) of wafl transcripts in
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K562 cells treated with D-MC (Figure 5.4B). These data suggest that although MC does 

not induce apoptosis in the absence of p53, it can still promote growth arrest. The ability 

of D-MC to induce apoptosis in the absence of p53, however, is indisputable.

Figure 5.3 MC induces p53-independent growth arrest. ML-1 (A) and K562 (B) cells 

were grown in the presence or absence o f 5 uM MC or D-MC fo r  24 hrs. Treated and 

untreated cells were counted after 4, 7, 10, and 24 hrs o f growth. The growth curve is 

representative o f three independent experiments. Nuclear extract isolated from ML-1(C) 

and K562 (D) cells grown in the presence or absence o f 5 uM MC or D-MC fo r 3, 6, and 

24 hrs was electrophoresed on a 10% SDS-PAGE, and the separated protein was 

electrotransferred onto a nitrocellulose membrane. This membrane was probed with 

antibodies specific fo r  p21 (top panels), oractin (bottom panels).
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D-MC-induced p53-independent apoptosis is not due to the increased levels of p73« 

protein or the activation of p53 apoptotic target genes.

In order to determine if D-MC mediated apoptosis through similar pathways in 

the presence or absence of p53, we next determined if the p53-independent ceil death 

occurred through the activation of the p53 family member, p73a. Preliminary work 

determined that K562 cells exhibited much higher levels of activated c-Jun than ML-1 

cells in the presence and absence of MC or D-MC treatment (Figure 5.4A). To date, 

p73a has only been shown to be induced by a few DNA damaging agents, like 

doxyrubicin, IR, and cisplatin (Again! et al., 1999; Toll et al., 2004; Vossio et al., 2002). 

Previous work by Toh et al found that c-Jun was required for p73a stabilization in 

response to cisplatin, and was required (along with c-Abi) for p53-independent apoptosis 

by p73a and cisplatin (Toh et a l, 2004). Numerous studies have shown that p73a can
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induce numerous p53 target genes and p53 -independent apoptosis when overexpressed or 

induced by some types of DNA damage (Lee and La Thangue, 1999; Zhu et al., 1998;

Zhu et al., 2001a). Not only did K562 cells have modest levels of phosphorylated c-Jun, 

but they also exhibited a modest level of w afl/dp i transcript in response to D-MC (3 

fold after 6 hrs of treatment compared to 1.9 fold over untreated in MC samples) (Figure 

5.4A and B). These data led us to speculate that D-MC may be inducing p73a protein in 

the K562 cells and that this activated p73a may be mediating p53-independent apoptosis 

by inducing apoptotic target genes of p53. To address this, we first examined the level of 

p73a protein in MC and D-MC treated K562 cells. However, no induction of p73a was 

observed in MC or D-MC treated K562 nuclear extracts (Figure 5.4C). To further 

confirm that our hypothesis was additionally invalid, we used quantitative PCR to 

examine the levels of bax, noxa,fas/apol, and pig-3 transcript in K562 cells treated with 

MC and D-MC. No induction of any of these p53-specific apoptotic target genes was 

found even after 12hrs of D-MC treatment when cell death was evident (Figure 5.4D). 

Taken together, these data suggest that the p53-independent apoptotic pathway induced 

by D-MC did not occur by the activation of p53 family members.

Figure 5.4 p73 is not activated in D-MC treated K562 cells, (A) Nudear extract 

isolated from ML-1 and K562 cells grown in the presence or absence o f 5 uM MC or D- 

MCfor 3, 6, and 24 hrs was electrophoresed on a 10% SDS-PAGE, and the separated 

protein was electrotransferred onto a nitrocellulose membrane. This membrane was 

probed with antibodies specific fo r  phosphor-c-Jun (top panel), or actin (bottom panel). 

(B) Quantitative PCR was performed on c DNA from RNA isolated from K562 cells grown
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in the presence or absence o f 5 uM D-MC for  5 and 6 hrs. The amount ofRNA in each 

sample was normalized using TaqMan probes for gapdh. The fold induction ofwafl/cipl 

transcripts was calculated over the untreated sample. The results shown are 

representative o f two independent experiments. (C) Nuclear extract isolated from ML-1 

and K562 cells grown in the presence or absence o f 5 uM MC or D-MC fo r 3, and 6 hrs 

was electrophoresed on a 10% SDS-PAGE, and the separated protein was 

electrotransferred onto a nitrocellulose membrane. This membrane was probed with 

antibodies specific fo r p73a (top panel), or actin (bottom panel). (D) Quantitative PCR 

was performed on cDNA from RNA isolated from K562 cells grown in the presence or 

absence o f 5 uM D-MC fo r  3, 6, and 12 hrs. The amount ofRNA in each sample was 

normalized using TaqMan probes fo r  gapdh. The fold induction offas/apol, bax, noxa, 

and pig-3 transcripts was calculated over the untreated sample. The results shown are 

representative o f two independent experiments.
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MC and D-MC differentially activate p73a and p53 target genes in ML-1 cells.

In addition to looking at the possible role of p73a in p53-independent apoptosis in 

response to D-MC, we also looked at how p73a was regulated by MC and D-MC in cells 

that express wild type p53. The p53 family members’ p73 and p63 were shown to be
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required for the ability of p53 to transcriptionally activate apoptotic target genes and 

induce apoptosis in mouse embryonic fibroblasts (MEFs) infected with E1A (Flores et al,,

2002). Additionally, p73 protein has been shown to be stabilized by numerous DNA 

damaging agents (Agami et a l, 1999; Toh et al., 2004; Vossio et al., 2002). These data 

suggest that p73a may provide a critical role in facilitating p53-dependent apoptosis in 

response to genotoxic stress. Although we found that p73a was not upregulated in K562 

cells treated with MC or D-MC (Figure 5.4C), it has not been determined whether p73a 

can be induced by either of these agents in cells with a wild-type p53 background. 

Furthermore, it is not known whether induced levels of p73a protein contribute to the 

transcriptional activity of p53. Similar levels of p53 protein were induced with similar 

kinetics in ML-1 cells treated with equimolar concentrations of MC and D-MC (Figure 

7.IB). Interestingly, D-MC treated ML-1 cells exhibited significantly higher levels of 

fas/apol and pig-3 transcript, and a more modest increase in bax and noxa transcript 

levels than MC treated cells (Figure 5.5A). Taken together, these data suggest that D- 

MC induces a form of p53 that is very capable in activating target genes. In order to 

determine if D-MC treatment promoted higher levels of p53 target genes by also inducing 

p73a, the level of p73a protein in nuclear extracts from MC and D-MC treated ML-1 

cells was examined via immunoblotting. Surprisingly, we found that p73a was induced 

by MC but not D-MC (Figure 5.5B). These data suggest that p73a induction is not 

required for p53 to produce the higher levels of activation of apoptotic target genes noted 

in ML-1 cells treated with D-MC. The difference in the response to MC and D-MC 

clearly indicates the activation of different stress pathways.
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Figure 5.5 Although MC, but not D-MC, induces p73a protein, D-MC treatment 

induces higher levels of p53 apoptotic target genes. (A) Quantitative PCR was 

performed on cDNA from RNA isolated from K562 cells grown in the presence or 

absence o f 5 uM D-MC for 3, 6, and 12 hrs. The amount ofRNA in each sample was 

normalized using TaqMan probes fo r  gapdh. The fold induction offas/apol, box, noxa, 

and pig-3 transcripts was calculated over the untreated sample. The results shown are 

representative o f two independent experiments. (B) Nuclear extract isolated from ML-1 

and K562 cells grown in the presence or absence o f 5 uM MC or D-MC fo r 3, and 6 hrs 

was electrophoresed on a 10% SDS-PAGE, and the separated protein was 

electrotransferred onto a nitrocellulose membrane. This membrane was probed with 

antibodies specific fo r p73a (top panel), or actin (bottom panel).
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Figure 5.5 cont.

In the presence of p53, D-MC and MC treatment result in high levels of caspase 

activity, but in the absence of p53 D-MC promotes apoptosis through the activation 

of caspases and serine proteases.

Although numerous studies have shown the regulation of downstream caspases 

during apoptosis by MC (Guillouf et al., 1999; Pirnia et al, 2002; Wesselborg et al., 

1999), it has not been clearly shown if these caspases are also activated in response to D- 

MC. To determine the caspases involved in cell death in response to MC and D-MC, the 

levels of procaspase 9, 8, 7, and 3 were analyzed in drug treated ML-1 and K562 cells 

using immunoblottmg. Decreases in procaspase level have been shown to occur during 

caspase activation (Dubrez et al., 1998). In MC and D-MC treated ML-1 cells, we found 

that MC and D-MC activated caspases-9, 3, and 7, while only MC robustly activated 

caSpase-8 as seen by the depletion of their procaspase counterparts (Figure 5.6A, lanes 5
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through 9). In K562 cells, however, we were unable to detect any procaspase depletion 

(FigureS.6A, lanes 1 through 4), even after 48 hrs of D-MC treatment (Figure 5.6B, lane 

5). This result was unexpected since we detected proteolytic cleavage of PARP-1 in 

these cells treated with D-MC (Figure 5.2D, lane 7). It has been shown that PARP-1 is a 

target for caspases during the early stages of apoptosis (Datta et al., 1996). Additional 

analysis of caspase activity in MC and D-MC treated K562 cells using a multi-caspase 

assay exhibited modest levels caspase activity in response to 10 uM D-MC, but not in 

response to similar dosages of MC (Figure 5.5D, bottom panels). Conversely, very high 

levels of caspase activity in ML-1 cells treated with both MC and D-MC were observed 

using this method (Figure 5.6C). The activation of caspases is determined by the amount 

of cleaved caspase-specific peptides represented by a shift in detectable cells from the left 

to the right-hand quadrants of the data field (Figure 5.6E). These data, taken together, 

suggest that D-MC mediated apoptosis in K562 cells may utilize caspases, but at a 

significantly lower level than what was detected in MC and D-MC treated ML-1 cells.

Although the data suggested that D-MC mediated apoptosis in K562 cells was 

caspase dependent, the level of caspase activity noted in response to this agent was not 

strong enough to convincing state that caspases were integral parts of the p53- ■ 

independent apoptotic pathway activated by D-MC. Alternate proteases involved in the 

D-MC mediated p53-independent apoptotic pathway were therefore examined. Serine 

proteases have been shown to play a role in mediating apoptosis (Philchenkov et al., 2004; 

Stenson-Cox et al., 2003). These data led us to hypothesize that serine proteases might 

be involved in the p53-independent apoptotic pathway induced by D-MC. To determine
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whether D-MC mediated apoptosis required the activity of caspases and serine proteases, 

K562 cells were treated with either the pan-caspase inhibitor zVAD-fmk or with the 

serine protease inhibitor 4-(2 aminoethyl)benzenesulfonyl fluoride (AEBSF) in addition 

to D-MC. Interestingly, inhibition of either caspases or serine proteases reduced the 

percentage of sub-Gl cells from 40.55% to 12.78% and 8.85%, respectively (Figure 

5.7E). These data suggest that both caspases and serine proteases contribute to the 

apoptotic pathways in K562 cells initiated by D-MC treatment.

