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ABSTRACT 

Breast cancer is the most frequently diagnosed form of cancer in women and the 

second leading cause of cancer-related deaths.  Breast cancer is a heterogeneous disease 

consisting of many types of tissue neoplasia, and there appears to be no model of how a 

particular lesion develops into an aggressive, malignant, invasive carcinoma.  Genetic 

mutation and aberrant epigenetic regulation are among the most common events that lead 

to neoplasia.  In breast cancer, p53 mutation is the most common genetic defect related to 

a single gene.  Therefore, this dissertation focuses on the mechanisms and consequences 

of p53 mutation during breast tumorigenesis.  Genome-wide analysis of gene expression 

and epigenetic modifications in a panel of breast cancer cell lines suggested that p53 

mutation and aberrant epigenetic silencing were cooperating mechanisms in the silencing 

of wild-type p53 target genes during cancer progression.  Therefore, models of p53 

inactivation were created in non-malignant human mammary epithelial cells to determine 

the role of p53 mutation on the epigenetic status of its target genes and the acquisition of 

malignant phenotypes.  Comparisons of each model demonstrated that differing modes of 

p53 inactivation produced different functional consequences.  Loss of wild-type p53 

function alone ablated the normal cellular response to external stress stimuli, but had no 

affect on the expression of genes or epigenetic status in untreated cells.  Introduction of 

missense mutant p53 protein caused very few changes when the protein was expressed at 

low levels.  However, accumulation of mutant p53 caused a variety of gene expression 

changes and interfered with endogenous wild-type p53.  The accumulation of mutant p53 

also caused an increase in migration and invasion of the cells that expressed it.  
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Interestingly, epigenetic aberrations were not detected in response to any of the p53 

manipulations.  These data suggest that accumulation of missense mutation is particularly 

dangerous to normal cells.  They also suggest that p53 mutation and epigenetic aberration 

are two distinct mechanisms, which overlap and cooperate during tumorigenesis.  These 

data suggest that treatment strategies for human breast cancer should include modalities 

to target both defects for increased efficacy.  
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INTRODUCTION 

Breast Cancer  

Breast cancer incidence and mortality 

 It is estimated that 1,437,180 new cases of cancer will be diagnosed in the United 

States in the year 2008 [1].  Cancer is the second leading cause of death in the United 

States totaling 559,312 deaths in 2005 accounting for 22.8% of all deaths that year [2].  It 

is estimated that 559,650 deaths will occur in 2008 from cancer [1].  Worldwide, 

1,151,298, women were diagnosed and 410,712 women died with breast cancer in the 

year 2002 [3].  The highest incidence of breast cancer in the world is found in North 

Americans [3].  In 2008, it is estimated that breast cancer alone will account for 178,480 

new cases of invasive cancer, and 62,030 cases of localized cancer in the United States, 

which translates to 35% of all new cases in women [1].  The probability of a woman 

developing breast cancer increases steadily with age from a 1 in 210 chance for women 

under 39, to 1 in 15 for women over 70, with an overall chance of 1 in 8 for developing 

this cancer over a lifetime [1].  It is estimated that 559,650 people in the United States 

will die of cancer translating into more than 1500 people a day [1].  For women, breast 

cancer will account for 40,460 deaths translating into 15% of all cancer deaths in females 

[1].  Although breast cancer mortality rates remained level throughout the 1990’s, they 

have since decreased in women under 50 by 3.3% per year and by 2.0% per year for 

women over 50, likely due to earlier detection and improved treatment [1].  Thus, breast 

cancer is a significant health issue in women. 
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Breast cancer risk factors 

 The most important risk factor for breast cancer is age.  In addition, risk is 

increased by family history of breast cancer, BRCA1 and BRCA2 genetic mutations, 

hyperplasia (especially atypical) confirmed by biopsy, high breast tissue density, and 

high dose radiation to the chest from medical procedures [1].  Increased risk is also 

associated with reproductive factors such as long menstrual history, use of oral 

contraceptives, pregnancy after age 30, or never having children [1].  Potential risk 

factors also include consumption of one or more alcoholic beverages per day, physical 

inactivity, postmenopausal hormone therapy, and being overweight or obese after 

menopause [1].  Lower risk is associated with moderate physical activity, maintaining a 

healthy body weight, and breastfeeding [1].  In addition, treatment with tamoxifen for 

high-risk, post-menopausal women has demonstrated a reduction in invasive cancers [1]. 

 

Types of breast cancer 

 Breast cancer is a heterogeneous disease consisting of many types of tissue 

neoplasia, and there appears to be no model of how a particular lesion develops into an 

aggressive, malignant, invasive carcinoma.  Benign lesions of breast tissue include radial 

scars, several forms of adenosis, apocrine metaplasia, and hyperplasia of unusual type 

(HUT) [4].  More serious lesions include atypical ductal hyperplasia (ADH), ductal 

carcinoma in situ (DCIS), atypical lobular hyperplasia (ALH), and lobular carcinoma in 

situ (LCIS) [5].  These pre-invasive, in situ cancers reside within the milk ducts and sacs 

(lobules) of the breast.  DCIS comprises approximately 85% of the localized pre-invasive 
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breast cancers [1].  The malignant, invasive forms of breast cancer are infiltrating ductal 

carcinoma (IDC), and infiltrating lobular carcinoma (ILC) [6].  Follow-up studies have 

shown that the presence of HUT doubles the risk of cancer, but these studies cannot 

prove a progression model because shared causes could promote both HUT and the 

subsequent cancer at the same time [7].  Studies determining loss of heterozygosity, 

losses and gains of chromosomal regions, and chromosomal aneuploidy in HUT are 

evidence that suggest this lesion is a precursor to carcinoma [8-11].  However, the 

evidence is not unanimous.  Studies comparing cytokeratin phenotypes between HUT, 

ADH, and DCIS associated ADH with low grade DCIS but differentiated them from 

HUT [12, 13].  The question remains whether there is a large difference between HUT 

and ADH/DCIS or if they are similar.  The morphological differences among the 

different lesion types occur between populations that have much in common.  Indeed, 

low grade DCIS has more in common with LCIS than high grade DCIS [14].  

Furthermore, follow-up studies have demonstrated that DCIS confers a higher risk of 

ultimately developing ipsilateral invasive breast carcinoma; however it is impossible to 

predict that any likely precursor will become an invasive cancer [15].  Therefore, in 

breast cancer there may be no obligate precursor lesion that leads to invasive cancer. 

 Although there appears to be no precursor lesion for invasive breast cancer, it is 

important to understand the variety of lesions that occur and their impact on risk of 

developing cancer.  Lesions vary considerably by histology, molecular biology, and 

cytology often presenting in mixed forms, and disease risk varies among patients [16, 

17].  Indeed, DCIS evolves locally into invasive carcinoma 40-50% of the time [18].  
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Low-grade DCIS translates into invasiveness 30-50% of the time within 2-15 years, 

while high-grade DCIS can translate into life threatening invasiveness within 5 years [5].  

ADH generally indicates an increased risk of future malignancy in both the ipsilateral and 

contralateral breast [5].  Lobular neoplasias including LCIS and ALH are a very complex 

indicator of risk; however studies have shown that 70% of invasive cancers occur in the 

breast when ALH was identified during prior biopsy [19, 20].  Thus, breast cancer is a 

complicated mixture of tissue abnormalities in which there is no identifiable precursor 

lesion.  It is also a disease that varies significantly among patients.   

 

Breast cancer screening and treatment 

The recommended protocol for breast cancer screening includes mammography 

and palpation [1].  Mammography is highly accurate and will detect 80-90% of breast 

cancers in women without symptoms at an early stage when treatment is more effective 

[1].  Genetic screening could be a viable approach in discerning cancer risk and 

determining prevention strategies.  Approximately 10% of breast cancers are heritable, 

and mutation of the breast cancer susceptibility (BRCA) genes is associated with half of 

these forms [21].  BRCA mutations are associated with 5.9-9.4% of breast cancers in 

women younger than 35 [22, 23].  BRCA1 mutations are associated with 12-13.2% of 

breast cancers in women with at least one first degree relative with breast cancer [22, 24].  

BRCA mutations are associated with a 60-80% increase in lifetime risk of developing 

breast cancer [25, 26].  Screening for susceptibility of inherited breast cancer is a two 

step process. Screening includes a risk assessment for BRCA mutations followed by 
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genetic screening if an individual has a family history of disease, the tests can be 

interpreted adequately, and results will benefit management of the disease [27, 28].  Since 

BRCA1 mutation rates are higher in women with a family history of breast cancer, it is 

recommended that women receive genetic counseling if they have a familial risk to 

determine if BRCA1 screening is appropriate [29].  Recent studies have shown that 

prophylactic removal of the breasts in BRCA mutation carriers considerably decreases 

the risk of breast cancer even though not all of these women would have developed 

cancer [30].   

With the advent of microarray and proteomic technology, researchers encourage a 

more global approach to solving the problem of breast cancer screening and therapeutics.  

Two recent reviews relate epigenetic silencing and gene expression changes that occur 

during the development of breast cancer to the hallmarks of cancer proposed by Hanahan 

and Weinberg [31].  Both reviews highlight the genes responsible for each of the 

hallmarks in breast cancer and offer these as targets for therapy [32, 33].  Since breast 

cancer is a mixture of multiple types of lesions and outcome varies patient by patient, it is 

intriguing to consider the possibility of personalized therapy based on patient specific 

epigenetic modification and gene expression array based designation of lesion types in 

order to increase the efficacy of treatment.  Current treatment may involve lumpectomy 

or mastectomy with the removal of some lymph nodes depending on tumor size, stage, 

other characteristics, and patient preference [1].  Additional systemic treatment such as 

targeted biologic therapy, hormonal therapy, cytotoxic chemotherapy, or radiation 

therapy may also be applied depending on the patient and the tumor characteristics [1]. 
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Human mammary epithelial cell culture 

 In rodent cells high levels of telomerase have been demonstrated in cells in 

culture, thus spontaneous immortalization occurs frequently in these cells [34, 35].  In 

human cells spontaneous immortal transformation of cultures derived from normal tissues 

is very rare [36].  Spontaneous immortalization of cells from normal tissue is difficult to 

achieve even with the use of carcinogens, irradiation, or oncogenes [37-40].  

Reproducible immortalization of human cells is usually achieved with viral oncogenes, 

especially the human papilloma virus (HPV) proteins E6 and E7 [41-43].  Therefore, 

immortalization may be a rate-limiting step in human cellular transformation [36]. 

Normal human mammary fibroblasts and epithelial cells can be cultured in vitro 

from tissue obtained by reduction mammoplasty.  Human mammary fibroblasts have 

been grown in culture for short periods of time until they senesce, and proliferating cells 

failed to emerge from senescent populations after 5 months of culture in serum-

containing or serum-free media [44].  Human mammary epithelial cells (HMEC) have 

been grown in serum-containing media for 15-30 population doublings (PD) before 

senescence occurs [45].  In serum-free media HMEC were grown for 10-20 PD before 

senescence, but a population of cells grows out that continues to proliferate for 50-100 

PD before growth arrests again [44, 45].  It has been demonstrated that in serum-free 

media the first growth arrest is mediated by increased expression of p16 and is termed 

stasis [46].  HMEC that grow after stasis in serum-free media are called post-selection 

HMEC and overcome stasis by inactivating p16 expression typically by promoter 

methylation [46].  Treatment of these post-selection HMEC with 5-aza-2’-deoxycytidine 
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caused the cell populations to senesce likely due to reactivation of p16 [46].  Studies have 

shown that the post-selection HMEC with p16 methylation already exist in the cell 

populations and are selected for in serum-free media [47].  The post-selection HMEC that 

contain p16 methylation can also be found in normal tissue of healthy women [47].  

Eventually, post-selection HMEC that have bypassed stasis either growth arrested by 

agonescence if p53 was normal, or in the absence of p53 died by crisis in a telomere 

length dependent mechanism, and rarely spontaneously produced immortalized cell lines 

[36].   

Indefinite lifespan cell lines have been created by treatment of HMEC with 

benzo[a]pyrene, and these cells, through a process termed conversion, have produced 

immortalized cell lines [37].  Conversion is a telomerase dependent process that can be 

accelerated by viral oncogenes or loss of p53 [48, 49].  In order to immortalize mammary 

fibroblasts both HPV proteins E6 and E7, which inactivate p53 and RB respectively, are 

required [42].  However, HMEC can be immortalized by E6 alone [42, 50].  This 

difference likely occurs because the E6 protein immortalizes post-selection HMEC in 

which the p16 pathway has already been overcome.  The differences between human 

mammary fibroblasts and epithelial cells in respect to senescence programs suggest a 

higher risk of transformation from the epithelial cells, which is consistent with many 

epidemiological studies [51].  Interestingly, E6 protein affects on p53 degradation are not 

required for this immortalization as E6 mutant proteins that are defective in p53 binding 

and its degradation have also caused immortalization of post-selection HMEC [52].  

Further studies demonstrated that the wild-type and mutant E6 proteins were capable of 
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activating telomerase activity in the cells, and telomerase activity was the likely cause of 

the immortalization [53].  Indeed, ectopic expression of the hTERT gene can rapidly 

convert post-selection HMEC to full immortalization [54-57].  This evidence confirms 

that the second senescence barrier for HMEC is dependent on telomere length. 

Interestingly, addition of the oncogene ZNF217, a common breast cancer 

oncogene, also produced immortalized cell lines starting with either post-selection 

HMEC or extended lifespan benzo[a]pyrene treated HMEC [39].  Recent studies of the 

continuum of HMEC cultures suggested that immortalized HMEC did not express many 

malignancy associated properties, but they did resemble some of the earliest forms of 

aberrant breast tissue growth including DCIS [58].  Culture models suggest that addition 

of oncogenes such as ZNF217 and activated RAS confer many of the malignancy-

associated properties missing in immortalized HMEC [39, 59].  Indeed, addition of 

SV40T antigen, hTERT, and H-RAS to HMEC generated cells that formed tumors in 

mouse xenograft models [60].  In addition, this research noted that all of the transformed 

HMEC were associated with amplifications of MYC [60].  Therefore, two barriers to 

cellular transformation exist for normal human mammary epithelial cells.  The first 

barrier is stress induced and activated by p16, and can be overcome by multiple 

mechanisms of p16 pathway deactivation.  The second barrier is telomere length 

dependent, and can be overcome by any mechanism that increases telomerase activity.  

Finally, the expression of additional oncogenes is necessary for full malignant 

transformation. 
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The p53 Tumor Suppressor 

The p53 gene and protein structure  
 
 The p53 gene spans approximately 20 kb of the human genome within the short 

arm of chromosome 17 at 17p13.1 [61-64].  A 2,640 bp RNA is transcribed from 11 

exons.  Translation start begins in exon 2, spans 1,182 bp, and ends early in exon 11 [65].  

The majority of p53 expression is driven by a promoter sequence located upstream of the 

first exon [66].  A binding site for the PAX family of transcription factors resides within 

the first non-coding exon of p53 [67].  All other binding sites reside upstream of 

transcription initiation.  These sites include: MYC/MAX, NF-ΚB, a composite NF1-

YY1, HOXA5, ETS1, ETS2, and although binding has not been demonstrated there are 

recognition sequences for SP1 and PF1 [68-71].   

The p53 gene encodes a 393 amino acid, 53 kDa nuclear phosphoprotein that can 

be divided into structural motifs (Fig. 1).  Comparison of the amino acid sequences 

across species demonstrated five highly conserved regions, termed domains I-V, that 

correspond to amino acids 13-23, 117-142, 171-181, 234-250, and 270-286 [72, 73].  

These domains have been confirmed as crucial for the normal function of p53 [73].  The 

amino-terminus of p53 protein contains an activation domain that spans amino acids 1-42 

and harbors conserved domain I [74, 75].  The activation domain is involved with 

interaction of basal transcription machinery including p300/CBP, TFIID, and TFIIH [76, 

77].  In addition, this domain is responsible for binding of MDM2 and adenovirus E1B 

protein, which inhibit p53 transactivation [78-81].  The amino-terminus also contains a 

proline rich region with similarity to known SH3 binding domains that spans amino acids  
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Figure 1.  The diagram represents the structural domains of the wild-type p53 protein.  
Binding partners of wild-type p53 are labeled above the protein domains where they 
interact.  The domains are colored differently and the labels are colored according to the 
corresponding domain below.  Sizes are not to scale.  The grey stripes within the 
tetramerization and negative regulation domains identify the presence of nuclear 
localization signals.  The amino acid span and location of evolutionarily conserved 
domains are indicated for each domain below its label.  The locations of post-
translational modifications are indicated by circles and labels, S is serine and K is lysine.  
The protein kinases responsible for each modification are also listed.  Blue circles with P 
represent phosphorylation, orange circles with Ac represent acetylation, and yellow 
circles with Ub represent ubiquitination. 
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63-97 and is associated with HPV E6 protein and SIN3A binding [82-84].  The largest 

domain at the core of the protein spanning amino acids 102-292 is responsible for 

sequence-specific DNA binding and contains the evolutionarily conserved domains II-V 

[73].  This domain is associated with SV40T antigen, 53BP1, and 53BP2 binding [85-

88].  The carboxy-terminus contains a tetramerization domain spanning amino acids 323-

356 [89].  It also harbors three nuclear localization signals that span amino acids 316-325, 

369-375, and 379-384 [90, 91].  Finally, residues 363-393 of the carboxy-terminus form a 

basic region called the negative regulatory domain that inhibits DNA binding in an 

unaltered state [92]. 

 

Protein levels of p53 in normal cells 

 In normal cells the p53 signaling pathway is typically in “standby” mode, and is 

activated in response to multiple stresses [93].  It was originally believed that in normal 

cells p53 protein existed in a latent state that required a structural change in the protein 

for activation and increased affinity for p53 response elements in target genes.  However, 

recent chromatin immunoprecipitation results suggest that non-stimulated p53 in normal 

cells can bind the promoters of p21 and MDM2 [94].  This binding produces steady state 

amounts of MDM2 protein in normal non-stimulated cells.  The p53 protein in normal 

cells is very unstable with a half-life of 5 to 30 minutes due to the ongoing degradation 

mediated by the steady state presence of MDM2 [81, 95].  MDM2 is an E3 ubiquitin 

ligase that targets p53 protein for degradation on cytoplasmic 26S proteasomes by mono-

ubiquitination of the negative regulation domain on the carboxy-terminus [96-100].  
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Since MDM2 is a target gene of p53, activation of p53 increases MDM2 expression, 

which in turn degrades activated p53 protein in an auto-regulatory negative feedback loop 

[97, 101-103].  This negative feedback loop maintains low levels of p53 protein in 

normal, non-stimulated cells.  MDM2 accomplishes this activity through close interaction 

with the p53 protein.  In fact, the amino-terminus of MDM2 forms a pocket into which 

the transactivation domain of p53 inserts, blocking further transactivating function [104].  

Upon the interaction between MDM2 and p53, MDM2 mono-ubiquitinates lysine 

residues 370, 372, 373, 381, 382, and 386 of the negative regulation domain of p53 

revealing a nuclear export signal that resides near the tetramerization domain and is 

concealed by p53 oligomerization [105].  This leads to export of the p53 protein from the 

nucleus and degradation on the cytoplasmic 26S proteasome.   

  

Activation of p53 in normal cells 

 Accumulation of p53 protein occurs in response to a variety of stress signals that 

pose a threat to the coordinated coexistence of normal cells (Fig. 2).  DNA damage, 

hypoxia, low levels of ribonucleoside triphosphates, chromosomal aberrations, oncogene 

activation in absence of growth stimulatory signals, telomere shortening, chemical 

carcinogens, chemotherapeutic agents, UV light, and γ-irradiation all activate a p53 

response in normal cells [81, 106-109].  Although there is evidence for transcriptional 

control of the p53 gene, increases in p53 are not typically associated with increased 

transcription of the p53 gene.  Increases of the protein in response to stress often occur 

through increased protein stability as a result of post-translational modification.  As  
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Figure 2.  Depiction of the wild-type p53 pathway demonstrates its central role in tumor 
suppression.  In response to various stress signals, upstream activators enact a multitude 
of signals that result in the accumulation and activity of wild-type p53.  Increased wild-
type p53 activity results in the transcriptional activation of a variety of target genes that 
lead to growth arrest, DNA-repair, apoptosis, or decreases in cellular invasion.  MDM2 is 
also accumulated in response to wild-type p53 activity resulting in a negative feedback 
loop that regulates levels of wild-type p53 protein. 
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described earlier, low levels of p53 are maintained by a coordinated degradation of the 

protein mediated by MDM2, and increases in p53 protein cause increases in MDM2 

transcription, which would increase p53 degradation.  Since induction of p53 in response 

to cellular stresses leads to increased expression of its inhibitor MDM2, it is necessary to 

uncouple the negative feedback loop from this response in order to sustain an increased 

level of p53 protein.  Therefore, multiple mechanisms exist to disrupt this interaction and 

stabilize p53 in response to stress including repression of MDM2 transcription, inhibition 

of MDM2 activity, decreased pools of free ubiquitin, competition between MDM2 and 

co-activators, sub-cellular redistribution, and post-translational modifications of p53 

[110]. 

Uncoupling of MDM2 degradation from p53 activation can be accomplished by 

the tumor suppressor gene p14ARF (ARF) that interacts with and blocks the function of 

MDM2 [111-114].  ARF is a nucleolar protein that is induced by E2F1 connecting the 

RB and p53 tumor suppressor pathways [115, 116].  It is also induced by increases in 

MYC, adenovirus E1A, RAS, and ABL highlighting its important role in sensing 

increased proliferation rates due to oncogene signaling common to cancer cells [116-

119].  The highly conserved amino-terminus of the ARF protein binds to MDM2 and 

inhibits its ability to target p53 for degradation [120].  Thus, in response to oncogene 

stresses ARF activity is induced influencing the accumulation of p53 protein.  It is 

believed that this occurs through one of three mechanisms:  (1) ARF localizes MDM2 to 

the nucleolus and prevents its binding to p53, (2) MDM2-p53 complexes normally exit 

the nucleus for degradation on the cytoplasmic 26S proteasome via the nucleolus and 
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ARF blocks this exit, or (3) ARF, MDM2, and p53 form a ternary complex in the nucleus 

that is transcriptionally active [121-123].  No matter the mechanism it is clear that ARF is 

capable of uncoupling the degradation of activated p53 mediated by MDM2 in response 

to oncogenic signaling. 

Activation of p53 is also mediated by a multitude of covalent post-translational 

modifications to the amino and carboxy-termini of the p53 protein.  In response to DNA 

damage the ATM family of kinases phosphorylates p53 at the amino-terminus of the 

protein [124-126].  Phosphorylation of serines 15 and 20 in the activation domain of p53 

protein act in concert to disrupt MDM2 binding [127-130].  Phosphorylation at the 

carboxy-terminus of serine 315 and subsequent de-phosphorylation of this residue in 

concert with phosphorylation of serine 392 increases tetramerization, which in turn 

allows for more effective phosphorylation of serines 15 and 37 [92, 131].  

Phosphorylation of serines 15 and 37 promote recruitment and interaction with p300/CBP 

protein, which in turn acetylates a number of carboxy-terminal lysine residues in the 

negative regulation domain of the p53 protein [132].  This acetylation of lysines 370, 

372, 373, 381, 382, and 386 occurs at the same location that MDM2 mono-ubiquitinates 

the p53 protein, blocking the ability of MDM2 to target p53 for degradation [132-134].  It 

has been postulated that phosphorylation of the amino-terminus also diminishes the 

function of a nuclear export sequence there, and acetylation of the carboxy-terminus 

blocks ubiquitination there, which would normally expose another nuclear export 

sequence [135, 136].  This blockade of nuclear export signals in the amino and carboxy-
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termini inhibits transport of p53 out of the nucleus and allows it to remain in the sub-

cellular compartment where it functions. 

Similarly, in response to hypoxia the amino-terminus of the p53 protein is 

phosphorylated at serine 15 [137].  However, experiments conducted with ATM deficient 

cells demonstrated that ATM was not responsible for this phosphorylation demonstrating 

a difference between the responses to hypoxia and DNA damage [137].  Interestingly, 

transient expression of an ATR kinase-dead mutant effectively blocked serine 15 

phosphorylation and significantly decreased p53 protein accumulation in response to 

hypoxia [138].  This suggests that serine 15 phosphorylation in response to hypoxia is 

mediated by ATR.  In addition, in response to hypoxia the protein levels of MDM2 were 

decreased [137].  Hypoxia also induced nuclear accumulation of p53, but this was not 

associated with transactivation of p53 target genes.  In fact, the accumulation of p53 in 

response to hypoxia was not associated with p300/CBP binding or acetylation of the 

carboxy-terminus of the protein [137].  Although transactivation was not induced, 

hypoxia did cause increases in p53 directed transrepression of target genes associated 

with SIN3A binding [137].  Interestingly, SIN3A binding has been shown to stabilize p53 

protein and inhibit proteasome degradation [139].  Thus, in response to various cellular 

stresses multiple mechanisms exist in order to uncouple the MDM2 negative feedback 

loop from p53 protein accumulation in order to maintain a p53 response. 
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Function of p53 in normal cells 

Upon activation in response to stress, p53 enacts a multitude of functions 

necessary to maintain the normal growth of cells.  Namely, p53 has a role in cell cycle 

control, DNA replication and repair, apoptosis, and inhibiting angiogenesis and 

metastasis [140-143].  The bulk of p53’s responsibilities are enacted by changes in gene 

expression of a variety of its target genes that act as secondary effectors of the 

appropriate response.  However, the negative regulation domain comprising the carboxy-

terminal amino acids 363-393 appears to negatively regulate the core DNA binding 

domain and block DNA sequence-specific binding [92].  Evidence that suggests this 

domain negatively regulates p53 DNA-binding, demonstrated that interaction with 

antibody Pab421, which recognizes an epitope spanning amino acids 370-378 residing in 

this domain, deletion of the domain, and phosphorylation at serine 378 by PKC and 

serine 392 by CK2 activated sequence-specific binding of the core domain to p53 

response elements [144].  Therefore, post-translational modifications induced by a variety 

of stresses not only uncouple MDM2 mediated degradation from p53 protein activation, 

but also modify the negative regulation domain unmasking the core DNA binding 

domain, which allows p53 protein to bind DNA maximally.   

As discussed previously, activation of p53 protein induces post-translational 

modifications that stabilize the protein and promote oligomerization.  Oligomerization 

promotes additional stabilizing post-translational modifications, masks nuclear export 

signals, and promotes nuclear localization [89-91, 128].  Once inside the nucleus p53 

binds DNA as a tetramer of p53 monomer protein units [145].  The tetramer forms as a 
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homodimer of dimer subunits and binds two copies of the p53 response element 5’-

RRRCWWGYYY-3’ separated by 0 to 13 base pairs of random sequence found in the 

promoter regions of target genes [146].  In the motif R represents G or A, W represents T 

or A, and Y represents C or T.  Binding of p53 tetramers to these cognate response 

elements in DNA can either cause transactivation, increases in gene expression, or 

transrepression, decreases in gene expression.  Therefore, p53 is a DNA sequence-

specific transcription factor that maintains homeostasis by controlling multiple facets of 

normal cell growth by influencing the expression of many secondary effector genes.   

Transactivation of target genes is the most documented and well-known activity 

of activated p53 protein.  In response to various genotoxic stresses, chromatin 

immunoprecipitation demonstrated that wild-type p53 bound specific response elements 

in the promoters of a subset of its target genes such as p21, MDM2, PUMA, and PCNA 

[147-153].  Binding of wild-type p53 resulted in the recruitment and promoter binding of 

the co-activator p300/CBP and subsequent acetylation of promoter associated histones 

H3 and H4 [147-153].  Binding of this activation complex and histone acetylation led to 

increased expression of these genes (Fig. 3).  Activation of p53 increases transcription of 

the genes p21, 14-3-3σ, GADD45 and CCNG [154-157].  Increases in these gene 

products lead to cell cycle arrest.  Interestingly, GADD45 also plays a role in DNA 

damage repair.  As discussed previously, p53 activation also induces increases in 

transcription of its negative regulator MDM2.  Transcriptional increases in response to 

p53 activation have also been demonstrated for FAS, PIG3, PIG8, p53AIP1, PUMA, 

NOXA, IGF-BP3 BAX, DR5, and APAF1 [158-168].  These genes have been shown to  
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Figure 3.  Accumulation of wild-type p53 induces gene transactivation and gene 
repression.  In response to stress stimuli the wild-type p53 protein is covalently modified 
leading to binding of accessory proteins.  The p53 protein binds p300/CBP and histone 
acetyltransferases (HAT) at the promoter site of activated gene targets.  In response to 
stress p53 also binds co-repressor accessory proteins mSin3a and histone deacetylases 
(HDAC1) at the promoter sites of repressed genes causing transcriptional inactivation.  
This complex is stable and remains at these promoter sites for extended periods of time.  
Green cylinders represent nucleosomes with highly acetylated histones H3 and H4.  Red 
cylinders represent nucleosomes with decreased acetylation of histones H3 and H4.  
Acetylated histones are associated with open chromatin structure represented by the 
distance between green cylinders.  De-acetylated histones are associated with condensed 
chromatin structure represented by the proximity of the red cylinders. 
 