Figure 5.6 ML-1 cells exhibit more caspase activation in response to MC and D- 

MC than K562 cells. (A) Nuclear extract isolated from ML-1 and K562 cells grown in 

the presence or absence o f 5 uM MC or D-MC fo r 6, and 24 hrs was electrophoresed on 

a 10% SDS-PAGE, and the separated protein was electrotransferred onto a 

nitrocellulose membrane. This membrane was probed with antibodies specific for  

caspase-8, 9, 7, 3, or act in (bottom panel). (B) Nuclear extract isolated from K562 cells 

grown in the presence or absence of 5 uM MC and D-MC for 24 and 48 hrs, or 8 uM 

ETOP fo r 48 hrs, as well as from ML-1 cells treated with 5 uM MC or D-MC for 24 hrs 

was electrophoresed on a 10% SDS-PAGE, and the separated protein was 

electrotransferred onto a nitrocellulose membrane. This membrane was probed with 

antibodies specific for caspase-9 (top panel), or actin (bottom panel). Caspase activity 

was also examined in ML-1 (C) and K562 (D) cells treated with 5 or 10 uM MC and D- 

M Cfor 24 hrs using a Guava FACS machine. (E)A model o f the data field from the 

Guava mult-caspase assay defining the quandrants from each sample set. (F) K562 cells 

grown in the presence or absence o f 12 uM D-MC, 12 uM D-MC with 100 uM zVAD-fmk,
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or 12 uM D-MC with 500 nM AEBSF for 24 hrs were fixed and stained with propidium 

iodide. The cell number and DNA content were then quantified via FACS analysis. The 

percentage o f the total cell population in sub-Gl was then depicted in a histogram.
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5 3  Discussion

A lthough the structure of MC is very similar to its derivative D-MC, MC and D- 

M C act via different pathways. In cells that contain wild-type p53, MC-mediated 

apoptosis correlates with the stabilization o f p73a protein and the activation ©f both 

extrinsic and intrinsic apoptotic pathways, while D-MC treatment does not stabilize p73a, 

and only robustly activates the intrinsic pathway during cell death. In cells that lack a 

functional p53 response, only D-MC is capable of promoting apoptosis. This D-MC 

mediated cell death did not involve p73a protein or the induction o f p53 target genes, but 

does require that activity o f caspases and serine proteases.

In this study we demonstrate that MC is capable of stabilizing p73a protein. 

Previous studies have shown increased levels o f p73 in response to IR, doxyrubicin, and 

cisplatin (Agami et al., 1999; Toh et al., 2004; Vossio et al., 2002). Both M C and D-MC 

were equally capable of inducing apoptosis as long as p53 protein was present. The data 

suggest that the stabilization of p73a protein is not only drug specific, but also p53- 

dependent. Further studies need to be carried out in order to verify whether the induction 

o f p73a by M C was specific to the ML-1 cell line. Furthermore, the requirement o f p53 

for MC-mediated p73a stabilization could be substantiated by infecting ML-1 cells with 

the viral oncoprotein E6 prior to treating these cells with MC. E6 has been shown to bind 

to p53 and target it for degradation (Scheffner et al., 1990).
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The differential activation of caspases by MC and D-MC treatment in the ML-1 

cell line was also unexpected. D-MC treated cells did not exhibit any robust activation of 

caspase-8. In contrast, MC treated ML-1 cells displayed cleavage of procaspase-8. We 

cannot, however, rule out that lower levels of caspase-8 activity existed in response to D- 

M C treatment. Regardless, an earlier study by Vit and colleagues showed that caspase-8 

was dispensable in the activation of apoptosis in response to 3QR and M C (Vit et al., 2001). 

Furthermore, both MC and D-MC induced similar levels o f p53-dependent apoptosis.

The p53-dependent apoptotic pathway utilized by D-MC is illustrated in Figure 5.7. D- 

M C mediated DNA damage promotes the induction of Fas/A pol, Noxa, and Bax through 

the activation of p53. These pro-apoptotic proteins promote the activation of the intrinsic 

apoptotic pathway, although the activation of the extrinsic pathway (as stated earlier) 

cannot be ruled out.
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In this study, we also determined that p53~independent cell death in D-MC treated 

K562 cells occurred independently of p73a and required caspase and serine protease 

activity. Although the level of caspase activity detected was significantly less than what 

was observed in the ML-1 cell line, co-treatment of K562 cells with D-MC and the 

pancaspase inhibitor zVAD-fmk confirmed that caspases were involved. Furthermore, 

PARP-1 was cleaved in D-MC treated cells. A recent study by de Bruin and colleagues 

showed that the cleavage of PARP-1 in etoposide treated melanoma cells was caspase 

independent and was carried out by serine proteases (de Bruin et al., 2003). This led us 

to consider that serine proteases may also be involved in the D-MC mediated apoptotic 

pathway. Co-treatment of K562 cells with D-MC and the serine protease inhibitor 

AEBSF showed a marked decrease in sub-G l populous suggesting that serine proteases 

played a role, in addition to caspases, in D-MC mediated apoptosis. Both caspase and 

serine protease inhibitors efficiently blocked cell death in response to D-MC, which 

suggests that both of these families of apoptotic proteases are required for this unique 

apoptotic pathway.

Recent studies by Yu et al have elucidated a p53-independent pathway that 

involves the activation o f PARP-1. PARP-1 activation was shown to be an early event 

in the activation of apoptosis, resulting in the release of apoptosis inducing factor (AIF) 

from the mitochondria. Cytoplasmic AIF translocates to the nucleus and mediates the 

condensation o f chromatin, as well as the flipping o f phosphotidylserine on the plasm a 

membrane (Yu et a l ,  2002). Further studies showed that AIF then triggers the release o f 

cytochrome C from the mitochondria, which subsequently activates caspases. These

120

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



caspases go on to cleave PARP-1, as well as numerous other survival proteins in the cell 

(review by  Chiaragi and Moskowitz 2002, Cande et al 2002). It is possible that in cells 

that lack p53, D-MC promotes the translocation of AIF from the mitochondria to the 

nucleus, and that this event triggers the flipping of the phosphatidyl serine residues noted 

in our studies using Annexin. Furthermore, AIF translocation may promote a change in 

the mitochondrial membrane potential that facilitates the release of cytochrome C and 

serine proteases from the mitochondria. These mitochondrial proteins may then promote 

the activation of caspases and the cleavage of PARP-1 in the nucleus. We illustrate this 

hypothetical pathway in a model shown in Figure 5.8.

D-MC may be a potentially valuable tool in fighting cancer. W ith more than 60% 

of cancers containing mutations in the p53 gene, it is important to find new drugs that are 

capable o f killing cells with these deficiencies. Not only does D-MC exhibit a similar 

ability to promote apoptosis as its source compound, MC, but it is clear from our studies 

in K562 and our current work with P1299 cells (see section 7.2) that it can effectively 

initiate cell death in cell lines that lack p53. The ability o f D-MC to mediate apoptosis in 

other p53 null and mutant p53 containing cell lines needs to be explored to further 

substantiate the efficiency of this drug. In addition, it may be beneficial to carry out 

additional alterations in the structures of mitomycin C and 10-decarbamoyl mitomycin C 

in order to create even more effective cancer therapeutics for the future.
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Chapter 6. Summary

The p53 is a multi-layered mechanism that results from the convergance of 

numerous pathways following stress. At the level of the p53 responsive element, we 

found that p53 becomes activated on chromatin through the dissociation o f its inhibitory 

complex with Mdm2. Furthermore, Mdm2 was found to re-associate with p53 after an 

intial period o f transcriptional activity. This reformation o f the Mdm2-p53 complex on 

chromatin correlated with decreases in transcription. In exam ining the ability of p53 to 

regulate downstream pathways, we found that p53 does not dictate the fate o f the cell by 

differentially regulating the downstream target genes. Induction o f p53 protein and p53 

target gene expression is not always sufficient to promote apoptosis. Each type of 

cellular stress has a minimum level o f p53 activity required for its ability to shift the cell 

from a growth arrest to an apoptotic cell fate. Our data suggest that the ability of a DNA 

damaging agent to promote apoptosis through p53 relies on the ability o f the drug to 

activate cooperative pathways that contribute to the p53 response. In the case of drugs 

with very similar chemical compositions, we found that mitomycin C (MC) and its 

derivative 10-decarbamoyl mitomycin C (D-MC) mediate p53-dependent apoptosis 

through slightly different pathways. W hile M C was only capable of m ediating apoptosis 

in cells expressing p53, D-MC was capable o f inducing apoptosis through distinct 

pathways in the presence or absence of p53.
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Chapter 7 Preliminary Data and Future Directions

7.1 Chk2 is not activated by MC and DMC in cells that lack wild-type p53.

Since the pathways that mediate M C and DMC mediated apoptosis in p53 

containing cells, as well as the mechanism that promotes p53-independent apoptosis in 

response to DMC have not been elucidated, we looked at numerous upstream factors that 

might play a role in these phenomena. One o f the principle DNA dam age sensing kinases 

is the phosphoinositol-3 -kinase (PI3K) family member, ataxia-telangiectasia-mutated 

(ATM). ATM has been shown to signal to p53 directly, through phosphorylation at 

serine 15, or indirectly, through the activation of Chk2, which phosphorylates p53 at 

threonine 18 and serine 20 (Hirao et al., 2002; Nelson and Kastan, 1994; Shieh et al., 

2000). These phosphorylation events are critical for the activation o f p53 because they 

serve to dissociate p53 from its negative regulator, Mdm2, following stress (Hirao et al., 

2000). Phosphorylation o f p53 by ATM  and Chk2 has been shown to facilitate p53 

dependent growth arrest or apoptosis (Dumaz et al., 2001; Unger et al., 1999b).

Although it has been clearly shown that ATM is required for p53 dependent apoptosis in 

response to some types of DNA damage, Chk2 is capable o f prom oting p53 dependent 

apoptosis in the absence o f ATM (Hirao et al., 2002). To examine the possible role of 

Chk2 in MC and DMC mediated DNA damage response, nuclear extracts from ML-1 and 

K562 cells treated with these agonists were analyzed by W estern blot using a 

phosphorylated Chk2 specific antibody. The active form o f Chk2 was only found in ML- 

1 cells treated with MC and DMC (Figure 7.1 A). In addition, we found that p53 induced
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by MC and DMC was phosphorylated on serine 15, a known phosphorylation site 

targeted by activated ATM (Figure 7 .IB, middle panel). These data suggest that ATM 

may be activated by MC and DMC treatment, and that as a result, both p53 and Chk2 are 

downstream effectors of its activity. Although Chk2 was not phosphorylated in K562 

cells, we cannot rale out ATM in the response to either agent.
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Figure 7.1 Chk2, and possibly ATM, is only activated in ML-1 cells that contain a 

p53 response. Nuclear extract isolated from  ML-1 and K562 cells grown in the presence 

or absence o f  5 uM  M C or D-MC fo r  3, 6, and 24 hrs was electropho resed on a 10%  

SDS-PAGE, and the separated protein was electrotransferred onto a nitrocellulose 

membrane. This membrane was probed with antibodies specific fo r  phosphor- Chk2 (A), 

p53 (B, top panel), phosphserine-15 p53 (B, middle panel), or actin (B, bottom panel). 

NOTE: Figure 7.1 A was only done one time.

MC and D-MC differentially activate stress responsive pathways. M C treatment 

was found to stabilize p73 protein in ML-1 cells. Additionally, the kinetics o f Chk2
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activation differs between these mitomycins. Furthermore, the p53 protein induced by D- 

M C exhibited greater transcriptional activity than p53 stabilized in response to MC. 

Further studies analyzing the activity of the stress responsive kinases upstream of p53 in 

response to MC and D-MC may help elucidate the different response pathways utilized 

by these drugs. These studies would also aid in determining which proteins selectively 

activated by D-MC may aid in boosting the p53 transcriptional response.

7.2 D-MC also induces p53-independent cell death in P1299 cells

In order to further substantiate the effectiveness o f D-MC in prom oting cell death 

in cell lines lacking wild type p53, we treated two lung cancer cell lines, H460 which 

expressed wild type p53, and P I 299 which were p53 null, with equimolar dosages o f M C 

and D-MC. Several methods, including FACS analysis, Annexin staining, and the 

cleavage of PARP-1, were employed to determine whether apoptosis resulted from 

treatment. H460 cells exhibited an increase in the population o f sub-G l cells in response 

to both MC and D-MC. Additionally, drastic increases in the level o f Annexin-stained 

cells were observed following treatm ent with both agents for 24 hrs (Figure 7.2A). 

Furthermore, cleavage o f PARP-1 was also evident in this cell line treated with either 

drug (Figure 7.2C, lanes 5 through 8). Taken together, these data suggest that both M C 

and D-MC induce apoptosis in H460 cells. The p53 null cell line P I299 exhibited a 

significant increase in sub-Gl population following treatment with D-MC, but not MC, 

for 24 hrs. This correlated with an increase in Annexin staining noted in the D-M C, but 

not in MC, treated cells (Figure 7.2B). M odest levels o f PARP-1 cleavage were also
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observed in PI299 cells treated with 10 uM D-MC, but not with similar doses o f MC 

(Figure 7.2C, lanes 1 through 4). The amount o f cleaved PARP-1 protein in D-MC 

treated P I 299 cells was significantly less than what was observed in H460 cells, but these 

data correlated with the reduced levels o f sub-G l populous and Annexin staining also 

noted in  this cell line (Figure 1.2 A , B and C).