 



 40

play a role in the stimulation of apoptotic programs.  TSP-1, BAI1, and MASPIN inhibit 

angiogenesis and are transcribed in response to p53 activation [169-171].  Of note, results 

suggest MASPIN also plays a role in apoptosis and inhibiting metastasis [172, 173].   

Interestingly, many of the p53 target genes play a role in more than one tumor suppressor 

function, much like their upstream regulator p53.  Multiple whole genome expression 

studies have identified a multitude of p53 transactivation targets [160, 174-178].  

Therefore, p53 responds to stress and activates transcription of many target genes, which 

function to maintain normal cellular conditions. 

Although many studies have focused on the transactivation ability of wild type 

p53, only a few have been conducted to determine the transcriptional repression activity.  

In response to hypoxia, the p53 protein was phosphorylated on serine 15 but was not 

acetylated on lysine 382, which corresponded to a lack of interaction with p300/CBP 

[137].  Studies using specific inhibitors of ATM and ATR kinases and ATM deficient 

cell lines demonstrated that in response to hypoxia wild-type p53 protein is covalently 

modified by ATR kinases [138].  This activation led to formation of a complex 

containing wild-type p53, SIN3A, and histone deacetylase 1 (HDAC1), which caused an 

uncoupling of p53 transactivation activity from transrepression (Fig. 4) [139].  This led to 

induction of apoptosis by wild type p53 through repression of target genes even in the 

presence of transcriptional inhibitors.  Inhibiting HDAC1 with TSA alleviated apoptosis 

induction in response to hypoxia.  DNA damaging agents added to cells after hypoxic 

treatment were capable of inducing transactivation and transrepression by activating 

wild-type p53 through ATM and ATR kinases, suggesting that hypoxia lacks a signal  
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Figure 4.  Depiction of uncoupling of transactivation from transrepression demonstrates 
how wild-type p53 responds to different stresses.  DNA damage induces a complete 
signal that induces accumulation of wild-type p53 in both transcriptionally active and 
repressive complexes.  In response to hypoxia wild-type p53 is only induced to form a 
repressive complex that results in apoptosis by reduced expression of wild-type p53 
target repressed genes.   
 



 42

necessary for transactivation [137].  Additional studies showed that although hypoxia had 

no effect on the expression of cellular E6AP or E6 viral proteins in HPV 16 infected 

cells, E6AP does not immunoprecipitate with p53 under hypoxic conditions and p53 is  

stabilized in these cells [179].  Interestingly, it has been discovered that SIN3A binds to 

the same proline rich region of p53, as does E6 viral protein; therefore SIN3A may 

compete with E6 for binding to p53 under conditions when p53 is activated to form the 

repressive complex [139].  Indeed, over-expression of SIN3A is also capable of inhibiting 

proteasome degradation of endogenous p53 [139].  Activation of wild-type p53 causes 

interaction with SIN3A and HDAC1 co-repressors and recruits them to the promoters of 

repressed genes causing histone deacetylation, chromatin condensation, and gene 

silencing (Fig. 3).  In response to wild-type p53 activation, gene transcription is reduced 

for the genes CCNB1, CDK1, CDC25C, MAD2L1, UBE2C, TOP2A, and MCM2,3,4,6, 

and 7 [177, 180].  These genes all actively promote proliferation by activating cell cycle 

progression.  Activation of p53 also represses transcription of MAP4, BCL-2, and 

SURVIVIN, which are pro-survival signals that inhibit apoptosis [181-183].  

Transcription of MAD1 and STATHMIN, which play a role in mitotic spindle formation 

and cell cycling, is also reduced following p53 activation [184, 185].  Studies have also 

shown that p53 activation decreases transcription of the VEGF gene, which is important 

in inducing angiogenesis [186].  Thus, gene repression occurs for many genes that 

function in an inverse manner to p53 in response to its activation.  It is clear to see that 

wild-type p53 represents a convergence of signals necessary for the control of normal 

cellular growth and division. 
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Inactivation of p53 in cancer cells 

 For a cell to become cancerous and grow without restraint multiple barriers and 

cell cycling controls must be overcome as explained by Hanahan and Weinberg [31].  

Since p53 plays an important role in many of these barriers and it represents a 

convergence of signaling, it is often the target of destruction in abnormal cells.  Indeed, it 

is postulated that all cancers involve the loss of normal function of p53 [187].  Due to this 

significance; cancer cells have developed multiple mechanisms to disrupt p53 activity.  In 

some forms of breast cancer the wild-type p53 protein is simply sequestered to the 

cytoplasm [188].  Since wild-type p53 functions primarily as a transcription factor, 

isolation from the nucleus cripples its activity.  In myeloid leukemias, malignant 

astrocytomas, and some invasive breast carcinomas transcription of the p53 gene was 

reduced [66, 67].  Although reduction in transcription occurred in some cancers, 

repression of p53 transcription was not due to mutation or methylation of the promoter 

region in the tumor cells.  There is evidence that this repression is caused by a reduction 

in transcription factors that would normally induce p53 expression.  Indeed, in breast 

cancer loss of HOXA5 expression often occurs, possibly leading to a reduction in p53 

transcript [66].  Through protein-protein interaction viral products associated with 

tumorigenesis such as SV40T antigen, adenovirus E1B protein, and HPV E6 protein 

disrupt p53 by blocking the DNA binding domain, blocking the transactivation domain, 

and promoting degradation respectively [81].  MDM2 amplification observed in some 

cancers also increases degradation of p53 effectively blocking its activity [81].  

Mutations or disruptions in upstream signaling such as ATM/ATR kinases and ARF 
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among many others also act to destabilize the protein and cause dysfunction [187, 189, 

190].   

The most common form of disruption seen in 50-55% of all cancers is mutation of 

the p53 gene [187].  The majority of mutations, 90%, occur within the DNA binding 

domain in the core of the protein, although mutations in other regions have been 

identified that inhibit function.  Mutation of p53 occurs as three distinct types, namely 

nonsense, frameshift, and missense mutations [191].  Nonsense and frameshift mutations 

typically result in truncated RNA species that rarely produce protein, however missense 

mutations induce single amino acid changes and the proteins are usually detectable.  

Missense mutation represents 81% of all mutations in p53 [191].  Since missense 

mutations in the DNA binding domain are the most common p53 mutations found in 

cancer, these mutant p53 proteins have been the focus of many studies.  

Most of the studies to determine the effect of p53 mutation have been conducted 

in cancer cell lines that have already undergone the process of tumorigenesis.  These 

studies have used p53 wild-type and null cancer cell lines to determine the activity of 

mutant p53.  They demonstrate that DNA binding domain missense mutation of p53 can 

result in three possible consequences including loss of function, dominant negative 

activity, and gain of function.  Studies have shown that mutation of p53 diminished its 

ability to bind DNA demonstrating the loss of function [192-194].  Co-infection studies 

of wild-type and mutant p53 caused diminished expression of wild-type p53 target genes 

with a concomitant decrease in DNA binding demonstrating a dominant negative activity 

[195, 196].  This led researchers to conclude, “The simplest interpretation of the 
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dominant-negative effects of the p53 mutants is that mutant and wild-type p53 form a 

heteromeric complex that is debilitated in its ability to bind DNA, and therefore cannot 

control transcription of genes adjacent to these binding sites” [195].  Although it was 

originally postulated that mutant p53 could not bind its cognate response elements, recent 

evidence has accumulated that not only does the mutant protein retain much of its fold, 

but also that it is capable of binding DNA sequence specifically with and without 

activating transcription [194, 197].  The fact that most cancers arise from mutation of 

p53, and not just its loss (outside of MDM2 or viral protein interaction) suggests a 

function of the mutant protein may confer a selective advantage to the cells that carry it.  

Studies in cancer cell lines with no endogenous wild-type p53 have demonstrated that 

expression of exogenous mutant p53 can cause increases in proliferation, growth in soft 

agar, and tumorigenicity in mouse xenografts [198-200].  Further studies in p53 null 

cancer cell lines demonstrated changes in global gene expression representing a gain of 

function for mutant p53 that may explain the previous results [201-204].   

The most compelling evidence for the role of mutant p53 gain of function in 

tumorigenesis comes from mutant p53 knock-in mouse models.  Knock-in of the mutant 

R172H p53 allele corresponding to human mutant R175H in a wild-type p53 background 

demonstrated similar tumor development and organism survival rates compared to p53 

heterozygous knock-out mice.  But osteosarcomas and carcinomas of the p53 mutant 

knock-in mice metastasized at a high frequency compared to p53 heterozygous knock-out 

mice, which completely lacked metastases [205].  The mutant p53 protein in the 

heterozygous knock-in mice accumulated in tumor tissues, but not normal tissue or 
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murine embryonic fibroblasts, and the accumulation was not associated with concomitant 

loss of heterozygosity (LOH) as only 3 of 13 tumors examined showed loss of the 

remaining wild-type p53 allele [205].  The remaining wild-type p53 allele appeared to 

retain its function, because crosses to mdm2 homozygous mice resulted in embryonic 

lethality that was rescued by crosses with p53 deleted mice [205].  In other experiments 

knock-in of the mutant R172H p53 allele in a wild-type p53 background demonstrated a 

slight increase in carcinomas, and more osteosarcomas that metastasized at a high 

frequency [206].  Mutant p53 protein accumulated in tumor cells but not normal tissue or 

murine embryonic fibroblasts, and LOH occurred in 6 of 9 tumors studied [206].  The 

same experiments demonstrated that knock-in of a mutant R270H p53 allele 

corresponding to human mutant R273H caused increases in pre-malignant epithelial 

lesions and carcinomas that were locally invasive or showed distal metastasis compared 

to p53 heterozygous knock-out mice [206].  Mutant p53 only accumulated in tumor tissue 

and only 4 of 10 tumors studied demonstrated LOH [206].  The remaining wild-type 

allele appeared to be functional as murine embryonic fibroblasts expressing both wild-

type and mutant p53 were capable of p21 induction and G1 arrest in response to 

doxorubicin [206].   

Therefore, the mouse models demonstrated that accumulation of mutant p53 

protein occurred in tumor tissue exclusively, and that accumulation of the mutant protein 

was associated with the development of a metastatic phenotype despite the presence of a 

wild-type p53 allele that is functional in the contexts that were tested.  In addition, cell 

line models have demonstrated that mutant p53 protein accumulation causes changes in 
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global gene expression, and the acquisition of malignancy associated phenotypes.  

Combined, these data suggest a gain of function activity of the mutant p53 protein, which 

acts as an oncogene. 

 

The role of p53mutation in breast cancer 

In some cases of breast cancer, wild-type p53 is blocked from entering the 

nucleus or its transcription is merely lost due to lack of transcriptional activators that 

control its gene expression.  Genetic aberrations of p53 in breast cancer represent the 

most common form of wild-type allele inactivation.  Complete loss of one wild-type p53 

allele occurs in 47-64% of breast tumor tissues with no evidence of homozygous deletion 

of both alleles [207-210].  In breast tumor tissues, p53 mutation is not correlated with 

loss of the remaining wild-type allele [207-210].  Therefore, breast cancers frequently 

have only one defective allele of p53 through either genomic deletion or mutation of one 

allele. 

Missense mutation of the p53 gene occurs in 15-30% of breast cancers making 

this the most common genetic defect related to a single gene in this cancer [211-214].  In 

breast cancer, missense mutation represents 74% of all mutations, and missense mutation 

accounts for 77% of the mutations occurring within the DNA binding domain in the core 

of the protein (Fig. 5).  Missense mutation of p53 causes accumulation of the protein that 

can be detected in breast tissue by immunohistochemistry [209].  Since the mutant p53 

protein is retained and accumulated, it has been hypothesized that it plays a functional 

role in breast tumorigenesis. 
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Figure 5.  Missense mutations of p53 are over-represented in the DNA-binding domain 
of the protein.  The upper panel shows the frequency of missense mutations at each codon 
in breast cancer.  The mutations used in this study are shown in red.  The middle panel 
depicts the domains of the protein represented in the upper and lower panels.  The lower 
panel shows the frequency of each mutation type based on the domain of the protein in 
breast cancer.  The percentages in parentheses depicts the frequency of each type of 
mutation overall in breast cancer.  Figure adapted from the p53 mutation Handbook 
[191]. 
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Early studies focused on the association between p53 protein expression detected 

by immunohistochemistry in tumor cells and breast cancer prognosis.  Most demonstrated 

a correlation between poorer prognosis and increased levels of p53 protein, while some 

found no difference and others showed improved survival [215-224].  Studies linking 

prognosis to gene mutation of p53 correlate better.  Generally mutation of p53 correlates 

with a poor clinical prognosis [225, 226].  Studies have also demonstrated that patients 

with mutations in conserved regions II and V, the DNA binding domain, or in the  

zinc-binding regions had the worst overall survival [227-231].  Furthermore, Li Fraumeni 

syndrome, in which a germ-line mutation of p53 is present, is known to cause an 

increased incidence of breast cancer [232].  Although the percent of breast cancers 

carrying a p53 mutation are lower than average for the other cancers there are forms of 

the disease associated with a higher mutation frequency, namely germ-line carriers of 

BRCA mutations and typical medullary breast cancers that share a multitude of 

physiological and molecular similarities [233].  Therefore, defects of wild-type p53, often 

through genetic mutation are extremely important events contributing to breast cancer.  

 

Epigenetic Mechanisms of Transcriptional Control 

Epigenetic modifications in normal cells  

The human genome consists of two distinct but intertwined layers of information, 

genetic and epigenetic, that regulate the transcription of genes.  The genetic information 

provides a blueprint for the production of all proteins necessary for cellular functions.  