To determine whether M C and D-MC mediated cell death in H460 and P I299 

cells involved activation o f caspase-9, the level o f procaspase-9 was examined via 

W estern blotting. The levels o f procaspase-9 was significantly less in  P I 299 cells treated 

with 10 uM D-MC, which suggested that caspase-9 may be active during D-MC- 

mediated p53-independent cell death (Figure 7.2D, lane 4). These supported earlier 

findings in the K562 cells that showed low levels o f caspase activity following D-MC 

treatment (Figure 7.2D). Procaspase-9 was also cleaved in H460 cells in response to both 

M C and D-MC (Figure 7.2D, lanes 7 through 9). These data correlated with the 

activation o f caspase-9 in ML-1 cells treated with these agents, as well as with earlier 

data that showed the activation o f caspase-9 in MC-mediated cell death (Park et al., 2004). 

These data confirmed that D-MC induces cell death in other cell lines regardless o f their 

p53 status.

F igu re  7.2 D-MC promotes cell death in o th e r cell lines regard less  of th e ir  p53 

status. H.460 (A) and P I299 (B) cells were grown in the presence or absence o f  5  uM  

M C  or D-MC fo r  24 hrs. Samples were fix ed  and either stained with propidium  iodide 

(left panel) or stained with Annexin (right panel) and then analyzed with a flo w  cytometer.
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Nuclear extract isolated from H460 and P I299 cells grown in the presence or absence o f 

5 or 10 uM  M C and D-MC for 24 hrs was electrophoresed on a 10% SDS-PAGE, and the 

separated protein was electrotransferred onto a nitrocellulose membrane. This 

membrane was probed with antibodies specific for PARP-1 {C). Cytoplasmic extract 

from  the same cells were similarly electrophoresed and the resulting gel was 

electrotransferred to nitrocellulose. This membrane was probed fo r  pro  caspase-9 (D, 

top panel), or actin (D, bottom panel). NOTE: The data in this figure was only done one 

time.
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Figure 7.2 cont.
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7.3 Inhibition and depletion of PK C delta does not inhibit the stabilization of p53 in

w ild type p53 an d  p !9 a r f  null M EFs.

Although p l9arf, the murine homologue of the human pl4arf, has been shown to 

play a role in stabilizing p53 protein in response to oncogenic stimulation, the role of 

p!9arf in p53’s DNA damage response is still being elucidated. Recent work by Khan 

and colleagues showed that p l4 a rf  played a role in stabilizing p53 protein following 

treatment with ionizing radiation (IR) (Khan et al., 2004). This contradicted earlier work 

which suggested that p l4arf did not play a  role in the response o f p53 to DNA damage 

(Stott et al., 1998). To examine whether the loss o f p l9 a rf  affected the ability of p53 

protein to be stabilized, mouse embryonic fibroblasts that were either wild type for both 

p53 and pl9arf, wild type for p53 but p l9arf null, or null for both p53 and pl.9arf were 

treated with increasing concentrations o f the DNA damaging agent camptothecin (CPT) 

or the proteasome inhibitor LLnL. To determine if  this stabilized p53 protein elicited a 

normal downstream response, we also examined the level o f p21 protein. Surprisingly, 

the loss of p l9 a rf  did not affect the ability o f p53 to be stabilized by either agent. 

Furthermore, the higher levels o f p53 protein were capable o f inducing p21 protein 

(Figure 7.3A and B). These data support earlier findings that p l9 a rf  is not required for 

the induction of p53 protein in response to stress.
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Figure 7.3 p !9 a r f  is not req u ired  fo r th e  activation  of p53 p ro te in  in  response to 

stress. Nuclear extract isolated from p53 and p l9 a r fw ild  type and null MEFs grown in 

the presence or absence o f increasing concentrations o f either CPT (A) or LLnL (B) for6  

hrs was electrophoresed on a 10% SDS-PAGE, and the separated protein was
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electrotransferred onto a nitrocellulose membrane. These membranes were probed with 

antibodies specific for p53 (Ab 240 and 421, top panel), p21 (AB-4, middle panel), or  

actin (bottom panel).

Previous work in our lab showed that the downregulation of PKC delta resulted in 

decreased levels o f p53 transcript. Repression o f p53 transcription inhibited the 

stabilization of p53 protein following treatment with DNA damaging agents or 

proteasome inhibitors. Additionally, the lack o f p53 induction also prevented the p53- 

dependent upregulation o f target genes and prevented apoptosis in drug treated cells. In 

this study, two methods were employed to downregulate PKC delta. The first method 

was to pre-treat cells with the phorbol ester 12-O-tetradecanoylphorbol 13-acetate (TPA), 

which initially activates PKC. Following activation by TP A, however, the levels o f PKC 

decrease in the cell. The specific inhibitor o f PKC delta, rottlerin, was also em ployed to 

inhibit PKC activity (Abbas et al., 2004). Similar levels of p53 protein were induced in 

wild type p53 containing MEFs regardless o f their p l9 a rf  status treated with 5 uM  CPT 

and 50 uM LLnL (Figure 7.3A and B). To determine if PKC delta was required for the 

stabilization of p53 in response to these agents, MEFs were pretreated with TP A or 

rottlerin. Surprisingly, increasing dosages o f rottlerin, from 6 uM (data not shown) to 24 

uM did not block the induction o f p53 protein in response to either CPT or LLnL 

treatment (Figure 7.4A). Rottlerin treatment also did not interfere with the ability o f p53 

to promote p21 induction (Figure 7.4A, middle panel). Furthermore, the loss o f p l9arf 

did not affect the p53 response (Figure 7.4A, lanes 11 through 20). Like rottlerin, 

pretreatment o f MEFs with TP A failed to block p53 stabilization in response to CPT and
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LLnL (Figure 7.4B). Additionally, p21 protein was efficiently induced by these higher 

levels o f p53 protein (Figure 7.4B, p21). Consistent with previous results, the loss o f 

p l9 a rf  did not affect induction o f p53 protein in response to drug or the ability o f this p53 

to induce p21 protein (Figure 7.4B, lanes 13 through 18). Surprisingly, TP A  treatment 

did not decrease the levels of nuclear PKC delta (Figure 7.4B, PKC delta). To determine 

if  TPA treatment failed to downregulate PKC delta in the cytoplasm as well, the level of 

PKC delta protein was examined in drag treated cytoplasmic extracts (Figure 7.4C). 

Interestingly, PKC delta was effectively downregulated in the cytoplasm, but not in the 

nucleus (Figures 7.4B and C). These data are inconclusive, and could suggest that PKC 

delta is not required for the regulation o f p53 protein. More work needs to be carried out 

in order to determine if  the failure of these downregulators of PKC delta activity to block 

p53 stabilization was not due to insufficient inhibitor dosage or to some unknown 

compensatory mechanism. The use of small interfering RNA (siRNA) to block PKC 

delta expression may be a more effective tool for examining the role o f PKC delta in 

murine p53 regulation.

Figure 7.4 Inhibition and depletion of PKC delta does not prevent the pl9arf- 

independent induction of p53 in response to CPT and LLnL treatment. Nuclear  

extract isolated from  p53 and p!9arfwild type and null MEFs grown in the presence or  

absence o f 5 uM  CPT or 50 uM  LLnL and pretreated with increasing concentrations o f  

either Rottlerin (A) or 400 nM  TPA (B) was electrophoresed on a 10% SDS-PAGE, and  

the separated protein was electrotransferred onto a nitrocellulose membrane. These 

membranes were probed with antibodies specific fo r  p53 (Ab 240 and 421, top panel),
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p21 (AB-4, middle panel), or actin (bottom panel). The level o f nuclear PKC delta was 

examined in B, second lowest panel using the PKC delta specific antibody sc-213. (C) 

Cytoplasmic extract was also isolated from  p53 and p!9arfwild type and null MEFs 

grown in the presence or absence o f 5 uM  CPT or 50 uM  LLnL and pretreated o f400 nM  

TPA was electrophoresed on a 10% SDS-PAGE, and the separated protein was 

electrotransferred onto a nitrocellulose membrane. These membranes were probed with 

antibodies specific for PKC delta (sc-213, top panel), or actin (bottom panel).
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7.4 Cydotieximide treatment increases p53 target gene expression

p53 differentially regulates its downstream target genes (Abbas et al., 2002; Szak 

et a l, 2001; Wu et al., 1999). Previous work by Xiao et al in our lab showed that high 

levels o f  p53 protein expression in the absence o f damage were capable of inducing 

mdm2 and wafl transcription, but not gadd45. In order for p53 to induce the gadd45 

gene, a DNA damage signal was required (Xiao et al., 2000). Additionally, Zheng and 

colleagues showed that BRCA-1 acts as a co-repressor with the zinc finger protein 

ZBRK1 at a region upstream of the p53 binding site on the 3rd intron of gadd45. Binding 

o f the BRCA-1/ZBRK1 complex represses transcription o f gadd45 (Zheng et al., 2000). 

These data suggest that p53 may have been prevented from mediating transcription of 

gadd45 because of the presence o f this or another repressor complex. To address this 

hypothesis, we treated TR9-7 cells with the protein synthesis inhibitor cycloheximide 

(CHX) in order to prevent the synthesis o f these repressor molecules thereby relieving the 

repression inherently present at this loci. If cycloheximide treatment induced gadd45 

transcription when p53 was present in the absence of damage, then that may suggest that 

a repressor complex was participating in preventing the regulation o f this gene by p53. 

Furthermore, cycloheximide treatment must only induce gadd45 transcription, and not 

promote the induction of other downstream target genes of p53, like wafl, known to be 

regulated without repressors.

To address whether a repressor may be preventing the upregulation o f gadd45 in 

the absence of a damage signal, the p53 regulatable cell line TR9-7 was treated with
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increasing concentrations of CHX in the presence or absence of CPT (Figure 7.5A, lanes 

3 through 5). The level o f p53 protein expression was not affected by CPT treatment or 

pretreatm ent with CHX (Figure 7.5A). Inhibition o f p53 protein expression in response 

to the lowest dosage o f CHX after 25 hrs of treatment suggested that the lowest dosage of 

CHX was capable o f effectively inhibiting protein synthesis (Figure 7.5B, lanes 6 through 

9). Quantitative PCR using molecular beacons was then utilized to examine the level o f 

gadd.45 and wafl transcripts in TR9-7 cells treated with CHX in the presence or absence 

of CPT. Surprisingly, CHX treatment not only induced gadd45 transcription in the 

presence o f high levels of p53 and no DNA damage, but it also robustly activated w a f l. 

Lower levels o f gadd45 and wafl transcription were evident in the presence of both CHX 

and CPT (Figures 7.5C and D). These data suggest that the induction of gadd45 by p53 

in the presence o f CHX was not due to a relief in repression, but a general enhancement 

of the p53 response. Further studies need to be carried out in order to determine if 

inherent repression exists on the gadd45 gene that prevents its ability to be 

transcriptionally activated by p53 in the absence o f stress. One possible way to address 

this is to determine if  the ZBRK1 binding site is required for the repression of gadd45 

transcription in the absence of damage. Transfection of TR9-7 cells (-TET) with a 

reporter construct containing either the full 3rd intron o f the gadd45 gene or just the p53 

binding site upstream of a SV40 promoter may help delineate whether this repressor 

binding site is required for the inherent repression seemingly present at this loci.
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Figure 7.5 CHX treatment enhances p53-dependent gadd45  and w a fl  transcription. 

Nuclear extract isolated from 041 and TR9-7 cells grown in the presence or absence o f 

tetracycline for 24 hrs and 100 uM CPT for 4 hrs. These ceils were pretreated with 

increasing concentrations o f either o f CHX for 6 hrs (A) or 25 hrs (B) and the resulting 

nuclear extract was electrophoresed on a 10% SDS-PAGE, and the separated protein 

was electrotransferred onto a nitrocellulose membrane. These membranes were probed  

with antibodies specific fo r  p53 (Ab 240, 1801, and 421). Quantitative PCR using 

m olecular beacons specific fo r  gadd45 and w afl were utilized to analyze the expression 

o f  these p53 target genes in RNA isolated from  TR9-7 and 041 cells treated with 100 uM 

CPT fo r  4 hrs and 5 ug/ml CHX fo r  6 hrs. Tetracycline was removed from  TR9-7 cells 

fo r  18 hrs prior to CHIX addition and 20 hrs prior to treatment with CPT.