The epigenetic information dictates how, when, and where the genetic information should 
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be implemented.  Epigenetic regulation results in heritable but reversible phenotypes that 

are not mediated by changes in DNA sequence [234].  Epigenetic regulation is 

accomplished through changing states of chromatin structure by the cooperation of 

modifications to DNA and histone proteins.  Epigenetic modifications are crucial to the 

normal development of an organism.  These modifications ensure proper gene activation 

and involve genome-wide DNA methylation patterns, histone tail modifications, the 

assembly of histones and histone variants into nucleosomes, and remodeling of 

chromatin-associated proteins such as linker histones, nuclear scaffold proteins, and 

transcription factors [235].  Methylation of cytosines at CpG dinucleotide rich portions of 

gene promoters called CpG islands is a major form of epigenetic regulation in 

mammalian cells that induces changes in gene expression without altering the inherent 

nucleotide sequence and coding function of regulated genes.  CpG methylation is 

essential for normal development because of its role in X chromosome inactivation, 

genomic imprinting, silencing of parasitic elements, and tissue specific gene expression 

[236-238].  Thus, DNA methylation is a nonrandom process that produces gene and 

tissue specific patterns of epigenetic regulation crucial for normal cellular development 

leading to the complex interactions that make up an entire organism.  Genetic defects in 

DNA methylation machinery and status lead to a broad spectrum of disease states ranging 

from mental retardation to immune deficiencies, and induce formation of an environment 

amenable for malignant transformation and tumor progression [239, 240]. 

In normal cells, transcriptionally active genes are associated with an open 

chromatin structure at their promoter regions, while those genes that are inactive are 
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associated with a closed, condensed chromatin structure.  Chromatin consists of DNA 

that wraps around a core protein complex that consists of two each of histones H2A, 

H2B, H3, and H4 [241].  Studies have demonstrated that there is a link between 

chromatin structure and the state of modification to histone tails on histones H3 and H4 

[242-244].  Histone acetyltransferases (HAT) add acetyl groups to the tails of histones H3 

and H4 causing what is believed to be a steric interference that opens and spreads 

chromatin structure in the promoter regions of genes creating an environment amenable 

for transcription factor complex binding and subsequent activation of gene transcription 

[245].  Histone deacetylases (HDAC) remove these modifications from histone tails 

causing a condensation of the chromatin in that region that precludes transcription factor 

binding and effectively silences gene transcription [245].  Although histone modification 

has attributes of an epigenetic process, it is not clear how the modifications are inherited 

[246].  

Although the mechanism of histone modification heritability is unknown, it is 

known that genome-wide methylation patterns are passed on from parental to daughter 

cells.  The DNA methylation machinery consists of DNA methyltransferases (DNMT) 

including DNMT3A and DNMT3B required for nonrandom de novo methylation 

patterns, and DNMT1 a maintenance methyltranferase that maintains methylation 

patterns during DNA replication by preferentially methylating hemi-methylated DNA 

[247, 248].  All three of these methyltransferases have been shown to bind methyl 

binding domain proteins (MBD), methyl cytosine binding proteins (MeCPs), or 

sequence-specific repressors that preferentially bind methylated CpGs or transcriptionally 
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silent promoter regions respectively [247-249].  This binding is also associated with the 

recruitment of histone deacetylases that deacetylate histone tails and causes or maintains 

a closed, silent chromatin structure [247-251].  Recent results have also shown that in the 

case of p16 promoter methylation, histone modifications precede methylation of the 

promoter region of this gene that is associated with silencing and inactivation [252].  

Thus, it appears that modifications of histones directed by some repressor signal may 

coordinate to recruit DNMTs that methylate cytosines in the CpG islands of promoters 

ultimately locking out transcriptional activity and maintaining a closed, silent chromatin 

structure that may be passed on to progeny cells.  

 

Epigenetic modifications in cancer cells 

Tumor progression is a function of complex interactions between multiple adverse 

genetic events, the etiology of which is unknown, including mutations, amplifications, 

deletions, and chromosomal translocations that lead to abnormal gene expression [253-

257].  Furthermore, it is apparent that besides genetic mutation abnormal epigenetic 

alterations are among the most common abnormalities associated with tumor progression 

[32].  In normal and tumor cells it is not known how specific patterns of genome 

methylation are directed and achieved [258].  Overall genomic hypomethylation and 

regional focal hypermethylation both occur early in tumor progression and may lead to 

either genomic instability or silencing of tumor suppressor genes respectively [259-264].  

For instance, altered DNA methylation state leads to gene amplification and genetic 

instability in normal cells, tumors, and hereditary disease, and it increases DNA 
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recombination and sister-chromatid exchange [265].  Also, focal increases in DNA 

methylation at CpG islands lead to inactivation of many tumor suppressor genes in cancer 

cells.  CpG islands are important for the maintenance of chromatin structure and are often 

unmethylated and open in adult normal cells except the inactivated X chromosome, and 

are closed or silenced when aberrantly hypermethylated in cancer or immortalized cells 

[264, 266, 267].  It has been suggested that genes important for differentiation, silenced 

by aberrant CpG methylation, may be the mechanism that blocks differentiation in 

immortalized cells [267]. 

Genome-wide hypomethylation and focal hypermethylation have been observed 

in a variety of tumor types including colon, rectum, lung, uterine cervix, intestinal type 

gastric carcinoma, and breast [265].  Research has demonstrated statistically that DNA of 

primary breast carcinomas from 136 patients was significantly less methylated than DNA 

from benign breast lesions, adjacent normal parenchyma, and distant normal parenchyma 

[265].  Also reported was a statistically significant correlation between global DNA 

hypomethylation and disease stage, tumor size, histological grade of malignant neoplasm, 

and a trend for DNA from breast carcinomas with lymph node involvement to be more 

hypomethylated than DNA from carcinomas without nodal involvement [265].  Focal 

hypermethylation and silencing of a variety of tumor suppressor genes that inhibit all of 

the hallmarks of cancer, has been demonstrated in breast cancer models, and the list 

continues to grow [32].  Therefore, it is becoming increasingly apparent that aberrations 

in epigenetic regulation including histone modification and DNA methylation are early, 

important events that drive tumorigenesis. 
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Epigenetic silencing of MASPIN and DESMOCOLLIN3 

Expression of the mammary serine protease inhibitor (MASPIN) is restricted to a 

subset of normal human cell types including mammary epithelium [268].  The tissue 

restricted expression of MASPIN negatively correlates with CpG island methylation in 

the promoter region of the gene as determined by sodium bisulfite sequencing [268].  

Therefore, tissues that express MASPIN demonstrated no CpG methylation in the 

promoter, while tissues that do not express MASPIN have high levels of promoter 

methylation.  MASPIN expression was activated in a dose dependent manner in non-

expressing cell types in response to treatment with 5-aza-2’-deoxycytidine, a methylation 

inhibitor [268].  Histone acetylation status also showed a tissue specific pattern, in which 

MASPIN expression was associated with acetylation of histone H3 and H4 tails at the 

promoter as demonstrated by chromatin immunoprecipitation [268].  In addition, 

chromatin accessibility determined by in vivo restriction digest and linker mediated PCR 

demonstrated that MASPIN expressing cell types contained open chromatin structures, 

while non-expressing cells had condensed chromatin [268].  Therefore, in normal cells 

MASPIN expression is regulated by epigenetic modifications to the promoter and 

surrounding chromatin.  In cells that normally express MASPIN such as mammary 

epithelium, the promoter DNA is not methylated, promoter associated histone H3 and H4 

tails are highly acetylated, and the surrounding chromatin is in an open, accessible state.  

In cell types that normally do not express MASPIN, the promoter is methylated at CpG 

sites, promoter associated histone tails are not acetylated, and the chromatin is in a 

closed, inaccessible state. 
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 In normal mammary epithelium MASPIN is highly expressed, however in breast 

cancer loss of MASPIN expression is a common event [269].  Previous studies 

demonstrated that MASPIN expression plays a role in apoptosis and inhibits angiogenesis 

and metastasis [171-173]. Therefore, MASPIN appears to be a tumor suppressor gene in 

breast tissues.  Lack of MASPIN expression in breast cancer is not associated with 

mutation, gross rearrangement, or loss of the gene [269].  Research has demonstrated that 

promoter CpG methylation was commonly found in breast cancer cell lines, in which 

MASPIN is no longer expressed [270].  In addition, a follow up study using breast cancer 

tissue samples of DCIS demonstrated that methylation of the MASPIN promoter was a 

common event in breast cancers in vivo [271].  This study confirmed that MASPIN 

promoter methylation often caused gene silencing, and demonstrated that methylation 

was an early event in breast tumorigenesis [271].  An additional study broadened the 

epigenetic analysis of the MASPIN promoter and extended it to another gene commonly 

silenced in breast cancer, desmocollin 3 (DSC3).  Our study showed that MASPIN and 

DSC3 silencing resulted from increased promoter methylation, decreased promoter 

associated histone H3 and H4 acetylation, and a closed, inaccessible surrounding 

chromatin structure [272].  Interestingly, our study also showed that these two genes were 

regulated by wild-type p53.  Infection of the breast cancer cell lines with an adenovirus 

expressing wild-type p53 increased transcription of both MASPIN and DSC3 in a 

majority of the multiple cell lines tested as demonstrated by microarray analysis [272].  

Detailed examination of two of the cell lines with chromatin immunoprecipitation 

demonstrated that wild-type p53 bound response elements in both promoters [272].  
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Wild-type p53 binding resulted in increased expression of the genes, increased promoter 

associated histone H3 and H4 acetylation, and increases in surrounding chromatin 

accessibility [272].  Comparison of the changes induced by wild-type p53 infection in the 

cancer cell lines to the situation in a non-malignant immortalized breast cell line, 

demonstrated that wild-type p53 infection alone did not induce normal levels of gene 

expression nor chromatin accessibility [272].  Of note, wild-type p53 binding did not 

significantly reduce promoter methylation of either gene potentially explaining this 

discrepancy [272].  When the cancer cell lines were infected with wild-type p53 in 

combination with 5-aza-2’-deoxycytidine the genes were expressed at near normal levels 

[272].  Therefore, in breast cancer cells the promoters of MASPIN and DSC3 are 

methylated, the histones are deacetylated, and the chromatin structure is condensed (Fig. 

6).  The transcription factor p53 was able to bind the promoters and increase histone 

acetylation, which relaxed the chromatin structure allowing increased transcription.  The 

combination of p53 with 5-aza-2’-deoxycytidine overcame all repressive epigenetic 

modifications and allowed full expression of the genes.   

 

Cooperation of Genetic and Epigenetic Dysfunction 

 DNA, the genetic code, is the blueprint of life.  Reading and translation of the 

genetic code gives rise to cells that form tissues and organs of a wide variety of detailed, 

specific functions that cooperate and coexist with each other to form multi-cellular 

organisms.  Each cell has a specific role and must conform to the constraints of 

regulatory networks for the purposes of maintaining homeostasis within an organism.     
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Figure 6.  A model of known genetic and epigenetic components of MASPIN and DSC3 
gene activation demonstrates the differences between normal breast and breast tumor 
tissue.  In normal breast tissue the promoters of each gene are associated with acetylated 
histones, no DNA methylation, and open chromatin.  In breast tumor tissue, in which p53 
is often mutated the promoters are associated with hypo-acetylated histones, DNA 
methylation, condensed chromatin, and gene silencing.  It is unclear if p53 mutation is 
involved in the epigenetic shift seen in tumor cells.  Green cylinders represent 
nucleosomes with highly acetylated histones H3 and H4.  Red cylinders represent 
nucleosomes with decreased acetylation of histones H3 and H4.  Acetylated histones are 
associated with open chromatin structure represented by the distance between green 
cylinders.  De-acetylated histones are associated with condensed chromatin structure 
represented by the proximity of the red cylinders.  The brown lollipops represent 
methylated cytosine residues. 
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Therefore, mechanisms exist not only internally to replicate and pass on the instructions 

exactly to progeny cells, but also to respond to external stimuli in a labyrinthine, 

coordinated network of response needed to sustain life.  All of the instructions to produce 

the molecules necessary for the proper function of cells are contained within each cell’s 

genome.  The genome of a cell is incredibly ordered and often highly conserved among 

distant organisms.  Replication of the genome is an intricate, highly ordered process that 

has developed mechanisms to ensure exact copies of it are passed on to all progeny cells.  

In multi-cellular organisms the entire genome is contained in a variety of different cells 

with a vast array of functions each necessary to the overall maintenance of the organism.   

 Although every cell contains the entire genome, the transcription of many genes is 

not requisite for the specific functions of differentiated cells.  As multi-cellular organisms 

develop from a single cell, a program of differentiation emerges that directs cellular 

precursors toward the creation of end state cells with a specific function.  Epigenetic 

mechanisms have evolved to govern the complement of genes that can be expressed, in a 

tissue specific manner.  Therefore, the organization of and structures within the genome 

are important for the ultimate complement of genes that are capable of being expressed in 

any given cell.  Regulation of transcription factor networks is also intricately tied to 

differentiation programs.  The expression of particular transcription factors and their 

downstream targets play a role in governing the complement of genes that are expressed 

specifically within a defined tissue.  Thus, the interplay between epigenetic and 

transcription factor programs is crucial in determining the outcome of differentiation 

programs.  Aberrations of differentiation programs lead to uncontrolled cellular 
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responses.  This unregulated state may then cause the formation of cancers.  Malfunctions 

in both genetic and epigenetic regulation have been associated with tumorigenesis.  In 

breast cancer, genetic mutation of the transcription factor p53 and aberrant epigenetic 

modifications are common events.  It was recently discovered that there are p53 target 

genes that are epigenetically inactivated in breast cancer cells that contain mutant p53.  It 

is important to ascertain whether the genetic and epigenetic changes in these instances are 

two separate events with their own probabilities or if one dictates the other.  The overall 

hypothesis of this dissertation is that mutation of p53 participates in epigenetic silencing 

of wild-type p53 target genes during breast tumorigenesis. 

   

Dissertation Aims 

Breast cancer is one of the most frequently diagnosed diseases in women.  