A.
TR9-7

l e t  +■
ug/m! CHX -

041 tomm

100 uM CPT
5 2550 5 2550  
- - - + + +

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

041
t e t  - - - -

ug/m I CHX - 5 25 so
+

TR9-7

5 25 50 I

co
w
Q,

1 2 3 4 5  6 7 8  9 10

138

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



c
2500 T

-TET -TET100 -TETSchx -TET 5 chx 
D, control cpt 100 cpt

50

30

20
}

-TET control -TET 100 -TET 5 chx -TET 5 chx
cpt 100 cpt

F igure  7.5 cont.

39

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

gadd45

wafl



References

Abbas, T., Olivier, M., Lopez, J., Houser, S., Xiao, G., Kumar, G.S., Tomasz, M. and 

Bargonetti, J. (2002) Differential activation o f p53 by the various adducts o f 

mitomycin C. J  Biol Chem 277, 40513-9.

Abbas, T., White, D., Hui, L., Yoshida, K., Foster, D.A. and Bargonetti, J. (2004)

Inhibition o f human p53  basal transcription by down-regulation o f  protein kinase 

Cdelta. J B io l Chem  279, 9970-7.

Agami, R., Blandino, G., Oren, M. and Shaul, Y. (1999) Interaction o f  c-Abl and 

p73alpha and their collaboration to induce apoptosis. Nature 399, 809-13.

Agarwal, M.L., Agarwal, A., Taylor, W.R. and Stark, G.R. (1995) p53 controls both the 

G2/M and the G1 cell cycle checkpoints and mediates reversible growth arrest in 

human fibroblasts. Proc Natl Acad Sci U S A  92, 8493-7.

Ameyar, M., W isniewska, M. and Weitzman, J.B. (2003) A role for AP-1 in apoptosis: 

the case for and against. Biochimie 85, 747-52.

An, W., Kim, J. and Roeder, R.G. (2004) Ordered cooperative functions o f PRMT1, p300, 

and CARM1 in transcriptional activation by p53. Cell 117, 735-48.

Aranda-Anzaldo, A. and Dent, M.A. (2003) Developmental noise, ageing and cancer. 

Mech Ageing D ev 124, 711-20.

Ard, P.G., Chatterjee, C., Kunjibettu, S., Adside, L.R., Gralinski, L.E. and McMahon,

S.B. (2002) Transcriptional regulation o f  the mdm2 oncogene by p53 requires 

TRRAP acetyltransferase complexes. M ol Cell B iol 22, 5650-61.

140

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Arriola, E.L., Lopez, A.R. and Chresta, C.M. (1999) Differential regulation o f p21waf- 

1/cip-l and Mdm2 by etoposide: etoposide inhibits the p53-Mdm2 autoregulatory 

feedback loop. Oncogene 18, 1081-91.

Ashcroft, M., Kubbutat, M.H. and Vousden, K.H. (1999) Regulation o f  p53 function and 

stability by phosphorylation. Mol Cell Biol 19, 1751-8.

Ashcroft, M., Taya, Y. and Vousden, K.H. (2000) Stress signals utilize multiple pathways 

to stabilize p53. M ol Cell Biol 20, 3224-33.

Avantaggiati, M.L., Ogryzko, V., Gardner, K., Giordano, A., Levine, A.S. and Kelly, K. 

(1997) Recruitment o f p300/CBP in p53-dependent signal pathways. Cell 89, 

1175-84.

Barak, Y., Juven, T., Haffner, R. and Oren, M. (1993) mdm2 expression is induced by 

wild type p53 activity. Embo J 12, 461-8.

Bargonetti, J. and Manfredi, J.J. (2002) Multiple roles o f the tum or suppressor p53. Curr 

Opin Oncol 14, 86-91.

Bargonetti, J., M anfredi, J.J., Chen, X., Marshak, D.R. and Prives, C. (1993) A

proteolytic fragment from the central region o f  p53 has marked sequence-specific 

DNA-binding activity when generated from wild-type but not from oncogenic 

mutant p53 protein. Genes Dev 7, 2565-74.

Bean, L.J. and Stark, G.R. (2001) Phosphorylation o f  serines 15 and 37 is necessary for 

efficient accumulation o f p53 following irradiation w ith UV. Oncogene 20, 1076- 

84.

141

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Bean, L.J. and Stark, G.R. (2002) Regulation of the accumulation and function of p53 by 

phosphorylation of two residues within the domain that binds to Mdm2. J  Biol 

Chem  277, 1864-71.

Beard, S.E., Capaldi, S.R. and Gee, P. (1996) Stress responses to DNA damaging agents 

in the human colon carcinoma cell line, RKO. M utat Res 371, 1-13.

Berger, M., V ogt Sionov, R., Levine, A.J. and Haupt, Y. (2001) A role for the

polyproline domain o f p53 in its regulation by Mdm2. J  Biol Chem  276, 3785-90.

Blagosklonny, M.V., Demidenko, Z.N. and Fojo, T. (2002) Inhibition o f  transcription

results in accumulation o f W t p53 followed by delayed outburst o f  p53-inducible 

proteins: p53 as a sensor o f transcriptional integrity. Cell Cycle 1, 67-74.

Blagosklonny, M.V. and El-Deiry, W.S. (1998) Acute overexpression o f  w t p53

facilitates anticancer drug-induced death o f cancer and normal cells. Int J  Cancer 

75, 933-40.

Blattner, C., Tobiasch, E., Litfen, M., Rahmsdorf, H.J. and Herrlich, P. (1999) DNA 

damage induced p53 stabilization: no indication for an involvement o f  p53 

phosphorylation. Oncogene 18, 1723-32.

Bottger, A., Bottger, V., Garcia-Echeverria, C., Chene, P., Hochkeppel, ELK., Sampson, 

W., Ang, K., Howard, S.F., Picksley, S.M. and Lane, D.P. (1997) M olecular 

characterization o f the hdm2-p53 interaction. J  M ol Biol 269, 744-56.

Boucher, M.J., Morisset, J., Vachon, P.H., Reed, J.C., Laine, J. and Rivard, N. (2000) 

MEK/ERK signaling pathway regulates the expression o f  Bcl-2, Bcl-X(L), and 

Mcl-1 and promotes survival o f human pancreatic cancer cells. J  Cell Biochem  79, 

355-69.

142

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Brantley-Finley, C., Lyle, C.S., Du, L., Goodwin, M.E., Hall, T., Szwedo, D., Kaushal,

G.P. and Chambers, T.C. (2003) The INK, ERK and p53 pathways play distinct 

roles in apoptosis mediated by the antitumor agents vinblastine, doxorubicin, and 

etoposide. Biochem Pharmacol 66, 459-69.

Bulavin, D.V., Kovalsky, O., Hollander, M.C. and Fornace, A.J., Jr. (2003) Loss o f 

oncogenic H-ras-induced cell cycle arrest and p38 mitogen-activated protein 

kinase activation by disruption o f Gadd45a. Mol Cell Biol 23, 3859-71.

Bulavin, D.V., Saito, S., Hollander, M.C., Sakaguchi, K., Anderson, C.W., Appella, E. 

and Fornace, A.J., Jr. (1999) Phosphorylation o f human p53 by p38 kinase 

coordinates N-terminal phosphorylation and apoptosis in response to UV 

radiation. Emho J 18, 6845-54.

Bums, T.F. and El-Deiry, W.S. (1999) The p53 pathway and apoptosis. J Cell Physiol 

181,231-9.

Buschmann, T., Lin, Y., Aithmitti, N., Fuchs, S.Y., Lu, H., Resnick-Silverman, L.,

Manfredi, J.J., Ronai, Z. and Wu, X. (2001) Stabilization and activation o f p53 by 

the coactivator protein TAFII31. J  Biol Chem 276, 13852-7.

Canman, C.E., Lim, D.S., Cimprich, K.A., Taya, Y., Tamai, K., Sakaguchi, K., Appella,

E., Kastan, M.B. and Siliciano, J.D. (1998) Activation o f the ATM  kinase by 

ionizing radiation and phosphorylation o f p53. Science 281, 1677-9.

Chan, W.M., Siu, W.Y., Lau, A. and Poon, R.Y. (2004) How many mutant p53 

molecules are needed to inactivate a tetramer? Mol Cell Biol 24, 3536-51.

143

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Chehab, N .H., Malikzay, A., Stavridi, E.S. and Halazonetis, T.D. (1999) Phosphorylation 

o f Ser-20 mediates stabilization o f human p53 in response to DNA damage. Proc 

N atl A cad Sci U S A  96, 13777-82.

Chen, X., Farmer, G., Zhu, H., Prywes, R. and Prives, C. (1993) Cooperative DNA 

binding o f p53 with TFIID (TBP): a possible mechanism for transcriptional 

activation. Genes Dev 7, 1837-49.

Chen, X., Ko, L.J., Jayaraman, L. and Prives, C. (1996) p53 levels, functional domains, 

and DNA damage determine the extent o f the apoptotic response o f tum or cells. 

Genes Dev 10, 2438-51.

Chin, P.L., Momand, J. and Pfeifer, G.P. (1997) In vivo evidence for binding o f  p53 to 

consensus binding sites in the p 2 1 and GADD45 genes in response to ionizing 

radiation. Oncogene 15, 87-99.

Cho, J.W., Park, J.C., Lee, J.C., Kwon, T.K., Park, J.W., Back, W.K., Suh, S.I. and Suh, 

M.H. (2001) The levels o f MDM2 protein are decreased by a proteasome- 

mediated proteolysis prior to caspase-3-dependent pRb and PARP cleavages. J  

Korean M ed Sci 16, 135-9.

Colman, M.S., Afshari, C.A. and Barrett, J.C. (2000) Regulation o f p53 stability and 

activity in response to genotoxic stress. M utat Res 462, 179-88.

Craig, A.L., Burch, L., Vojtesek, B., M ikutowska, J., Thompson, A. and Hupp, T.R.

(1999) Novel phosphorylation sites o f human tumour suppressor protein p53 at 

Ser20 and T h rl8  that disrupt the binding o f  mdm2 (mouse double minute 2) 

protein are modified in human cancers. Biochem J  342 ( Pt 1), 133-41.

144

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Datta, R., Banach, D., Kojima, H., Talanian, R.V., Alnemri, E.S., Wong, W.W. and Kufe,

D.W. (1996) Activation o f the CPP32 protease in apoptosis induced by 1 -beta-D- 

arabinofuranosylcytosine and other DNA-damaging agents. Blood 88, 1936-43.

de Bruin, E.C., Meersma, D., de Wilde, J., den Otter, I., Schipper, E.M., Medema, J.P.

and Peltenburg, L.T. (2003) A serine protease is involved in the initiation o f DNA 

damage-induced apoptosis. Cell Death Differ 10, 1204-12.

de Stanchina, E., McCurrach, M.E., Zindy, F., Shieh, S.Y., Ferbeyre, G., Samuelson,

A.V., Prives, C., Roussel, M.F., Sherr, C.J. and Lowe, S.W. (1998) E l A signaling 

to p53 involves the pl9(A R F) tum or suppressor. Genes Dev 12, 2434-42.

Dignam, J.D., Martin, P.L., Shastry, B.S. and Roeder, R.G. (1983) Eukaryotic gene 

transcription with purified components. M ethods Enzymol 101, 582-98.

Dohn, M., Zhang, S. and Chen, X. (2001) p63alpha and DeltaNp63alpha can induce cell 

cycle arrest and apoptosis and differentially regulate p53 target genes. Oncogene 

20,3193-205.

Doman, D.. Shimizu, H., Burch, L., Smith, A J . and Hupp, T.R. (2003) The proline

repeat domain o f  p53 binds directly to the transcriptional coactivator p300 and 

allosterically controls DNA-dependent acetylation o f p53. Mol Cell Biol 23, 8846- 

61.