Genetic mutation of p53 and aberrant epigenetic silencing of tumor suppressor genes are 

common events in breast cancer.  The mechanisms of aberrant epigenetic silencing are 

mostly unknown.  Recent evidence suggests that p53 mutation and epigenetic silencing 

are linked for a subset of p53 target genes.  Since epigenetic silencing is a normal process 

of gene expression restriction, it appears that the normal mechanism is hijacked during 

tumorigenesis causing inappropriate silencing of genes necessary to maintain normal cell 

behavior.  In addition, since epigenetic changes are reversible they are an ideal target for 

cancer therapy.  Therefore, it is of critical importance to understand the effects of p53 

mutation in breast cancer, and discern whether or not this genetic event influences 

epigenetic modifications.   
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MATERIALS AND METHODS 

Materials 

Adenoviruses 

 Recombinant adenovirus serotype 5 containing wild-type p53 with a green 

fluorescent protein (GFP) selectable marker, R175H mutant p53 with a GFP selectable 

marker, or with GFP alone were the kind gift of Dr. Bert Vogelstein and were propagated 

at the Gene Transfer Vector Core, University of Iowa [273].  Recombinant adenovirus 

serotype 5 containing MASPIN with a GFP selectable marker were generated and 

propagated at the Gene Transfer Vector Core, University of Iowa.   

 

E6 constructs 

 pCMV mammalian expression plasmids conferring neomycin resistance 

containing either HPV 16 E6 cDNA or cDNA modified at codons 8-10 converting the 

wild type arginine-proline-arginine sequence to serine-alanine-threonine were the kind 

gift of Dr. Jesse Martinez [274].   

 

Methods 

Cell culture 
 
 The MCF10A, hTERT-HME1, MDA-MB-435, MDA-MB-231, MDA-MB-157, 

MDA-MB-453, MDA-MB-468, BT549, and Hs578T breast cell lines were obtained from 

the American Type Culture Collection (Rockville, MD).  Early passage sporadic breast 

cancer cell lines UACC 1179, UACC 893, and UACC 2087 were developed and 
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maintained at the Arizona Cancer Center Cell Culture Core Facility [275].  The 293FT 

cells were purchased from Invitrogen (Carlsbad, CA).  MDA-MB-435 and MDA-MB-

231 were maintained in RPMI 1640 containing 5% fetal bovine serum supplemented with 

1% penicillin/streptomycin and 2 mM L-glutamine, and grown in a humidified 

atmosphere of 5% CO2.  MDA-MB-468, BT549, and Hs578T were maintained in RPMI 

1640 containing 10% fetal bovine serum supplemented with 1% penicillin/streptomycin 

and 2 mM L-glutamine, and grown in a humidified atmosphere of 5% CO2.  MDA-MB-

453, MDA-MB-157, UACC 2087, and UACC 1179 were maintained in M15 media 

supplemented with 5% fetal bovine serum, and grown in sealed flasks.  UACC 893 cells 

were maintained in M41 media and grown in sealed, collagen-coated flasks.  MCF10A 

and hTERT-HME1 cells were maintained in mammary epithelial growth media (MEGM) 

(Cell Applications, Inc., San Diego, CA) and grown in a humidified atmosphere of 5% 

CO2.  The 293FT cells were grown in high glucose Dulbecco’s modification of Eagle’s 

medium (DMEM) (Invitrogen) supplemented with 10% fetal bovine serum, 0.1 mM 

MEM non-essential amino acids, 2 mM L-glutamine, 1% penicillin/streptomycin, and 

500 μg/mL G418 in a humidified atmosphere of 5% CO2.  All cells were grown at 37°C.  

For experiments using doxorubicin (Sigma-Aldrich, Saint Louis, MO) drug was added to 

the appropriate cell culture media for 18 hr. at a final concentration of 500 nM. 

 

Adenoviral infections 

 T-75 tissue culture flasks of cells were plated in equal amounts and the day of 

infection one flask was trypsinized and counted manually with trypan blue (Sigma-
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Aldrich) exclusion on a hemacytometer (Hausser Scientific, Horsham, PA) to determine 

cell number.  The wild-type p53 and control GFP adenoviruses were added to the cell 

growth media at 200 plaque forming units (PFU)/cell for 5k microarray experiments and 

100 PFU/cell for all other experiments for 24 hr. before isolation of RNA or protein.  The 

MASPIN adenovirus was added to the cell growth media at 100, 200, and 400 PFU/cell 

for 72 hr. for western blot analysis.  Migration assays were conducted after 200 PFU/cell 

of MASPIN and GFP adenovirus infection for 72 hr.  GFP fluorescence was verified 

using fluorescence microscopy the day of isolations. 

 

Nucleic acid isolation  

 Single PCR products were isolated for cloning using the QIAquick® Gel 

Extraction Kit (Qiagen, Valencia, CA).  Plasmid DNA was isolated from overnight liquid 

LB-amp cultures following the protocol of the QIAprep® Spin Miniprep Kit (Qiagen).  

DNA was isolated from cells using the DNeasy® Blood and Tissue Kit (Qiagen).  Total 

RNA was isolated from cell pellets homogenized by the QIAshredder™ kit (Qiagen) and 

purified using the RNeasy® Mini Kit (Qiagen).  RNA and DNA samples were 

quantitated using a ND-1000 spectrophotometer (Nanodrop Technologies, Wilmington, 

DE).   

 

MCF10A E6 cell line production 

Three million eight hundred and eighty thousand MCF10A cells were plated in T-

75 flasks.  Cells were grown overnight to approximately 95% confluence.  The next day 

10 μg purified plasmid of wild-type and control E6 constructs were diluted in 1 mL Opti-
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MEM (Invitrogen) media.  At the same time, 30 μL (1 μg/μL) lipofectin® (Invitrogen) 

was added to 1 mL Opti-MEM® and incubated at room temperature for 30 min.  Media 

with plasmid DNA and lipofectin® was mixed and incubated at room temperature for 15 

min.  Cells were washed once with phosphate buffered saline (PBS) then 8 mL Opti-

MEM® was added.  The mixed DNA and lipofectin® was added to the cells making a 10 

mL final volume.  Cells were incubated 24 hr. at 37ºC, in a humidified environment with 

5% CO2 and then washed once with PBS and fed with MEGM media.  Cells were again 

incubated 24 hr. and then fed with MEGM containing 500 μg/mL G418.  Cells were 

grown for 2-4 weeks with feedings Monday, Wednesday, and Friday with G418 

supplemented MEGM.  When cells were approximately 30% confluent they were 

trypsinized and plated in T-25 flasks.  Cells were then fed a reduced amount of G418 to 

induce increased growth.  Cells were fed on the same schedule as before with MEGM 

and 200 μg/mL G418.  Cells were grown until near confluence and then split into T-75 

flasks and then T-150.  At the T-150 stage cells were frozen. 

Stably transfected MCF10A cells expressing the wild-type and control E6 

constructs were counted and serially diluted at 100, 50, 25, 12.5, and 6.25 cells/mL.  The 

dilutions were plated in triplicate in 96-well plates.  Cells were fed with half fresh 

MEGM media and half conditioned MEGM media supplemented with 200 μg/mL G418.  

Plates were incubated for one month and checked for cell growth.  The highest dilution 

producing cell outgrowth was 25 cells/mL for both constructs.  Cells were expanded from 

the 96-well plates to 24-well plates, then to 6-well plates, and finally T-25 flasks.  E6 
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wild-type expressing cell lines 2F11, 3A8, and 1D10; and E6 control expressing cell lines 

1F4 and 3C10 grew well through all passages and were used for further analysis.   

 

Mutant p53 cloning 

 Four cDNAs of mutant p53 (R175H, R273H, R280K, and R249S) were cloned 

from cell lines or the R175H adenovirus.  Total RNA was isolated from MDA-MB-468 

(R273H), BT549 (R249S), and MDA-MB-231(R280K) cells.  Three primers were 

designed to create the correct constructs for viral cloning.  The p53 5’ primer (5’-

CACCATGGAGGAGCCGCAGTC-3’) contains a CACC sequence necessary for Topo 

cloning in the correct orientation in the vector and places the ATG start codon within a 

kozak sequence.  The p53 3’stop primer (5’-TCAGTCTGAGTCAGGCCCTTCTG-3’) 

contains sequence up to and including the stop codon.  The p53 3’ V5 primer (5’-

GTCTGAGTCAGGCCCTTCTGTC-3’) contains sequence up to but not including the 

stop codon so that the V5 tag in the viral vector can be added to the p53 protein.  The p53 

sequence from these cell lines was reverse transcribed using the p53 3’stop gene specific 

primer and the Superscript® III kit (Invitrogen).  Total RNA (1 μg) was mixed with 2 

pmol/μL gene specific p53 3’stop primer, and 10 mM dNTP Mix in a 14 μL reaction.  

This mixture was heated to 65°C for 5 min. to disrupt secondary structure.  The mixture 

was briefly centrifuged and first-strand buffer, 0.1 M DTT, RNase out, and Super Script 

III® reverse transcriptase was added.  The reaction was incubated at 55°C for 60 min., 

and the reaction was stopped by heating to 70°C for 15 min.  DNA was isolated from the 

R175H mutant p53 adenovirus.  Blunt ended PCR fragments of the p53 constructs were 

 



 65

generated by the Platinum® Pfx DNA polymerase kit (Invitrogen) using the p53 5’ 

primer and the p53 3’ V5 primer.  The PCR reaction was cycled as follows:  94°C 2 min., 

35 cycles of 94°C 30 sec., 65°C 30 sec., 68°C 1 min. followed by a final extension of 

68°C 5 min. 

 

pENTR cloning 

 The four p53 blunt ended PCR products were cloned into the Gateway® 

pENTR/D-TOPO® vector (Invitrogen).  5-7 ng blunt-ended PCR products were mixed 

with sterile water, salt solution, and vector and incubated at room temperature for 5 min.  

2 μL of the cloning reaction were added to One Shot® competent cells (Invitrogen) and 

incubated on ice for 30 min.  The cells were heat shocked at 42°C for 30 sec. and 

transferred to ice.  250 μL SOC media were added and the cells were incubated at 37°C 

while shaking for 1 hr.  50 and 200 μL of each transformation were spread on pre-

warmed LB-amp plates, and grown overnight at 37°C.  3 colonies from each 50 μL plate 

were plucked for overnight liquid culture.  Plasmid DNA was isolated from each 

overnight culture and constructs were confirmed by Nco I restriction digest (Fermentas 

Inc., Glen Burnie, MD) and DNA sequencing analysis.   

 

LR clonase generation of UBC lentivirus 

 150 ng of purified entry clone vector and 150 ng lentiviral destination vector were 

added to 2 μL Gateway® LR Clonase™ II enzyme mix (Invitrogen).  The mixture was 

incubated at 25°C for 18 hr.  1 μL proteinase K was added to the solution and incubated 
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at 37°C for 10 min.  3 μL of the clonase reaction were added to a vial of Stabl3™ 

competent bacteria (Invitrogen).  The cells were incubated on ice for 30 min., heat-

shocked at 42°C for 45 sec. and placed back on ice for 2 min.  250 μL SOC were added 

and the cells were incubated at 37°C while shaking for 1 hr.  Cells were added to pre-

warmed LB-amp plates in 25 and 100 μL amounts.  Plates were grown overnight at 37°C.  

5 colonies of each construct were plucked for overnight liquid culture.  Plasmid DNA 

was isolated and constructs were confirmed by Nco I restriction digest (Fermentas Inc.) 

and DNA sequencing analysis.   

 

Topo cloning generation of CMV lentivirus  

 The four p53 blunt ended PCR products were cloned into the pLenti6/V5-D-

Topo™ vector (Invitrogen).  5-7 ng blunt-ended PCR products were mixed with sterile 

water, salt solution, and vector and incubated at room temperature for 5 min.  2 μL of the 

cloning reaction were added to Stabl3™ competent cells (Invitrogen) and incubated on 

ice for 30 min.  The cells were heat-shocked at 42°C for 45 sec. and transferred to ice.  

250 μL SOC media were added and the cells were incubated at 37°C while shaking for 1 

hr.  50 and 100 μL of each transformation were spread on pre-warmed LB-amp plates, 

and grown overnight at 37°C.  4 colonies from each 50 μL plate were plucked for 

overnight liquid culture.  Plasmid DNA was isolated from each overnight culture and 

constructs were confirmed by Nco I restriction digest (Fermentas Inc.) and DNA 

sequencing analysis.  
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Viral particle generation and titer 

 293FT cells were grown to 90-95% confluence in T-75 flasks in DMEM complete 

media without antibiotics.  Culture media was replaced with 5 ml Opti-MEM® 

(Invitrogen) supplemented with 10% FBS without antibiotics.  9 μg ViraPower™ 

packaging mix (Invitrogen) and 3 μg pLenti plasmid DNA containing LacZ and vector 

control, UBC, or CMV driven mutant p53 were diluted in 1.5 mL Opti-MEM® 

(Invitrogen) without serum and antibiotics.  36 μL Lipofectamine™ 2000 (Invitrogen) 

were diluted in1.5 mL Opti-MEM® (Invitrogen) without serum and antibiotics and 

incubated at room temperature for 5 min.  The diluted complexes were combined and 

incubated at room temperature for 20 min.  The combined mixture was added drop-wise 

to each flask of 293FT cells.  The cells were incubated overnight at 37°C in 5% CO2.  

Afterwards, the media was replaced with 8 mL DMEM complete media without 

antibiotics.  The supernatant containing packaged viral particles was harvested 72 hr. 

post-transfection.  The supernatant was centrifuged at 3000 rpm for 15 min. at 4°C to 

pellet debris.  Aliquots of the supernatant were made in Cryoware™ cryogenic vials 

(Nalge Nunc International, Rochester, NY) and stored at -80°C.  Cells to be infected with 

the lentivirus were plated in 6-well plates at 200,000 cells/well.  10-fold serial dilutions 

were made of the lentiviral stock and added to each well (0 to 100,000-fold).  Polybrene 

(Sigma-Aldrich) was added to each well at a final concentration of 6 μg/mL media.  The 

next day lentiviral containing media was replaced with normal growth media.  The next 

day growth media was replaced with selection media containing blasticidin (Invitrogen).  

Selection media was replaced every 3 to 4 days thereafter.  The highest dilution that 
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produced a sustainable population was used for further experiments.  For the UBC 

lentivirus MCF10A cells were plated at 50% confluence and viral supernatant was added 

at a 1:10 dilution.  For the CMV lentivirus HME1 cells were plated at 50% confluence 

and viral supernatant was added at a 1:100 dilution.  After 24 hr. media with viral 

supernatant was replaced with MEGM.  After another 24 hr. MEGM media was replaced 

with MEGM containing blasticidin for selection.  MCF10A cells were selected with 

MEGM and 2 μg/mL blasticidin, and the HME1 were selected with MEGM and 6 μg/mL 

blasticidin.  The HME1 cells were reduced to 2 μg/mL blasticidin after selection as a 

maintenance dose.  Blasticidin doses were chosen that resulted in selection in 

approximately 8-10 days. 