Dubrez, L., Eymin, B., Sordet, O., Droin, N., Turhan, A.G. and Solary, E. (1998) BCR- 

ABL delays apoptosis upstream o f procaspase-3 activation. Blood 91, 2415-22.

Dumaz, N. and Meek, D.W. (1999) Serine 15 phosphorylation stimulates p53

transactivation but does not directly influence interaction w ith HDM 2. Embo J 18, 

7002-10.

145

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Dumaz, N., Milne, D.M., Jardine, L.J. and Meek, D.W. (2001) Critical roles for the 

serine 20, but not the serine 15, phosphorylation site and for the polyproline 

domain in regulating p53 turnover. Biochem J  359, 459-64.

Dumaz, N., Milne, D.M. and Meek, D.W. (1999) Protein kinase C K i is a p53-threonine 

18 kinase which requires prior phosphorylation o f serine 15. FEBS Lett 463, 312- 

6 .

el-Deiry, W.S., Harper, J.W., O'Connor, P.M., Velculescu, V.E., Canman, C.E., Jackman, 

J., Pietenpol, J.A., Burrell, M., Hill, D.E., Wang, Y. and et al. (1994) WAF1/CIP1 

is induced in p53-mediated G1 arrest and apoptosis. Cancer Res 54, 1169-74.

el-Deiry, W.S., Kern, S.E., Pietenpol, J.A., Kinzler, K.W. and Vogelstein, B. (1992) 

Definition o f a consensus binding site for p53. Nat Genet 1, 45-9.

Engels, I.H., Stepczynska, A., Stroh, C., Lauber, K., Berg, C., Schwenzer, R., Wajant, H., 

Janicke, R.U., Porter, A.G., Belka, C., Gregor, M., Schulze-Osthoff, K. and 

Wesselborg, S. (2000) Caspase-8/FLICE functions as an executioner caspase in 

anticancer drug-induced apoptosis. Oncogene 19, 4563-73.

Espinosa, J.M. and Emerson, B.M. (2001) Transcriptional regulation by p53 through

intrinsic DNA/chromatin binding and site-directed cofactor recruitment. Mol Cell 

8, 57-69.

Espinosa, J.M., Verdun, R.E. and Emerson, B.M. (2003) p53 functions through stress- 

and promoter-specific recruitment o f  transcription initiation com ponents before 

and after DNA damage. Mol Cell 12, 1015-27.

Farmer, G., Bargonetti, J., Zhu, H., Friedman, P., Prywes, R. and Prives, C. (1992) W ild- 

type p53 activates transcription in vitro. Nature 358, 83-6.

146

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Flatt, P.M., Polyak, K., Tang, L.J., Scatena, C.D., Westfall, M.D., Rubinstein, L.A., Yu, 

J., Kinzler, K.W., Vogelstein, B., Hill, D.E. and Pietenpol, J.A. (2000) p53- 

dependent expression o f PIG3 during proliferation, genotoxic stress, and 

reversible growth arrest. Cancer Lett 156, 63-72.

Flores, E.R., Tsai, K.Y., Crowley, D., Sengupta, S., Yang, A., M cKeon, F. and Jacks, T.

(2002) p63 and p73 are required for p5 3-dependent apoptosis in response to DNA 

damage. Nature 416, 560-4.

Fontemaggi, G., Kela, I., Amariglio, N., Rechavi, G., Krishnamurthy, J., Strano, S.,

Sacchi, A., Givol, D. and Blandino, G. (2002) Identification o f  direct p73 target 

genes combining DNA microarray and chromatin im m unoprecipitation analyses.

J  Biol Chem 277, 43359-68.

Friedman, P.N., Chen, X., Bargonetti, J. and Prives, C. (1993) The p53 protein is an

unusually shaped tetramer that binds directly to DNA. Proc N atl A cad  Sci U S A  

90, 3319-23.

Fritsche, M., Haessler, C. and Brandner, G. (1993) Induction o f  nuclear accumulation of 

the tumor-suppressor protein p53 by DNA-damaging agents. Oncogene 8, 307-18.

Fuchs, S.Y., Adler, V., Pincus, M.R. and Ronai, Z. (1998) M EK K1/JN K signaling 

stabilizes and activates p53. Proc Natl A cad Sci U S A  95, 10541-6.

Giaccia, A.J. and Kastan, M.B. (1998) The complexity o f p53 modulation: emerging 

patterns from divergent signals. Genes Dev 12, 2973-83.

Gibson, S., W idmann, C. and Johnson, G.L. (1999) Differential involvem ent o f MEK 

kinase 1 (MEKK1) in the induction o f apoptosis in response to microtubule- 

targeted drugs versus DNA damaging agents. J  Biol Chem  274, 10916-22.

147

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Graunke, D.M., Fomace, A.J., Jr. and Pieper, R.O. (1999) Presetting o f chromatin

structure and transcription factor binding poise the human GADD45 gene for 

rapid transcriptional up-regulation. Nucleic Acids Res 27, 3881-90.

Grob, T.J., Novak, U., Maisse, C., Barcaroli, D., Luthi, A.U., Pimia, F., Hugli, B., Graber,

H .U., De Laurenzi, V., Fey, M.F., Melino, G. and Tobler, A. (2001) Human delta 

Np73 regulates a dominant negative feedback loop for TAp73 and p53. Cell 

Death Differ 8, 1213-23.

Grossman, S.R., Deato, M.E., Brignone, C., Chan, H.M., Kung, A.L., Tagam i, H., 

Nakatani, Y. and Livingston, D.M. (2003) Polyubiquitination o f  p53 by a 

ubiquitin ligase activity o f  p300. Science 300, 342-4.

Gu, L., Findley, H.W. and Zhou, M. (2002) M DM2 induces NF-kappaB/p65 expression 

transcriptionally through Spl-binding sites: a novel, p53-independent role o f 

MDM2 in doxorubicin resistance in acute lymphoblastic leukemia. Blood  99, 

3367-75.

Gu, W. and Roeder, R.G. (1997) Activation o f p53 sequence-specific D NA binding by 

acetylation o f  the p53 C-terminal domain. Cell 90, 595-606.

Gu, Y., Rosenblatt, J. and Morgan, D.O. (1992) Cell cycle regulation o f  CDK2 activity 

by phosphorylation o f  T hrl60  and T yrl5 . Embo J 11, 3995-4005.

Guillouf, C., Wang, T.S., Liu, J., Walsh, C.E., Poirier, G.G., M oustacchi, E. and Rosselli,

F. (1999) Fanconi anemia C protein acts at a switch between apoptosis and 

necrosis in mitomycin C-induced cell death. Exp Cell Res 246, 384-94.

Haapajarvi, T., Pitkanen, K. and Laiho, M. (1999) Human m elanom a cell line UV

responses show independency o f p53 function. Cell Growth D iffer 10, 163-71.

148

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Haines, D.S., Landers, I.E., Engle, L.J. and George, D.L. (1994) Physical and functional 

interaction between wild-type p53 and mdm2 proteins. M ol Cell Biol 14, 1171-8.

Han, Z., Wei, W., Dunaway, S., Damowski, J.W., Calabresi, P., Sedivy, J., Hendrickson,

E.A., Balan, K.V., Pantazis, P. and Wyche, J.H. (2002) Role o f p21 in apoptosis 

and senescence o f  human colon cancer cells treated w ith camptothecin. J  Biol 

Chem  277, 17154-60.

Harris, C.C. and Hollstein, M. (1993) Clinical implications o f  the p53 tumor-suppressor 

gene. N  E n g lJ M e d  329, 1318-27.

Hayakawa, J., Depatie, C., Ohmichi, M. and Mercola, D. (2003) The activation o f c-Jun 

NH2-terminal kinase (JNK) by DNA-damaging agents serves to promote drug 

resistance via activating transcription factor 2 (ATF2)-dependent enhanced DNA 

repair. J  Biol Chem 278, 20582-92.

Hermeking, H., Lengauer, C., Polyak, K., He, T.C., Zhang, L., Thiagalingam, S., Kinzler, 

K.W. and Vogelstein, B. (1997) 14-3-3 sigma is a p53-regulated inhibitor o f 

G2/M progression. M ol Cell 1, 3-11.

Hess, R., Plaumann, B., Lutum, A.S., Haessler, C., Heinz, B., Fritsche, M. and Brandner, 

G. (1994) N uclear accumulation o f p53 in response to treatm ent with DNA- 

damaging agents. Toxicol Lett 72, 43-52.

Hirao, A., Cheung, A., Duncan, G., Girard, P.M., Elia, A.J., W akeham, A., Okada, H., 

Sarkissian, T., Wong, J.A., Sakai, I . ,  De Stanchina, E., Bristow, R.G., Suda, T., 

Lowe, S.W., Jeggo, P.A., Elledge, S.J. and Mak, T.W. (2002) Chk2 is a tumor 

suppressor that regulates apoptosis in both an ataxia telangiectasia mutated 

(ATM)-dependent and an ATM -independent manner. M ol Cell Biol 22, 6521-32.

149

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Hirao, A., Kong, Y.Y., Matsuoka, S., Wakeham, A., Ruland, J., Yoshida, H., Liu, D., 

Elledge, S.J. and Mak, T.W. (2000) DNA damage-induced activation o f p53 by 

the checkpoint kinase Chk2. Science 287, 1824-7.

Holbrook, N.J., Liu, Y. and Fornace, A.J., Jr. (1996) Signaling events controlling the 

molecular response to genotoxic stress. Exs 77, 273-88.

Hollstein, M., Sidransky, D., Vogelstein, B. and Harris, C.C. (1991) p53 mutations in 

human cancers. Science 253, 49-53.

Honda, R., Tanaka, H. and Yasuda, H. (1997) Oncoprotein MDM 2 is a ubiquitin ligase 

E3 for tum or suppressor p53. FEBS Lett 420, 25-7.

Houser, S., Koshlatyi, S., Lu, T., Gopen, T. and Bargonetti, J. (2001) Camptothecin and 

Zeocin can increase p53 levels during all cell cycle stages. Biochem Biophys Res 

Commun 289, 998-1009.

Hu, M.C., Qiu, W.R. and Wang, Y.P. (1997) JNK1, JNK2 and JNK3 are p53 N-terminal 

serine 34 kinases. Oncogene 15, 2277-87.

Hupp, T.R. and Lane, D.P. (1994) Allosteric activation o f latent p53 tetramers. Curr Biol 

4, 865-75.

Hupp, T.R., Meek, D.W ., Midgley, C.A. and Lane, D.P. (1992) Regulation o f the specific 

DNA binding function o f p53. Cell 71, 875-86.

Inga, A., Storici, F., Darden, T.A. and Resnick, M.A. (2002) D ifferential transactivation 

by the p53 transcription factor is highly dependent on p53 level and promoter 

target sequence. M ol Cell Biol 22, 8612-25.

150

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Irwin, M., M arin, M.C., Phillips, A.C., Seelan, R.S., Smith, D.I., Liu, W ., Flores, E.R., 

Tsai, K.Y., Jacks, T., Vousden, K.H. and Kaelin, W.G., Jr. (2000) Role for the 

p53 homologue p73 in E2F-1-induced apoptosis. Nature 407, 645-8.

Ito, A., Kawaguchi, Y., Lai, C.H., Kovacs, J.J., Higashimoto, Y., Appella, E. and Yao, 

T.P. (2002) MDM2-HDAC 1 -mediated deacetylation o f  p53 is required for its 

degradation. Embo J21,  6236-45.

Ito, A., Lai, C.H., Zhao, X., Saito, S., Hamilton, M.H., Appella, E. and Yao, T.P. (2001) 

p300/CBP-mediated p53 acetylation is commonly induced by p53-activating 

agents and inhibited by MDM2. Embo J  20, 1331-40.

Jaks, V., Joers, A., Kristjuhan, A. and Maimets, T. (2001) p53 protein accumulation in 

addition to the transactivation activity is required for p53-dependent cell cycle 

arrest after treatment o f cells with camptothecin. Oncogene 20, 1212-9.

Jin, S., Kalkum, M., Overholtzer, M., Stoffel, A., Chait, B.T. and Levine, A.J. (2003a) 

CIAP1 and the serine protease HTRA2 are involved in a novel p53-dependent 

apoptosis pathway in mammals. Genes Dev 17, 359-67.

Jin, S., Mazzacurati, L., Zhu, X., Tong, T., Song, Y., Shujuan, S., Petrik, K.L.,

Rajasekaran, B., Wu, M. and Zhan, Q. (2003b) Gadd45a contributes to p53 

stabilization in response to DNA damage. Oncogene 22, 8536-40.

Jin, Y., Zeng, S.X., Dai, M.S., Yang, X.J. and Lu, H. (2002) MDM 2 inhibits PCAF

(p300/CREB-binding protein-associated factor)-m ediated p53 acetylation. J  Biol 

Chem 277, 30838-43.

151

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Jin, Y., Zeng, S.X., Lee, H. and Lu, H. (2004) MDM2 mediates p300/CREB-binding

protein-associated factor ubiquitination and degradation. J  Biol Chem  279, 20035- 

43.

Johnson, V.L., Ko, S.C., Hoimstrom, T.H., Eriksson, J.E. and Chow, S.C. (2000) Effector 

caspases are dispensable for the early nuclear morphological changes during 

chemical-induced apoptosis. J  Cell Sci 113 ( Pt 17), 2941-53.

Jones, S.N., Sands, A.T., Hancock, A.R., Vogel, H., Donehower, L.A., Linke, S.P., Wahl,

G.M. and Bradley, A. (1996) The tumorigenic potential and cell growth 

characteristics o f p5 3-deficient cells are equivalent in the presence or absence o f 

Mdm2. Proc Natl A cad Sci U S A  93, 14106-11.

Juo, P., Kuo, C.J., Yuan, J. and Blenis, J. (1998) Essential requirement for caspase-

8/FLICE in the initiation o f the Fas-induced apoptotic cascade. Curr Biol 8, 1001- 

8 .

Juven, T., Barak, Y., Zauberman, A., George, D.L. and Oren, M. (1993) W ild type p53 

can mediate sequence-specific transactivation o f an internal prom oter w ithin the 

mdm2 gene. Oncogene 8, 3411-6.

Kaeser, M.D. and Iggo, R.D. (2002) Chromatin immunoprecipitation analysis fails to 

support the latency model for regulation o f p53 DNA binding activity in vivo. 

Proc N atl A cad Sci U S A  99, 95-100.

Kamijo, T., Weber, J.D., Zambetti, G., Zindy, F., Roussel, M.F. and Sherr, C.J. (1998) 

Functional and physical interactions o f the ARF tum or suppressor w ith p53 and 

Mdm2. Proc Natl A cad Sci U S  A 95, 8292-7.

152

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Kaneko, Y. and Tsukamoto, A. (1995) Apoptosis and nuclear levels o f p53 protein and 

proliferating cell nuclear antigen in human hepatoma cells cultured with tumor 

prom oters. Cancer Lett 91, 11-7.

Kar, S., Sakaguchi, K., Shimohigashi, Y., Samaddar, S., Banerjee, R., Basu, G.,

Swaminathan, V., Kundu, T.K. and Roy, S. (2002) Effect o f  phosphorylation on 

the structure and fold o f transactivation domain o f p53. J  B iol Chem  277, 15579- 

85.

Kastan, M.B., Onyekwere, O., Sidransky, D., Vogelstein, B. and Craig, R.W. (1991)

Participation o f p53 protein in the cellular response to DNA damage. Cancer Res 

51,6304-11.

Kastan, M.B., Zhan, Q., el-Deiry, W.S., Carrier, F., Jacks, T., Walsh, W.V., Plunkett,

B.S., Vogelstein, B. and Fornace, A.J., Jr. (1992) A  mammalian cell cycle 

checkpoint pathway utilizing p53 and GADD45 is defective in ataxia- 

telangiectasia. Cell 71, 587-97.

Kelly, J.D., Williamson, K.E., Weir, FLP., McManus, D.T., Hamilton, P.W., Keane, P.F. 

and Johnston, S.R. (2000) Induction o f apoptosis by mitomycin-C in an ex vivo 

model o f bladder cancer. B JU In t 85, 911-7.

Khan, S., Guevara, C., Fujii, G. and Parry, D. (2004) p l4A R F is a component o f the p53 

response following ionizing irradiation o f  normal human fibroblasts. Oncogene 23, 

6040-6.

Kiechle, F.L. and Zhang, X. (2002) Apoptosis: biochemical aspects and clinical 

implications. Clin Chim Acta  326, 27-45.

Ko, L.J. and Prives, C. (1996) p53: puzzle and paradigm. Genes D ev  10, 1054-72.

153

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Kobayashi, T., Sawa, H., Morikawa, J., Zhang, W. and Shiku, H. (2000) Bax induction 

activates apoptotic cascade via mitochondrial cytochrome c release and Bax 

overexpression enhances apoptosis induced by chemotherapeutic agents in DLD-1 

colon cancer cells. Jpn J  Cancer Res 91, 1264-8.

Kobet, E., Zeng, X., Zhu, Y., Keller, D. and Lu, H. (2000) M DM2 inhibits p300-

mediated p53 acetylation and activation by forming a ternary com plex with the 

tw o proteins. Proc Natl A cad Sci U S  A 97, 12547-52.

Kubbutat, M.H., Jones, S.N. and Vousden, K.H. (1997) Regulation o f p53 stability by 

Mdm2. Nature 387, 299-303.

Kubbutat, M.H. and Vousden, K.H. (1997) Proteolytic cleavage o f  hum an p53 by calpain: 

a potential regulator o f protein stability. M ol Cell B iol 17, 460-8.

Lackinger, D. and Kaina, B. (2000) Primary mouse fibroblasts deficient for c-Fos, p53 or 

for both proteins are hypersensitive to UV light and alkylating agent-induced 

chromosomal breakage and apoptosis. M utat Res 457, 113-23.

I,akin. N.D., Hann, B.C. and Jackson, S.P. (1999) The ataxia-telangiectasia related

protein ATR mediates DNA-dependent phosphorylation o f  p53. Oncogene 18, 

3989-95.

Lakin, N.D. and Jackson, S.P. (1999) Regulation o f  p53 in response to DNA  damage. 

Oncogene 18, 7644-55.

Lane, D.P. (1987) p53 in Paris, an oncogene comes o f  age. Oncogene 1, 241-2.

Law, J.C., Strong, L.C., Chidambaram, A. and Ferrell, R.E. (1991) A germ line mutation 

in exon 5 o f the p53  gene in an extended cancer family. Cancer Res 51, 6385-7.

154

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Lee, C.W. and La Thangue, N.B. (1999) Promoter specificity and stability control of the 

p53-related protein p73. Oncogene 18, 4171-81.

Lee, S., Lee, H.S., Baek, M., Lee, D.Y., Bang, Y.J., Cho, H.N., Lee, Y.S., Ha, J.H., Kim,

H.Y. and Jeoung, D.I. (2002) MAPK signaling is involved in camptothecin- 

induced cell death. M ol Cells 14, 348-54.

Lees-Miller, S.P., Sakaguchi, K., Ullrich, S.J., Appella, E. and Anderson, C.W. (1992) 

Human DNA-activated protein kinase phosphorylates serines 15 and 37 in the 

am ino-terminal transactivation domain o f human p53. M ol Cell Biol 12, 5041-9.

Lei, K. and Davis, R.J. (2003) JNK phosphorylation o f Bim-related members o f the Bcl2 

family induces Bax-dependent apoptosis. Proc Natl A cad  Sci U S A  100, 2432-7.

Leng, P., Brown, D.R., Shivakumar, C.V., Deb, S. and Deb, S.P. (1995) N-terminal 130 

amino acids o f MDM2 are sufficient to inhibit p5 3-mediated transcriptional 

activation. Oncogene 10, 1275-82.

Lev Bar-Or, R., Maya, R., Segel, L.A., Alon, U., Levine, A.J. and Oren, M. (2000) 

Generation o f oscillations by the p53-M dm2 feedback loop: a theoretical and 

experimental study. Proc N atl A cad Sci U S  A 97, 11250-5.

Levrero, M., De Laurenzi, V., Costanzo, A., Gong, J., Melino, G. and W ang, J.Y. (1999) 

Structure, function and regulation o f p63 and p73. Cell Death Differ 6, 1146-53.

Li, M., Luo, J., Brooks, C.L. and Gu, W. (2002) Acetylation o f  p53 inhibits its 

ubiquitination by Mdm2. J  Biol Chem 211, 50607-11.

Liu, G., Xia, T. and Chen, X. (2003) The activation domains, the proline-rich domain, 

and the C-terminal basic domain in p53 are necessary for acetylation o f histones

155

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



on the proximal p21 promoter and interaction with p300/CREB-binding protein. J  

Biol Chem 278, 17557-65.

Luo, J., Li, M., Tang, Y., Laszkowska, M., Roeder, R.G. and Gu, W. (2004) Acetylation 

o f  p53 augments its site-specific DNA binding both in vitro and in vivo. Proc Natl 

A cadSc i U S A  101, 2259-64.

MacLachlan, T.K. and El-Deiry, W.S. (2002) Apoptotic threshold is lowered by p53 

transactivation o f  caspase-6. Proc Natl Acad Sci U S A  99, 9492-7.

Malcomson, R.D., Oren, M., Wyllie, A.H. and Harrison, D.J. (1995) p53-independent 

death and p5 3-induced protection against apoptosis in fibroblasts treated with 

chemotherapeutic drugs. Br J  Cancer 72, 952-7.

Martelli, A.M., Tazzari, P.L., Tabellini, G., Bortul, R., Billi, A.M ., M anzoli, L., Ruggeri,

A., Conte, R. and Cocco, L. (2003) A new selective AKT pharmacological 

inhibitor reduces resistance to chemotherapeutic drugs, TRAIL, all-trans-retinoic 

acid, and ionizing radiation o f human leukemia cells. Leukem ia  17, 1794-805.

Mashima, T., Naito, M., Fujita, N., Noguchi, K. and Tsuruo, T. (1995) Identification of 

actin as a substrate o f ICE and an ICE-like protease and involvement o f an ICE- 

like protease but not ICE in VP-16-induced U937 apoptosis. Biochem Biophys 

Res Commun 217, 1185-92.

Mashimo, T., Bandyopadhyay, S., Goodarzi, G., Watabe, M., Pai, S.K., Gross, S.C. and 

Watabe, K. (2000) Activation o f the tumor metastasis suppressor gene, KAI1, by 

etoposide is mediated by p53 and c-Jun genes. Biochem Biophys Res Commun 

274, 370-6.

156

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Mayo, L.D. and Donner, D.B. (2001) A phosphatidylinositol 3-kinase/Akt pathway

promotes translocation of Mdm2 from the cytoplasm to the nucleus. Proc Natl 

Acad Sci USA9%,  11598-603.

Mayo, L.D. and Donner, D.B. (2002) The PTEN, Mdm2, p53 tum or suppressor- 

oncoprotein network. Trends Biochem Sci 27, 462-7.

Medrano, E.E., Im, S., Yang, F. and Abdel-Malek, Z.A. (1995) Ultraviolet B light 

induces G1 arrest in human melanocytes by prolonged inhibition o f 

retinoblastom a protein phosphorylation associated w ith long-term expression of 

the p21 W af-l/SDI-l/Cip-1 protein. Cancer Res 55, 4047-52.

Meek, D.W. (2004) The p53 response to DNA damage. DNA Repair (Amst) 3,1049-56.

Michalovitz, D., Halevy, O. and Oren, M. (1991) p53 mutations: gains or losses? J  Cell 

Biochem 45, 22-9.

Micheau, O., Hammann, A., Solary, E. and Dimanche-Boitrel, M.T. (1999) STAT-1- 

independent upregulation o f  FADD and procaspase-3 and -8 in cancer cells 

treated with cytotoxic drugs. Biochem Biophys Res Commun 256, 603-7.

Minsky, N. and Oren, M. (2004) The RING Domain o f M dm2 M ediates Histone 

Ubiquitylation and Transcriptional Repression. Mol Cell 16, 631-9.

Moll, U.M. and Petrenko, O. (2003) The MDM2-p53 interaction. Mol Cancer Res 1, 

1001- 8 .