 

Western blot analyses 

 Total protein was isolated from whole cell lysate using radio-immunoprecipitation 

buffer (RIPA) (50 mM Tris-HCl pH 7.4, 1% Np-40, 0.25% sodium-deoxycholate, 150 

mM NaCl, 1 mM EDTA, 1 mM PMSF, 1 μg/mL Aprotinin, 10 μg/mL Leupeptin).  

Protein was quantitated by the Bio-Rad Protein Assay (Bio-Rad Laboratories, Hercules, 

CA) and loaded into Tris-HCL poly-acrylamide gels and electrophoresed.  Protein was 

transferred to Immun-Blot™ PVDF membrane (Bio-Rad Laboratories) and blocked 

overnight in PBS-T (phosphate buffered saline, 0.05% Tween 20) with 5% non-fat dry 

milk.  Blots were incubated for 1 hr. with primary antibody at a 1:1,000 dilution in PBS-

T + milk.  For maspin protein detection, 10 μg of total protein was loaded into 10% poly-

acrylamide gels and the anti-maspin primary antibody clone G167-70 (BD Biosciences, 
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San Jose, CA) was used for detection.  For p53 protein detection in the E6 expressing cell 

lines, 30 μg of total protein was loaded into 10% poly-acrylamide gels and the anti-p53 

primary antibody clone DO-1 (Ab-6, Calbiochem, San Diego, CA) was used for 

detection.  For  protein detection in the MCF10A cells expressing UBC driven mutant 

p53, 30 μg of total protein was loaded into 10% Tris-HCL ready gels (Bio-Rad 

Laboratories), the anti-p53 primary antibody clone DO-1 (Calbiochem) and an anti-V5 

primary antibody (Invitrogen) were used for detection.  For p53 detection in the HME1 

cell lines expressing CMV driven mutant p53, 30 μg of total protein was loaded into 

7.5% Tris-HCL ready gels (Bio-Rad Laboratories) and the anti-p53 HRP conjugated 

antibody (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) was used at a 1:5,000 dilution 

for detection.  Blots were washed 3x for 5 min. with PBS-T and incubated with a goat 

anti mouse HRP conjugated secondary antibody (Santa Cruz Biotechnology, Inc.) at a 

1:10,000 dilution for 1 hr., except the blots for p53 using the HRP conjugated primary 

antibody.  After exposure to film the blots were washed extensively with PBS-T and 

incubated for 1 hr. with anti-actin primary antibody clone AC40 (Sigma-Aldrich) at a 

1:2,000 dilution in PBS-T + milk.  Blots were washed 3x for 5 min. with PBS-T and 

incubated with a goat anti mouse HRP conjugated secondary antibody (Santa Cruz 

Biotechnology, Inc.) at a 1:10,000 dilution for 1 hr.  Blots were washed 3x with PBS-T 

for 5min., and incubated with enhanced chemiluminescent reagent (Amersham 

Pharmacia Biotech, Piscataway, NJ) for 5 min.  For maspin and its associated actin 

protein detection, the blots were exposed to BLUE BIO FILM (Denville Scientific Inc., 
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Metuchen, NJ).  For all others, the blots were exposed to BioMax® XAR film (Kodak, 

Rochester, NY). 

 

Human expression 5k and 20k microarray  

Human gene expression microarrays were conducted by the Genomics Shared 

Service at the Arizona Cancer Center.  The human cDNA clones used to fabricate the 5k 

cDNA microarrays were purchased from Research Genetics (Huntsville, AL).  Referred 

to as gf200, the set consists of 5,184 sequence-validated IMAGE consortium bacterial 

clones, approximately 3,000 of these clones represent known genes while the remainder 

are unknown ESTs.  In addition to the 5,184 IMAGE clones, a set of housekeeping genes 

(Research Genetics) along with Cy3 or Cy5 (Amersham Pharmacia Biotech) labeled 

oligonucleotides were strategically placed to aid in data normalization, measuring non-

specific hybridization, and locating the corners of the array.  In addition, a set of 103 

IMAGE clones representing known genes that were not included in gf200 were 

purchased from Research Genetics and included in the microarray. 

cDNA targets were produced by PCR of the cDNA inserts directly from bacterial 

cultures.  Individual IMAGE clones were grown in 96-well plates at 37°C for 6 hr.  1 μL 

of the bacterial culture was added to a PCR reaction and the cDNA inserts amplified in a 

96-well format using a PCR primer pair (Research Genetics) designed to selectively 

amplify the cDNA inserts contained within the IMAGE clones.  Primers and 

unincorporated nucleotides were removed from the PCR products using a QIAquick® 96 

PCR Purification Kit (Qiagen).  PCR amplification and clean up were verified by agarose 
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gel electrophoresis, and PCR product yield was determined using a PicoGreen-based 

fluorescence assay (Molecular Probes, Eugene, OR) in a 96-well format.  After 

quantitation the purified PCR products were dried and resuspended to 300 ng/µL in 2x 

SSC for printing onto slides.   

The 20k microarray was constructed using the Human OligoLibrary™ 

(Compugen Inc., Jamesburg, NJ) consisting of 18,861 oligomers that represent 18,664 

known genes.  The library consists of 60 bp oligomers (1 nmole each) in 197 96-well 

plates.  Dried oligomers were resuspended in 10 μL autoclaved double distilled water by 

shaking for 30 min. in preparation for printing onto slides.  

Both libraries were printed onto amino-alkyl silane slides (Telechem 

International, Inc., San Jose, CA) using 4 quill-type stealth pins, SMP4 for 5k and SMP3 

for 20k, (Telechem International, Inc.) mounted onto an OmniGrid robot (GeneMachines, 

Menlo Park, CA).  To prepare 5k and 20k slides for hybridization they were placed in a 

humidity chamber for 90 sec. to re-hydrate the probes followed by snap drying at 95°C 

for 15 sec. and cross-linking in a Stratalinker at 65 mJ (Stratagene, La Jolla, CA).  Excess 

DNA and salt was removed by washing 2 min. in 1% sodium dodecyl sulfate (SDS) at 

room temperature followed by rinsing in double distilled water at room temperature.  

Slides were then spun dry at 500xg and stored in the dark at room temperature until use. 

 

Expression 5k and 20k microarray labeling and hybridization 

Fluorescent first strand cDNA was made from 40 µg or 80 µg of total RNA using 

the MicroMax™ Direct Labeling kit (PerkinElmer Life and Analytical Sciences, Inc., 
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Waltham, MA) for 5k and 20k analysis, respectively.  Labeled cDNA was purified using 

a QIAquick® PCR purification kit (Qiagen).  Following purification, targets were dried, 

resuspended in 15 μL of hybridization buffer (included in MicroMax™ kit), and applied 

to the surface of a microarray.  The arrayed area was covered with a glass coverslip and 

placed in a hybridization chamber (TeleChem International, Inc.).  Hybridization 

chambers were submerged in a covered 62°C water bath overnight.  Following 

hybridization, slides were removed from their chambers and washed 5 min. in 0.5x SSC 

and 0.01% SDS, 5 min. in 0.06x SSC and 0.01% SDS, 5 min. in 0.06x SSC, and then 

spun dry at 500xg.  Arrays were scanned for Cy3 and Cy5 fluorescence using an Axon 

GenePix 4000 microarray reader (Axon Instruments, Foster City, CA) and quantitated 

using GenePix software (Axon Instruments).   

 

Expression 5k and 20k microarray analysis 

Multidimensional scaling was performed using BRB-ArrayTools software 

(http://linus.nci.nih.gov/BRB-ArrayTools.html).  Genes were entered into the 

multidimensional scaling analysis that had a p-value< 0.05 and contained data in at least 

24 of 33 hybridizations.  Multidimensional scaling analysis using the Euclidean distance 

metric identified eight wild-type p53 infected cell lines that clustered together.   

Raw expression data were analyzed using Genespring GX 7.3.1 (Agilent 

Technologies, Santa Clara, CA).  Raw data were normalized within hybridizations to the 

median and among hybridizations using Lowess distribution, and all samples were 

normalized to control MCF10A/MCF10A hybridization.  Genes with a normalized value 
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greater or less than 2 in the breast cancer cell lines compared to MCF10A were 

considered changed.  Genes with a normalized value that differed by a factor of 2 or 

greater between wild-type p53 infection and GFP only infection in the same breast cancer 

cell line were considered changed.  Genes with a normalized value that differed by a 

factor of 2 or greater between each E6 cell line and the parental MCF10A cell line were 

considered changed.  Gene lists show changes in all E6 wild-type cell lines and none of 

the E6 control cell lines.  For doxorubicin treatment, genes with a normalized value that 

differed by a factor of  2 or greater between treated and untreated cells were considered 

changed.  Gene lists show genes changed in all E6 control cell lines and none of the E6 

wild-type cell lines.  For UBC lentivirus infection, genes with a normalized value that 

differed by a factor of 2 or greater between the untreated UBC cell lines and the parental 

cell line or in doxorubicin treated cells compared to untreated UBC cell lines were 

considered changed.  Gene lists show the changes that occur in all four of the UBC cell 

lines with or without doxorubicin treament.   

 

Methylcytosine immunoprecipitation 

5 to 10 μg DNA were dried in a vacuum centrifuge and resuspended in 50 μL of 

SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM Tris-HCl, pH 8.1) plus 450 μL ChIP 

dilution buffer (0.01% SDS, 1.1% Triton X-100, 1.2 mM EDTA, 16.7 mM Tris-HCl, pH 

8.1, 167 mM NaCl).  DNA was sonicated to lengths between 200 and 1,000 bp as 

determined by gel electrophoresis.  Ten percent of sample was then set aside for input 

reference and the remaining sample was denatured for 15 min. at 100°C.  After 
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denaturation, the sample was immediately chilled on ice and 2 μg of anti-methylcytosine 

antibody (Aviva Systems Biology, San Diego, CA) were added to the sample and rotated 

overnight at 4°C.  The next day, protein-A sepharose (Amersham Pharmacia Biotech) 

was added to the solution and rotated for 1 hr. at 4°C.  Protein-A sepharose with DNA-

antibody complexes were subsequently washed in low salt buffer (0.1% SDS, 1% Triton 

X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 150 mM NaCl), high salt buffer (0.1% 

SDS, 1% Triton X-100, 2 mM EDTA, 20 mM Tris-HCl, pH 8.1, 500 mM NaCl), LiCl 

buffer (0.25 M LiCl, 1% NP40, 1% sodium-deoxycholate, 1 mM EDTA, 10 mM Tris-

HCl, pH 8.1) and twice with TE (10 mM Tris-HCl, 1 mM EDTA, pH 8.0) for 5 min. in 

each buffer.  Immunoprecipitated DNA was eluted from the sepharose beads using two 

washes with QG buffer (Qiagen) and then purified by the QIAquick® Gel Extraction Kit 

(Qiagen) together with input reference.  

  

Chromatin immunoprecipitation 

Chromatin immunoprecipitations (ChIP) using anti-acetyl H3 rabbit polyclonal 

IgG, #06-599 and anti-acetyl H4 polyclonal serum, #06-866 antibodies (Upstate Biotech, 

Lake Placid, NY) and anti-p53 antibody clone DO-1 (Calbiochem) were performed 

according to the manufacturer's instructions with slight modifications.  Cells were rinsed 

in 1x HBSS with 0.1% EDTA and treated with 1% formaldehyde for 10 min. at 37°C to 

form DNA-protein cross-links.  The cells were rinsed in ice-cold 1x HBSS with 0.1% 

EDTA containing protease inhibitors (1 mM PMSF, 1 μg/mL aprotinin, 1 μg/mL 

pepstatin A), scraped, and collected by centrifugation at 4°C.  Cells were then 
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resuspended in PIPES buffer (5 mM PIPES, pH 8.0, 85 mM KCl, 0.5% NP-40) 

containing protease inhibitors, and incubated on ice for 10 min.  Cells were collected by 

centrifugation and resuspended in SDS lysis buffer (1% SDS, 10 mM EDTA, 50 mM 

Tris-HCl, pH 8.1) containing protease inhibitors and incubated on ice for 10 min.  The 

DNA-protein complexes were sonicated to lengths between 500 and 1000 bp, as 

determined by gel electrophoresis.  Samples were centrifuged at 14,000 rpm at 4°C to 

spin out cell debris; then the supernatant was diluted 10-fold with ChIP dilution buffer 

containing protease inhibitors.  One-tenth of the sample was set aside for input control, 

and the remaining sample was pre-cleared with protein-A sepharose (Amersham 

Pharmacia Biotech) for 1 hr. on a nutator at 4°C.  Following pre-clearing, the samples 

were split into thirds:  two of the three samples were incubated with the appropriate 

antibody (7.5 μL anti-acetyl H3 or H4, 2 μg anti-p53), while the third sample was 

incubated with 2μg non-specific antibody control (Calbiochem).  All samples were 

rotated overnight at 4°C.  The chromatin-antibody complexes were collected using 

protein-A sepharose and then sequentially washed with the manufacturer's low salt, high 

salt, and LiCl buffers (Upstate Biotech), followed by two washes with Tris-EDTA.  The 

chromatin-antibody complexes were eluted and for all samples (including input DNA), 

DNA-protein cross-links were reversed with 5 M NaCl at 65°C for 4 hr., generating 200-

500 bp DNA fragments.  All samples were treated with proteinase K, and genomic DNA 

was recovered and purified by the Qiaquick® PCR purification kit (Qiagen).  

Immunoprecipitated DNA was quantified using PicoGreen dye (Invitrogen) and a BioTek 

FLx800 Multi-Detection Microplate Reader (BioTek Instruments, Winooski, Vermont). 
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Human 13k promoter microarray 

Primers for the human promoter microarray probes were obtained from the 

Whitehead Institute [276].  The probes, in general, are targeted to regions spanning 700 

bp upstream and 200 bp downstream of the transcription start sites of 13,000 gene 

promoters.  Microarray probes were generated by adding 100 ng genomic DNA from 

human mononuclear cells to 45 μL of PCR master mix (Eppendorf, Hamburg, Germany) 

with PCR primers (40 pmol) added.  PCR reactions were performed in a 96-well format 

(ABgene, Rochester, NY) using thermal cyclers (MJ Research, Waltham, MA).  Two 

rounds of PCR were performed using a program of 98°C for 3 min.; 2 cycles of 98°C for 

2 min., 61°C for 40 sec., 72°C for 1 min., 98° for 30 sec., 59°C for 40 sec., 72°C for 1 

min.; 38 cycles of 98°C for 25 sec., 55°C for 30 sec., 72°C for 1 min.; and then 72°C for 

5 min.  After completion of PCR, a 3 μL aliquot of PCR product was analyzed by gel 

electrophoresis in a 96-well format using the Invitrogen 2% agarose E-Gel 96 system 

(Invitrogen).  Remaining product was then purified using the QIAquick® 96 PCR 

Purification Kit (Qiagen).  After cleanup, PCR products were quantified using the ND-

1000 spectrophotometer (Nanodrop Technologies).  Typical yields ranged from 2-8 µg.  

DNA was then dried and stored at -80°C.  Probes dissolved in 5 µL of 3x SSC were 

printed onto Ultra GAPS coated microarray slides (Corning, Lowell, MA) under 35 to 

40% humidity, using sixteen 946 Micro Spotting Pins (ArrayIt, TeleChem International, 

Inc.) mounted onto an OmniGrid robot (GeneMachines). 

Before hybridization the slides were processed by briefly placing them in a 

humidity chamber, and then UV cross-linking the DNA to the glass.  This was followed 
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by a 40 min. incubation of the array area of the slide in 1% BSA, 4x SSC, 0.5% SDS 

under a coverslip (22 x 50mm) in a humid chamber at 42°C, followed by washing in 

double-distilled water and 20 min. incubation in 1% SDS, 0.25% sodium borohydride at 

42°C.  Finally slides were washed 3x 1 min. with 0.06x SSC, 0.1% SDS, 3x 1 min. with 

0.06x SSC, followed by washing in double-distilled water.  The slides were then spun dry 

at 1000xg for 1 min. 

 

Promoter microarray labeling and hybridization 

 DNA amplification was based on random priming synthesis using the BioPrime® 

DNA-labeling system (Invitrogen).  The DNA sample in a total volume of 21 µL was 

mixed with 20 µL of 2.5x Random Primers Solution, denatured by heating for 5 min. at 

95°C in a thermal cycler, and cooled on ice for 5 min.  5 µL of 10x dUTP Nucleotide 

Mix, 3 µL of 1 mM dTTP and 1 µL of Exo-Klenow Fragment, were added and incubated 

at 37°C for 20 hr.  Amplified DNA was purified using a Qiaquick® PCR purification kit 

(Qiagen) and quantified on a ND-1000 spectrophotometer (Nanodrop Technologies).  

The typical yield is 3.0-4.5 μg of amplified DNA per 50 µL reaction. 

Equal amounts (1 μg) of amplified methylcytosine immunoprecipitation (MeCIP) 

or ChIP and input DNA were labeled using the BioPrime® DNA-labeling system 

(Invitrogen) with Cy3 or Cy5 dyes, respectively.  DNA in a volume of 42 µL was mixed 

with 40 µL 2.5x Random Primers Solution, denatured by heating for 5 min. at 95°C in a 

thermal cycler, and cooled on ice for 5 min.  10 µL of 10x dUTP Nucleotide Mix, 4 µL of 

1 mM dTTP, 2 µL of Cy3- or Cy5-dUTP (1 mM) (GE healthcare, Piscataway, NJ, USA) 
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and 2 µL of Exo-Klenow Fragment were added and the mixture was incubated for 20 hr. 

at 37°C.  Labeled targets were purified using the QIAquick® PCR purification kit 

(Qiagen).  The efficiency of labeling was determined using a ND-1000 

spectrophotometer (Nanodrop Technologies), which measures the total amounts of 

incorporated dye and nucleic acid.  The typical yield was 250-300 pmol of dye 

incorporated in 6-8 μg of DNA per sample. 

For both MeCIP and ChIP analyses the Cy3 and Cy5 labeled targets were mixed 

with 20 μg of human Cot-1 DNA (Invitrogen) and 40 µg of yeast tRNA (Invitrogen) and 

the samples were dried under vacuum.  Labeled targets were dissolved in 62 µL of 

Domino Oligo Hybridization Buffer DMH-25 (Gel Company, San Francisco, CA), and 

denatured for 10 min. at 95°C.  A processed array slide was placed in a hybridization 

chamber in the ArrayBooster™ (Advalytix AG, Concord, MA), an advacard was applied, 

and the chamber was preheated to 42°C.  Denatured target was applied through the hole 

in the Advacard, and incubated at 42°C for 16 hr.  Following hybridization, slides were 

washed by placing them into 50-ml conical tubes containing 2x SSC, 0.1% SDS for 5 

min., then into 0.06x SSC, 0.1% SDS for 5 min., and finally at 0.06x SSC for 5 min., all 

at room temperature.  The slides were then spun dry at 1000xg for 1 min.  Slides were 

scanned for Cy3 and Cy5 fluorescence using an Axon GenePix 4000 microarray reader 

(Axon Instruments, Inc.). 

 

 

 

 



 79

Promoter microarray analysis 

The data from scanned promoter microarray images were extracted using GenePix 

software and further analyzed using the limma package [277] for R (http://www.R-

project.org).  Spots were eliminated that were flagged by the software, were empty, or 

had a signal to background ratio less than 2.  Acetylation of histones H3 and H4 and 

DNA methylation experiments were done in triplicate.  Within array normalization was 

conducted in the R package using quantile normalization.  Between array normalization 

was conducted by loess normalization in the R package.  Localized background 

anomalies were removed and the data were normalized again with loess normalization in 

the R package.  A linear model fit was computed using input as a common reference.  For 

methylation and acetylation analysis of the breast cancer cell lines compared to normal 

cells a list of genes with p-values ≤ 0.05 were generated for each cancer cell line for 

MeCIP and acetylated histone ChIP.  Final gene lists were created using the overlap 

between genes significantly increased in methylation and decreased in histone acetylation 

in the individual cancer cell lines compared to normal mammary epithelial cells.  For 

methylation and acetylation analysis of the CMV mutant p53 over-expressing cell lines 

and acetylation in response to wild-type p53 infection, contrasts between MeCIP and 

ChIP of the p53 treatments relative to the parental and vector only control cell lines were 

calculated using a p-value ≤ 0.05. 

The p53 binding experiments were done in triplicate using dye swap for each 

replicate resulting in 6 slides per cell line.  Bad spots and localized background were 

eliminated and the microarrays were normalized using loess function for within array 
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normalization and quantile function for between array normalization.  Finally, a linear 

model fit was calculated comparing the ChIP of wild-type and mutant p53 accumulation 

in treated cells to the average ChIP value of HME1 parental and control cells at a p-value 

≤ 0.01.  These elements are referred to as bound by p53. 

 

Real time RT-PCR 

For all real-time RT-PCR analysis, a reverse transcription step was performed 

using TaqMan® Reverse Transcription Reagents (Roche Molecular Systems, Branchburg, 

NJ), with 500 ng of total RNA in a 50 μL reaction.  The reverse transcription reaction 

was primed with random hexamers and incubated at 25°C for 10 min. followed by 48°C 

for 30 min., 95°C for 5 min., and a chill at 4°C.  50 μL of autoclaved double distilled 

water was added to make the final volume 100 μL.  For analysis of p53, p21, MDM2, 14-

3-3σ, DSC3, MASPIN, WIG1, HOXA1 and GAPDH gene expression, each 20 μL PCR 

reaction consisted of 3 μL of cDNA added to 10 μL of TaqMan® Universal PCR Master 

Mix (Roche Molecular Systems), 1 μL of gene-specific primer/probe mix (Assays-on-

Demand, Applied Biosystems, Foster City, CA), and 6 μL of PCR water.  The PCR 

conditions were 95°C for 10 min., followed by 40 cycles of 95°C for 15 sec. alternating 

with 60°C for 1 min. 

For TP53I3, E2F5, STAU2, TFPI2, CDH11, and GAPDH primers were designed 

for use with the Universal Probe Library (Roche Diagnostics, Indianapolis, IN).  Again 3 

μL of the cDNA reaction was used in a 20 μL PCR reaction consisting of  2x itaq mix 

(Bio-Rad Laboratories), 200 nM forward and reverse primers, and 0.2 μL probe (Roche 
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Diagnostics).  Real time PCR was again conducted on an ABI Prism 7000 Sequence 

Detection System (Applied Biosystems) with a 95°C denaturation for 3 min. followed by 

40 cycles of 95°C for 15 sec. alternating with 60°C for 45 sec. 

Differences in target gene expression were determined using the equation 2ΔΔCt to 

calculate the normalized expression [278].  For these calculations, the target gene Ct 

value for each sample is subtracted from its corresponding GAPDH Ct value for 

normalization (ΔCt value), followed by subtraction of the normalized HMEC or 

untransfected control Ct values from the normalized Ct values of the cell lines before and 

after treatment/transfection to yield a ΔΔCt value.  This value was then inserted into the 

equation 2ΔΔCt to yield relative expression. 

 

Real time PCR verification of p53 binding 

Equal amounts (1 ng) of p53 specific ChIP and input DNA were used for real 

time PCR analysis.  Primers were designed for potential p53 binding sites in promoter 

regions covered with probes on the promoter microarray for the genes PLK3, FAS, 

APAF1, FBXO22, DDB2, DGKZ, MASPIN, MGC4771, SEMA3B, PCM1, GDF9, 

DPAGT1, SKI, SYK, CSPG2, OVOL1, PLXNB3, TSSC4, NR1H3, RPS27L, EVA1, 

ITPKB, ICT1, VSNL1, PRKAB2, and GAPDH.  Primers were designed for use with the 

Human Universal Probe Library Set (Roche Diagnostics).  Real time PCR was conducted 

on an ABI Prism 7500 Sequence Detection System (Applied Biosystems) using PerfeCta 

qPCR SuperMix, Low ROX (Quanta Biosciences, Gaithersburg, MD) with a 95°C 

denaturation for 3 min. followed by 45 cycles of 95°C for 15 sec. and 60°C for 45 sec.  
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Enrichment was calculated by raising 2 to the power of the Ct value of the input DNA 

fraction minus the Ct value of the ChIP DNA fraction (i.e. 2Ct(Input)-Ct(ChIP)).  

 

Co-immunoprecipitation 

1 mg total protein was diluted in 500 μL RIPA buffer and pre-cleared for 1 hr. 

with 30 μL Protein A/G beads (Santa Cruz Biotechnology, Inc.) and 2.5 μg mouse IgG2a 

isotype control antibody (Calbiochem).  Beads were pelleted by centrifugation and the 

supernatant retained.  2 μg of α-V5 (Invitrogen) or isotype control antibody was added to 

pre-cleared protein and rotated overnight at 4°C.  The next day 30 μL Protein A/G beads 

were added to each sample and incubated for 1 hr. to pull down the immunocomplexes.  

Beads were washed 4x for 5 min. in RIPA buffer while rotating at 4°C.  Beads were then 

washed 2x for 5 min. in PBS while rotating at 4°C.  15 μL of 2x sample buffer was added 

to the pellets and the protein was denatured at 95°C for 5 min.  15 μL of sample buffer 

was loaded into 7.5% Tris-HCL ready gels (Bio-Rad Laboratories) and electrophoresed.  

Western blot was conducted as explained above with the anti-p53-HRP antibody.  

Western blots from three independent immunoprecipitations were captured and 

quantitated using the Gel Logic 200 Imaging System (Kodak), and associated software 

(1D v3.6.4). 

 

Sub-cellular localization of p53 

 Cells grown on coverslips were fixed with 4% paraformaldehyde in PBS, 

permeabilized with 0.2% Triton X-100, and blocked with 5% BSA.  Fixed cells were 
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incubated for 1 hr. with anti-p53 primary antibody Ab-6 clone DO-1 (Calbiochem).  Cells 

were then stained for 1 hr. with anti-mouse IgG Cy3 secondary antibody (Sigma-

Aldrich).  Nuclei were visualized with 4’,6-diamidino-2-phenylindole (DAPI) (Molecular 

Probes, Inc.).  Coverslips were mounted on glass slides and stained cells were analyzed 

using fluorescent microscopy. 

 

Affymetrix microarray expression analysis of accumulated mutant p53 

Affymetrix human gene expression microarrays were conducted by the Genomics 

Shared Service at the Arizona Cancer Center.  Total RNA was processed according to the 

protocol recommended by Affymetrix (Santa Clara, CA).  In all, 20 μg of labeled cRNA 

from each sample was hybridized to the GeneChip® Human Genome U133A Plus 2.0 

Array (Affymetrix).  The expression data were analyzed using Genespring GX 7.3.1 

(Agilent Technologies).  Data were normalized per chip to the 50th percentile then to the 

hTERT-HME1 reference cell lines (HME1 parental, vector only lentivirally infected, and 

GFP adenovirally infected).  Gene lists were generated using a two-fold cut off for both 

of two replicates of each p53 treatment studied compared to the GFP cell lines for wild-

type p53 and vector only for mutant p53.  The gene expression heatmap was created 

using all genes that changed at least two-fold in expression in any of the mutant p53 

expressing cell lines. 
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Flow cytometry 

 Parental HME1, vector only control, mutant p53 expressing cell lines, adenoviral 

GFP, and wild-type p53 infected cells were analyzed in duplicate for cell cycle 

distribution by flow cytometry.  For growth factor deprivation experiments parental 

HME1, vector only control, and mutant p53 expressing cell lines were exposed to basal 

growth media for 24 hr. then subjected to flow cytometry analysis in duplicate.  Cells 

were harvested, washed, and incubated overnight with 95% ethanol.  Cells were pelleted 

and resuspended in PBS, treated with RNase A and stained with propidium iodide 

(Sigma-Aldrich).  Flow cyotmetric analysis was conducted by the Cytometry Core 

Facility in the Arizona Cancer Center using a FACScan flow cytometer (BD Biosciences) 

equipped with an air-cooled 15mW argon ion laser tuned to 488nm.  List mode data files 

consisting of 10,000 events gated on forward scatter versus side scatter were acquired and 

analyzed using CellQuest PRO software (BD Biosciences) at a rate of 200-400 events per 

second.  Curve fit analysis was prepared utilizing ModFit LT version 3.1 (BD 

Biosciences).  