Montes de Oca Luna, R., Wagner, D.S. and Lozano, G. (1995) Rescue o f  early

embryonic lethality in mdm2-deficient mice by deletion o fp53. Nature 378, 203-6.

Muller, M., Wilder, S., Bannasch, D., Israeli, D., Lehlbach, K., Li-W eber, M ., Friedman, 

S.L., Galle, P.R., Stremmel, W., Oren, M. and Krammer, P.H. (1998) p53

157

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



activates the CD95 (APO-l/Fas) gene in response to DNA damage by anticancer 

drugs. J  Exp M ed  188, 2033-45.

Murphy, K.M ., Ranganathan, V., Farnsworth, M.L., Kavallaris, M. and Lock, R.B. (2000) 

Bcl-2 inhibits Bax translocation from cytosol to mitochondria during drug- 

induced apoptosis o f  human tumor cells. Cell Death Differ 7, 102-11.

Murphy, M., Ahn, J., Walker, K.K., Hoffman, W.H., Evans, R.M., Levine, A.J. and

George, D.L. (1999) Transcriptional repression by wild-type p53 utilizes histone 

deacetylases, mediated by interaction with mSin3a. Genes D ev  13, 2490-501.

Nair, J., Traganos, F. and Tse-Dinh, Y.C. (2000) Differential effect o f  camptothecin

treatment on topoisomerase II alpha expression in ML-1 and HL-60 leukemia cell 

lines. Anticancer Res 20, 4183-8.

Nakamura, S., Roth, J.A. and Mukhopadhyay, T. (2000) M ultiple lysine mutations in the 

C-terminal domain o f p53 interfere with M DM 2-dependent protein degradation 

and ubiquitination. M ol Cell Biol 20, 9391-8.

Nakano, K. and Vousden, K.H. (2001) PUMA, a novel proapoptotic gene, is induced by 

p53 .M o l Cell 7, 683-94.

Nam, S.Y., Jung, G.A., Hur, G.C., Chung, H.Y., Kim, W .H., Seol, D.W . and Lee, B.L.

(2003) Upregulation o f FLIP(S) by Akt, a possible inhibition mechanism o f 

TRAIL-induced apoptosis in human gastric cancers. Cancer Sci 94, 1066-73.

Nelson, W.G. and Kastan, M.B. (1994) DNA strand breaks: the D N A  template alterations 

that trigger p53-dependent DNA damage response pathways. M ol Cell Biol 14, 

1815-23.

158

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Nomura, M., Shimizu, S., Ito, T., Narita, M., Matsuda, H. and Tsujimoto, Y. (1999) 

Apoptotic cytosol facilitates Bax translocation to mitochondria that involves 

cytosolic factor regulated by Bcl-2. Cancer Res 59, 5542-8.

Oda, E., Ohki, R., Murasawa, H., Nemoto, J., Shibue, T., Yamashita, T., Tokino, T., 

Taniguchi, T. and Tanaka, N. (2000) Noxa, a BH3-only member o f the Bcl-2 

family and candidate mediator o f p53-induced apoptosis. Science 288, 1053-8.

Ogawara, Y., Kishishita, S., Obata, T., Isazawa, Y., Suzuki, T., Tanaka, K., Masuyama, 

N. and Gotoh, Y. (2002) Akt enhances M dm2-mediated ubiquitination and 

degradation o f p53. J  Biol Chem 277, 21843-50.

Okamura, S., Arakawa, H., Tanaka, T., Nakanishi, H., Ng, C.C., Taya, Y., M onden, M. 

and Nakamura, Y. (2001) p53D IN Pl, a p53-inducible gene, regulates p53- 

dependent apoptosis. M ol Cell 8, 85-94.

Oliner, J.D., Pietenpol, J.A., Thiagalingam, S., Gyuris, J., Kinzler, K.W. and Vogelstein,

B. (1993) Oncoprotein MDM2 conceals the activation domain o f tumour 

suppressor p53. Nature 362, 857-60.

Oren, M. (1994) Relationship o f p53 to the control o f apoptotic cell death. Semin Cancer 

Biol 5,221-1.

Osaki, M., Kase, S., Adachi, K., Takeda, A., Hashimoto, K. and Ito, H. (2004) Inhibition 

o f  the PDK-Akt signaling pathway enhances the sensitivity o f  Fas-mediated 

apoptosis in human gastric carcinoma cell line, MKN-45. J  Cancer Res Clin 

Oncol 130, 8-14.

Palom, Y., Belcourt, M.F., Kumar, G.S., Arai, FL, Kasai, M., Sartorelli, A.C., Rockwell, 

S. and Tomasz, M. (1998) Formation o f  a major DNA adduct o f  the mitomycin

159

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



metabolite 2,7-diaminomitosene in EMT6 mouse mammary tumor cells treated 

w ith mitomycin C. Oncol Res 10, 509-21.

Palom, Y., Belcourt, M.F., Tang, L.Q., Mehta, S.S., Sartorelli, A.C., Pritsos, C.A., Pritsos, 

K.L., Rockwell, S. and Tomasz, M. (2001) Bioreductive metabolism o f 

m itomycin C in EMT6 mouse mammary tum or cells: cytotoxic and non-cytotoxic 

pathways, leading to different types o f DNA adducts. The effect o f dicumarol. 

Biochem Pharmacol 61, 1517-29.

Palom, Y., Suresh Kumar, G., Tang, L.Q., Paz, M .M., M usser, S.M., Rockwell, S. and

Tomasz, M. (2002) Relative toxicities o f DNA cross-links and monoadducts: new 

insights from studies o f decarbamoyl mitomycin C and mitomycin C. Chem Res 

Toxicol 15, 1398-406.

Park, I.C., Park, M .J., Hwang, C.S., Rhee, C.H., Whang, D.Y., Jang, J.J., Choe, T.B., 

Hong, S.I. and Lee, S.H. (2000) M itomycin C induces apoptosis in a caspases- 

dependent and Fas/CD95 -independent manner in hum an gastric adenocarcinoma 

cells. Cancer Lett 158, 125-32.

Park, S.Y., Ko, H.H., Song, J.H., Han, E.S. and Lee, C.S. (2004) Differential effect of 

nitrogen species on changes in mitochondrial membrane permeability due to 

mitomycin c in lung epithelial cells. Naunyn Schmiedebergs Arch Pharmacol 369, 

312-21.

Perkins, C.L., Fang, G., Kim, C.N. and Bhalla, K.N. (2000) The role o f  Apaf-1, caspase-9, 

and bid proteins in etoposide- or paclitaxel-induced m itochondrial events during 

apoptosis. Cancer Res 60, 1645-53.

160

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Phelps, M., Darley, M., Primrose, J.N. and Blaydes, J.P. (2003) p53-independent

activation o f the hdm2-P2 promoter through multiple transcription factor response 

elements results in elevated hdm.2 expression in estrogen receptor alpha-positive 

breast cancer cells. Cancer Res 63, 2616-23.

Philchenkov, A., Zavelevich, M., Kroczak, T.J. and Los, M. (2004) Caspases and cancer: 

mechanisms o f inactivation and new treatment modalities. Exp Oncol 26, 82-97.

Pimia, F., Schneider, E., Betticher, D.C. and Bomer, M.M. (2002) M itomycin C induces 

apoptosis and caspase-8 and -9 processing through a caspase-3 and Fas- 

independent pathway. Cell Death Differ 9, 905-14.

Polyak, K., Waldman, T., He, T.C., Kinzler, K.W. and Vogelstein, B. (1996) Genetic

determinants o f p53-induced apoptosis and growth arrest. Genes Dev 10, 1945-52.

Qian, H., Wang, T., Naumovski, L., Lopez, C.D. and Brachmann, R.K. (2002) Groups o f 

p53 target genes involved in specific p53 downstream effects cluster into different 

classes o f  DNA binding sites. Oncogene 21, 7901-11.

Reczek, E.E., Flores, E.R., Tsay, A.S., Attardi, L.D. and Jacks, T. (2003) Multiple

response elements and differential p53 binding control Perp expression during 

apoptosis. M ol Cancer Res 1, 1048-57.

Ries, S., Biederer, C., Woods, D., Shifman, O., Shirasawa, S., Sasazuki, T., McMahon, 

M., Oren, M. and McCormick, F. (2000) Opposing effects o f Ras on p53: 

transcriptional activation o f mdm2 and induction o f  p l9A R F. Cell 103, 321-30.

Robinson, M., Jiang, P., Cui, J., Li, J., Wang, Y., Swaroop, M., Madore, S., Lawrence, 

T.S. and Sun, Y. (2003) Global genechip profiling to identify genes responsive to

161

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



p53-induced growth arrest and apoptosis in human lung carcinoma cells. Cancer 

Biol Ther 2, 406-15.

Saito, S., Goodarzi, A.A., Higashimoto, Y., Noda, Y., Lees-Miller, S.P., Appella, E. and 

Anderson, C.W. (2002) ATM mediates phosphorylation at multiple p53 sites, 

including Ser(46), in response to ionizing radiation. JB iol Chem 277, 12491-4.

Sakaguchi, K., Saito, S., Higashimoto, Y., Roy, S., Anderson, C.W. and Appella, E.

(2000) Damage-mediated phosphorylation o f  human p53 threonine 18 through a 

cascade mediated by a casein 1-like kinase. Effect on Mdm2 binding. J  Biol Chem 

275, 9278-83.

Samuels-Lev, Y., O'Connor, D.J., Bergamaschi, D., Trigiante, G., Hsieh, J.K., Zhong, S., 

Campargue, I., Naumovski, L., Crook, T. and Lu, X. (2001) ASPP proteins 

specifically stimulate the apoptotic function o f p53. Mol Cell 8, 781-94.

Scheffner, M., W emess, B.A., Huibregtse, J.M., Levine, A.J. and Howley, P.M. (1990) 

The E6 oncoprotein encoded by human papillomavirus types 16 and 18 promotes 

the degradation o f  p53. Cell 63, 1129-36.

Seimiya, H., Mashima, T., Toho, M. and Tsuruo, T. (1997) c-Jun N H2-terminal kinase- 

mediated activation o f interleukin-1 beta converting enzyme/CED-3 -like protease 

during anticancer drug-induced apoptosis. J  Biol Chem 272, 4631-6.

Selvakumaran, M., Lin, H.K., Miyashita, T., Wang, H.G., Krajewski, S., Reed, J.C., 

Hoffman, B. and Liebermann, D. (1994) Immediate early up-regulation o f bax 

expression by p53 but not TGF beta 1: a paradigm for distinct apoptotic pathways. 

Oncogene 9, 1791-8.

162

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Shaulsky, G., Goldfmger, N., Tosky, M.S., Levine, A.J. and Rotter, V. (1991) Nuclear 

localization is essential for the activity o f  p53 protein. Oncogene 6, 2055-65.

Sheikh, M .S., Hollander, M.C. and Fomance, A.J., Jr. (2000) Role o f Gadd45 in 

apoptosis. Biochem Pharmacol 59, 43-5.

Shieh, S.Y., Ahn, J., Tamai, K., Taya, Y. and Prives, C. (2000) The hum an homologs of 

checkpoint kinases Chkl and Cdsl (Chk2) phosphorylate p53 at multiple DNA 

damage-inducible sites. Genes Dev 14, 289-300.

Shieh, S.Y., Ikeda, M., Taya, Y. and Prives, C. (1997) DNA damage-induced 

phosphorylation o f p53 alleviates inhibition by MDM2. Cell 91, 325-34.

Smith, J. (2002) Human Sir2 and the 'silencing' o f  p53 activity. Trends Cell Biol 12, 404- 

6 .

Stenson-Cox, C., FitzGerald, U. and Samali, A. (2003) In the cut and thrust o f apoptosis, 

serine proteases come o f age. Biochem Pharmacol 66, 1469-74.

Stommel, J.M., Marchenko, N.D., Jimenez, G.S., Moll, U.M., Hope, T.J. and Wahl, G.M.

(1999) A leucine-rich nuclear export signal in the p53 tetramerization domain: 

regulation o f subcellular localization and p53 activity by NES masking. Embo J  

18,1660-72.

Stott, F.J., Bates, S., James, M.C., McConnell, B.B., Starborg, M., Brookes, S., Palmero,

I., Ryan, K., Hara, E., Vousden, K.H. and Peters, G. (1998) The alternative 

product from the human CDKN2A locus, p l4(A R F), participates in a regulatory 

feedback loop with p53 and MDM2. Embo J 17, 5001-14.

163

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Suresh Kumar, G., Lipman, R., Cummings, J. and Tomasz, M. (1997) M itomycin C-

D N A  adducts generated by DT-diaphorase. Revised mechanism o f the enzymatic 

reductive activation o f mitomycin C. Biochemistry 36, 14128-36.

Szak, S.T., Mays, D. and Pietenpol, J.A. (2001) Kinetics o f  p53 binding to promoter sites 

in vivo. M ol Cell Biol 21, 3375-86.

Tang, D., W u, D., Hirao, A., Lahti, J.M., Liu, L., Mazza, B., Kidd, V.J., Mak, T.W. and 

Ingram, A.J. (2002) ERK activation mediates cell cycle arrest and apoptosis after 

DNA damage independently o f p53. J  Biol Chem  277,12710-7.

Thomborrow, E.C. and Manfredi, J J .  (2001) The tum or suppressor protein p53 requires a 

cofactor to activate transcriptionally the human BAX promoter. J  Biol Chem 276, 

15598-608.

Thomborrow, E.C., Patel, S., Mastropietro, A.E., Schwartzfarb, E.M. and Manfredi, J.J. 

(2002) A conserved intronic response element mediates direct p53-dependent 

transcriptional activation o f both the human and murine box genes. Oncogene 21, 

990-9.

Thut, C.J., Goodrich, J.A. and Tjian, R. (1997) Repression o f p53-mediated transcription 

by MDM2: a dual mechanism. Genes Dev 11, 1974-86.

Tishler, R.B., Calderwood, S.K., Coleman, C.N. and Price, B.D. (1993) Increases in 

sequence specific DNA binding by p53 following treatm ent with 

chemotherapeutic and DNA damaging agents. Cancer Res 53, 2212-6.

Toh, W.H., Siddique, M.M., Boominathan, L., Lin, K.W. and Sabapathy, K. (2004) c-Jun 

regulates the stability and activity o f  the p53 homologue, p73. J  Biol Chem.

164

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Tomasz, M. and Palom, Y. (1997) The mitomycin bioreductive antitumor agents: cross- 

linking and alkylation of DNA as the molecular basis o f their activity. Pharmacol 

Ther 76, 73-87.

Unger, T., Juven-Gershon, T., Moallem, E., Berger, M., Vogt Sionov, R., Lozano, G., 

Oren, M. and Haupt, Y. (1999a) Critical role for Ser20 o f human p53 in the 

negative regulation o f p53 by Mdm2. Embo J 18, 1805-14.

Unger, T., Sionov, R.V., Moallem, E., Yee, C.L., Howley, P.M., Oren, M. and Haupt, Y. 

(1999b) M utations in serines 15 and 20 o f  human p53 impair its apoptotic activity. 

Oncogene 18, 3205-12.

Urist, M. and Prives, C. (2002) p53 leans on its siblings. Cancer Cell 1, 311-3.

Velculescu, V.E. and El-Deiry, W.S. (1996) Biological and clinical importance o f the p53 

tumor suppressor gene. Clin Chem 42, 858-68.

Venot, C., Maratrat, M., Sierra, V., Conseiller, E. and Debussche, L. (1999) Definition o f 

a p53 transactivation function-deficient mutant and characterization o f  two 

independent p53 transactivation subdomains. Oncogene 18, 2405-10.

Verweij, J. and Pinedo, H.M. (1990) M itomycin C: mechanism o f action, usefulness and 

limitations. Anticancer Drugs 1, 5-13.

Vit, J.P., Guillouf, C. and Rosselli, F. (2001) Futile caspase-8 activation during the

apoptotic cell death induced by DNA damaging agents in hum an B-lymphoblasts. 

Exp Cell Res 269, 2-12.

Vossio, S., Palescandolo, E., Pediconi, N., Moretti, F., Balsano, C., Levrero, M. and

Costanzo, A. (2002) DN-p73 is activated after DNA damage in a p5 3-dependent 

manner to regulate p53-induced cell cycle arrest. Oncogene 21, 3796-803.

165

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Wang, P., Reed, M., Wang, Y., Mayr, G., Stenger, J.E., Anderson, M.E., Schwedes, J.F. 

and Tegtmeyer, P. (1994) p53 domains: structure, oligomerization, and 

transformation. M ol Cell Biol 14, 5182-91.

Wang, X.W ., Vermeulen, W., Coursen, J.D., Gibson, M., Lupoid, S.E., Forrester, K., Xu, 

G., Elmore, L., Yeh, H., Hoeijmakers, J.H. and Harris, C.C. (1996) The XPB and 

XPD DNA helicases are components o f the p53-mediated apoptosis pathway. 

Genes Dev 10, 1219-32.

Wang, X.W ., Zhan, Q., Coursen, J.D., Khan, M.A., Kontny, H.U., Yu, L., Hollander, 

M.C., O'Connor, P.M., Fomace, A.J., Jr. and Harris, C.C. (1999) GADD45 

induction o f  a G2/M cell cycle checkpoint. Proc N atl A cad Sci U S A  96, 3706-11.

Wesselborg, S., Engels, I.H., Rossmann, E., Los, M. and Schulze-Osthoff, K. (1999)

Anticancer drugs induce caspase-8/FLICE activation and apoptosis in the absence 

o f CD95 receptor/ligand interaction. Blood  93, 3053-63.

Wu, G.S., Bums, T.F., McDonald, E.R., 3rd, Jiang, W., Meng, R., Krantz, I.D., Kao, G., 

Gan, D.D., Zhou, J.Y., Muschel, R., Hamilton, S.R., Spinner, N .B., M arkowitz, S., 

Wu, G. and el-Deiry, W.S. (1997) KILLER/DR5 is a DNA damage-inducible 

p53-regulated death receptor gene. N at Genet 17, 141-3.

Wu, G.S., Bums, T.F., M cDonald, E.R., 3rd, Meng, R.D., Kao, G., M uschel, R., Yen, T. 

and el-Deiry, W.S. (1999) Induction o f  the TRAIL receptor KILLER/DR5 in p53- 

dependent apoptosis but not growth arrest. Oncogene 18, 6411-8.

Wu, X. and Deng, Y. (2002) Bax and BH3-domain-only proteins in p53-mediated 

apoptosis. F rontB iosci 7, dl51-6.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Xiao, G., Chicas, A., Olivier, M., Taya, Y., Tyagi, S., Kramer, F.R. and Bargonetti, I.

(2000) A DNA damage signal is required for p53 to activate gadd45. Cancer Res 

60,1711-9.

Xiao, G., White, D. and Bargonetti, J. (1998) p53 binds to a constitutively nucleosome 

free region of the mdm2 gene. Oncogene 16, 1171-81.

Xu, C., M eikrantz, W., Schlegel, R. and Sager, R. (1995) The human papillom a virus 

16E6 gene sensitizes human mammary epithelial cells to apoptosis induced by 

DNA damage. Proc Natl A cad Sci U SA  92, 7829-33.

Yacoub, A., McKinstry, R., Hinman, D., Chung, T., Dent, P. and Hagan, M.P. (2003)

Epidermal growth factor and ionizing radiation up-regulate the DNA repair genes 

XRCC1 and ERCC1 in DU 145 and LNCaP prostate carcinom a through M APK 

signaling. Radiat Res 159, 439-52.

Yacoub, A., Park, J.S., Qiao, L., Dent, P. and Hagan, M.P. (2001) M APK dependence o f 

DNA damage repair: ionizing radiation and the induction o f  expression o f  the 

DNA repair genes XRCC1 and ERCC1 in DU 145 hum an prostate carcinoma cells 

in a MEK1/2 dependent fashion. Int J  Radiat Biol 77, 1067-78.

Yang, A., Kaghad, M., Caput, D. and McKeon, F. (2002) On the shoulders o f  giants: p63, 

p73 and the rise o f p53. Trends Genet 18, 90-5.

Yu, J., Zhang, L., Hwang, P.M., Kinzler, K.W. and Vogelstein, B. (2001) PUM A induces 

the rapid apoptosis o f colorectal cancer cells. M ol Cell 7, 673-82.

Yu, J., Zhang, L., Hwang, P.M., Rago, C., Kinzler, K.W. and Vogelstein, B. (1999)

Identification and classification o f  p53-regulated genes. Proc N atl A cad  Sci U SA  

96,14517-22.

167

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Yu, S.W., Wang, H., Poitras, M.F., Coombs, Bowers, W .J., Federoff, H.J., Poirier,

G.G., Dawson, T.M. and Dawson, V.L. (2002) M ediation o f  poly(ADP-ribose) 

polym erase-1 -dependent cell death by apoptosis-inducing factor. Science 297,

' 259-63.

Yuan, Z.M., Shioya, H., Ishiko, T., Sun, X., Gu, J., Huang, Y.Y., Lu, H., Kharbanda, S., 

Weichselbaum, R. and Kufe, D. (1999) p73 is regulated by tyrosine kinase c-Abl 

in the apoptotic response to DNA damage. Nature 399, 814-7.

Zhan, Q., Bae, I ,  Kastan, M.B. and Fornace, A.J., Jr. (1994a) The p53-dependent 

gamma-ray response o f GADD45. Cancer Res 54, 2755-60.

Zhan, Q., Chen, I.T., Antinore, M.J. and Fornace, A.J., Jr. (1998) Tum or suppressor p53 

can participate in transcriptional induction o f the GADD45 promoter in the 

absence o f direct DNA binding. Mol Cell Biol 18, 2768-78.

Zhan, Q., Fan, S., Bae, I., Guillouf, C., Liebermann, D.A., O'Connor, P.M. and Fornace, 

A.J., Jr. (1994b) Induction o f box by genotoxic stress in hum an cells correlates 

with normal p53 status and apoptosis. Oncogene 9, 3743-51.

Zhao, R., Gish, K., M urphy, M., Yin, Y., Notterman, D., Hoffman, W .H., Tom, E., Mack, 

D.H. and Levine, A.J. (2000) Analysis o f p53-regulated gene expression patterns 

using oligonucleotide arrays. Genes Dev 14, 981-93.

Zheng, L., Pan, H., Li, S., Flesken-Nikitin, A., Chen, P.L., Boyer, T.G. and Lee, W.H.

(2000) Sequence-specific transcriptional corepressor function for BRCA1 through 

a novel zinc fmger protein, ZBRK1. Mol Cell 6, 757-68.

Zhu, J., Jiang, J., Zhou, W. and Chen, X. (1998) The potential tum or suppressor p73 

differentially regulates cellular p53 target genes. Cancer Res 58, 5061-5.

168

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Zhu, J., Jiang, J., Zhou, W., Zhu, K. and Chen, X. (1999) Differential regulation of

cellular target genes by p53 devoid of the PXXP motifs with impaired apoptotic 

activity. Oncogene 18, 2149-55.

Zhu, J., Nozell, S., Wang, J., Jiang, J., Zhou, W. and Chen, X. (2001a) p73 cooperates 

with DNA damage agents to induce apoptosis in MCF7 ceils in a p5 3-dependent 

manner. Oncogene 20, 4050-7.

Zhu, J., Zhang, S., Jiang, J. and Chen, X. (2000) Definition o f  the p53 functional domains 

necessary for inducing apoptosis. J  Biol Chem 275, 39927-34.

Zhu, Q., Yao, J., Wani, G., Wani, M.A. and Wani, A.A. (2001b) M dm2 mutant defective 

in binding p300 promotes ubiquitination but not degradation o f  p53: evidence for 

the role o f p300 in integrating ubiquitination and proteolysis. J  Biol Chem 276, 

29695-701.

Zhuang, J. and Cohen, G.M. (1998) Release o f mitochondrial cytochrom e c is upstream 

o f caspase activation in chemical-induced apoptosis in hum an monocytic tumour 

cells. Toxicol Lett 102-103, 121-9.

Zundel, W. and Giaccia, A. (1998) Inhibition o f  the anti-apoptotic PI(3)K/Akt/Bad 

pathway by stress. Genes Dev 12, 1941-6.

169

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.