 

Cell proliferation assay 

 HME-1, vector only, and mutant p53 expressing cells were counted on a Vi-

CELL™ (Beckman Coulter, Inc., Fullerton, CA), and 60,000 cells were plated in T-25 

flasks in triplicate at day 0.  Cells were counted on a Vi-CELL™ (Beckman Coulter, Inc.) 

at days 1, 3, and 5 in triplicate. 
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Anchorage independent growth 

 HME-1, vector only, mutant p53 expressing cells, and MDA-MB-231 cells were 

counted on a Vi-CELL™ (Beckman Coulter, Inc.).  5,000 cells were grown in semi-solid 

media consisting of 0.2% agar noble (BD Biosciences) in triplicate for three weeks.  

Colonies were stained with MTT [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium 

bromide] (Sigma-Aldrich), and counted manually in triplicate.  Pictures were captured 

using the Gel Logic 200 Imaging System (Kodak). 

 

Migration and invasion assays 

For MASPIN re-expression studies, 50,000 untreated, GFP, and MASPIN 

adenovirus infected MDA-MB-231 cells were plated in triplicate chambers coated 

previously with HACAT cell conditioned media, and incubated overnight in a humidified 

atmosphere of 5% CO2 at 37°C.  The next day media was aspirated, the chambers were 

washed with PBS, and cells were removed from the inside with a cotton swab.  The 

chambers were inverted and 100 μL of 0.5% crystal violet in 20% methanol was added to 

the outside of the chamber and incubated at room temperature for 2 min.  The chamber 

was washed again with PBS and allowed to dry.  The membrane was removed with a 

scalpel, placed in a 96-well plate, and the crystal violet was released in 200 μL, 0.1 M 

citric acid.  The absorbance of each well was measured with light at a wavelength of 562 

nm.   

For the mutant p53 analysis, cells were counted on a Vi-CELL™ (Beckman 

Coulter, Inc.), and plated in both uncoated and BD BioCoat™ growth factor reduced 
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matrigel™ chambers (BD Biosciences) in quadruplicate for each cell line.  50,000 cells 

were placed in each chamber, and incubated for 48 hr.  For the wild-type p53 and GFP 

control, adenovirus was added 24 hr. prior to counting and plating.  The chambers were 

stained with 50 μL 0.5% crystal violet in 20% methanol for 1 min. then swabbed on the 

inside to remove non-invasive cells, washed twice in distilled water, and quantitated.  

Images of 14 fields, representing 85% of the total surface area, were captured using a 10x 

objective with a 1.5x optivar on an Olympus IMT-2 microscope (Olympus America Inc., 

Center Valley, PA), a Hamamatsu ORCA-100 greyscale CCD camera (Hamamatsu USA, 

Bridgewater, NJ), and a Ludl motorized XY stage (Ludl Electronic Products, Hawthorne, 

NY).  SimplePCI software version 6.2 (Compix Inc., Sewickley, PA) controlled the 

camera and stage, created a binary image, and measured the image for area.  A grayscale 

image for each of the 14 fields was generated.  An intensity filter identified gray images 

above the background of the membrane representing the pores and crystal violet stained 

cells.  A threshold was set for minimal area that removed the pores of the membrane from 

the total area determination.  Total area of the stained cells was calculated as a surrogate 

for cell number.  Significance was measured with a one-sided student’s t-test comparing 

vector control and each mutant treatment to the parental cell line.
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RESULTS 

MASPIN Expression in Breast Cancer Cell Lines 

 In order to determine the functional consequences of silenced MASPIN gene 

expression in breast cancer cells, the MASPIN gene was re-expressed in MDA-MB-231 

(231) cells using wild-type MASPIN adenovirus infection.  A dose course of MASPIN 

adenoviral infection was conducted to determine the proper infection parameters to 

induce physiologically relevant levels of the protein.  The 231 cells were infected with 

100, 200, and 400 PFU/cell of MASPIN adenovirus, and western blot analysis was 

conducted to compare protein levels with normal MASPIN expressing MCF10A cells.  

The western blot confirmed the lack of MASPIN expression in untreated 231 cells, and 

showed that 72 hour infection with 200 PFU/cell produced equivalent protein levels in 

the 231 cells as seen in the MCF10A cells (Fig. 7).  Therefore, further experiments were 

conducted with this infection regimen. 

Transwell migration assays were conducted with untreated 231 cells compared to 

GFP only control, and MASPIN adenovirus infection.  The results showed that untreated 

and GFP control infected cells migrated through the pores of the transwells at equivalent 

levels, but cells re-expressing MASPIN demonstrated a decrease in cell migration (Fig 

8).  This phenotypic analysis confirmed previous reports that MASPIN expression 

inhibits cell migration and invasion in cancer cells [173].  These data suggest that 

silencing of MASPIN expression due to aberrant epigenetic modification is associated 

with an increased potential of the cells to migrate and metastasize, and suggest that 

MASPIN is a metastasis suppressor gene in normal breast epithelial cells. 

 



88 

 

Maspin

Actin

MDA-MB-231

M
C

F1
0A

0 100 200 400PFU/Cell

Maspin

Actin

MDA-MB-231

M
C

F1
0A

0 100 200 400PFU/Cell

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7.  Western blot analysis demonstrates MASPIN protein levels after infection of 
MDA-MB-231 cells with an adenovirus containing the MASPIN gene.  MDA-MB-231 
cells were infected with increasing plaque forming units (PFU) per cell of MASPIN 
adenovirus for 72 hours prior to protein isolation.  Levels of MASPIN protein were 
compared to those of normal MCF10A cells.  Actin levels were included as a loading 
control. 
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Figure 8.  Maspin re-expression causes decreases in migration of MDA-MB-231 cells.  
The bar graph represents the average 562nm absorbance reading and the standard error of 
the mean for each treatment.  Untreated MDA-MB-231 cells were compared to GFP 
control adenovirus and MASPIN adenovirus infection with a transwell assay in triplicate. 
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Human 5k Microarray Expression Analysis 

Gene expression changes in breast cancer cell lines 

 In order to identify additional gene expression changes that occur during breast 

tumorigenesis, the gene expression profiles of 10 breast cancer cell lines were analyzed.  

Total RNA isolated from BT549, Hs578T, MDA-MB-231 (231), MDA-MB 435 (435), 

MDA-MB-453 (453), MDA-MB-468 (468), UACC 893 (893), UACC 1179 (1179), and 

UACC 2087 (2087) cell lines was hybridized against common reference RNA from 

MCF10A cells (Fig. 9).  The MCF10A cells are non-malignant, spontaneously 

immortalized breast cells derived from subcutaneous mastectomy from a patient with 

fibrocystic disease [279, 280].  The immortalization was not derived from chemical 

treatment or viral infection and likely was partially due to deletion of p16 [281].  These 

cells were used as a common normal reference, because wild-type p53 is present in the 

cells and capable of the correct response to external stress stimuli.  In addition, there was 

no evidence of aberrant epigenetic modification of the MASPIN or DSC3 promoters. 

A control hybridization between Cy3 and Cy5 labeled untreated MCF10A RNA 

was conducted to determine the false positive rate of the microarray.  The results 

demonstrated that all the elements of the array in this experiment fell between 1.5-fold 

cutoffs; therefore there should be no false positives at thresholds above 1.5.  For the 

expression analysis 2-fold cutoffs were used to identify changes in gene expression 

relative to the MCF10A cells.  Of the 5,184 genes represented on the array 2,640 (50%) 

were up-regulated in at least 1 of the 10 cancer cell lines compared to the normal 

MCF10A cells.  There were 412 (8%) genes commonly up-regulated in at least 5 of the 
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Figure 9.  Diagrammatic representation of the human 5k microarray analysis details the 
steps involved in determining gene expression changes in MCF10A and the breast cancer 
cell lines with and without adenoviral infection.  Untreated, GFP infected, and p53 
infected cell lines were hybridized against untreated MCF10A as a common reference.  
The green cells represent green fluorescence protein used to confirm adenoviral infection.  
The green line and green labeling reflect Cy3 dye labeling of the common MCF10A 
reference.  The red lines and red labeling reflect Cy5 dye labeling of all other treatments. 
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10 cancer cell lines.  Interestingly, the DNA methyltransferases DNMT1 and DNMT3A 

were among genes commonly up-regulated in the cancer cell lines (Table 1).  There were 

2,600 (49%) genes down-regulated in at least one cancer cell line, and 507 (10%) 

commonly down-regulated genes in at least 5 of 10 cancer cell lines.  The genes 

commonly down-regulated in the cancer cell lines are of particular interest because they 

represent genes that are potentially silenced by epigenetic mechanisms.  Indeed, both 

MASPIN and DSC3, which are commonly silenced in breast cancer by aberrant 

epigenetic modifications, were down-regulated in every one of the cancer cell lines 

compared to the normal MCF10A cells (Table 2).  These results demonstrate that there 

are a multitude of gene expression changes during tumorigenesis, and that approximately 

10% of these changes are common to a majority of cancer cell lines.  In addition, these 

data support that silencing of MASPIN and DSC3 gene expression is a common event in 

breast cancers. 

 

Gene expression changes in response to wild-type p53 

 In addition to hybridizations with untreated breast cancer cell lines, total RNA 

isolated from each cell line after infection with wild-type p53 and control GFP only 

adenoviruses were also hybridized to determine the effects of wild-type p53 activation on 

gene expression changes (Fig. 9).  Gene expression changes were identified by using 2-

fold cutoffs between the cell lines infected with wild-type p53 compared to the same cell 

line infected with the GFP control.  Multi-dimensional scaling (MDS) analysis was 

implemented to visualize the differences between gene expression changes in the  
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Gene BT549 HS578T 157 231 435 453 468 893 1179 2087 Sum 
MX1 1 1 1 1 1 1 1 1 1 1 10 
NUP155 1 1 1 1 1 1 1 1 1 1 10 
GATA2 1 1 1 1 1 1 1 1 1 1 10 
MLF1 1 1 1 1 1 1 1 1 1 1 10 
QPCT 1 1 1 1 1 0 1 1 1 1 9 
RNF5 1 1 1 1 1 1 1 0 1 1 9 
E2F2 1 0 1 1 1 1 1 1 1 1 9 
EGLN3 1 1 1 1 0 1 1 1 1 1 9 
P2RX4 1 0 1 1 1 1 1 1 1 1 9 
ZFP28 1 1 1 1 1 1 1 1 1 0 9 
FLJ36874 1 1 0 1 1 1 1 1 1 1 9 
MCM3 1 0 1 1 1 1 1 0 1 1 8 
MYBL2 1 0 1 1 1 1 1 1 1 0 8 
MYLIP 1 1 0 0 1 1 1 1 1 1 8 
DNMT1 1 1 1 1 1 1 1 1 0 0 8 
TP53I11 0 1 1 1 1 1 1 1 0 1 8 
DGAT2 1 0 1 0 1 1 1 1 1 1 8 
DNMT3A 1 0 1 0 1 1 1 1 1 1 8 
TRIP13 1 0 1 1 1 1 1 1 1 0 8 
CDCA5 1 0 1 1 1 1 1 1 1 0 8 
JUN 1 1 1 0 0 1 1 1 1 1 8 
FGFR1 1 1 1 1 0 0 1 0 1 1 7 
UBE2C 1 0 1 1 1 1 1 0 1 0 7 
SEMA5A 0 1 1 0 1 1 1 1 0 1 7 
IGFBP5 0 1 1 0 0 1 1 1 1 1 7 
WFS1 1 1 0 1 0 1 0 1 1 1 7 
RAB31 1 1 1 1 0 0 1 1 0 1 7 
SMG1 1 0 1 0 1 1 1 1 0 1 7 
FOXC1 1 1 1 0 0 0 1 1 1 1 7 
PPARG 1 0 1 1 0 0 1 1 1 0 6 

 
 
 
 
 
Table 1.  A representative list demonstrates genes commonly up-regulated in breast 
cancer cell lines.  The list depicts the gene name and the cell lines studied.  A 1 in the cell 
line column indicates a greater than two-fold increase in expression relative to MCF10A 
cells. A 0 depicts no change in expression.  The sum indicates the total number of cell 
lines, in which the gene is increased in expression out of a possible 10. 
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Gene BT549 HS578T 157 231 435 453 468 893 1179 2087 Sum 
MASPIN 1 1 1 1 1 1 1 1 1 1 10 
DSC3 1 1 1 1 1 1 1 1 1 1 10 
KRT5 1 1 1 1 1 1 1 1 1 1 10 
FOXO1A 1 1 1 1 1 1 1 1 1 1 10 
F2R 1 1 1 1 1 1 1 1 1 1 10 
S100A2 1 1 1 1 1 1 1 1 1 1 10 
THBS1 1 1 1 1 1 1 1 1 1 1 10 
ITGB4 1 1 1 1 1 1 1 1 1 1 10 
CPNE1 1 1 1 1 1 1 1 1 1 1 10 
MCL1 1 1 1 1 1 1 1 1 1 1 10 
ALOX15B 1 1 1 1 1 1 1 1 1 1 10 
IL1A 1 1 1 1 1 1 1 1 1 1 10 
MT2A 1 1 1 1 1 1 1 1 1 1 10 
ITGA10 1 1 1 1 1 1 1 1 1 1 10 
TJP1 1 1 1 1 1 1 1 1 1 1 10 
MT1G 1 1 1 1 1 1 1 1 1 1 10 
PIK3R1 1 1 1 1 1 1 1 1 1 1 10 
CTSD 1 1 1 1 1 1 1 1 1 1 10 
APBB2 1 1 1 1 1 1 1 1 1 1 10 
CNTN1 1 1 1 1 1 1 1 1 1 1 10 
PTPN11 1 1 1 1 1 1 1 1 1 1 10 
RPS6KA2 1 1 1 1 1 1 1 1 1 1 10 
STK4 1 1 1 1 1 1 1 1 1 1 10 
SLC20A1 1 1 1 1 1 1 1 1 1 1 10 
FKBP5 1 1 1 1 1 1 1 1 1 1 10 
TP53I3 1 1 0 1 1 1 1 1 1 1 9 
CYFIP2 1 1 1 1 1 0 1 1 1 1 9 
CAV1 1 0 1 0 1 1 1 1 1 1 8 
VSNL1 1 0 1 1 1 1 0 1 0 1 7 
PCAF 0 1 1 0 0 1 1 1 1 1 7 

 
 
 
 
 
 
Table 2.  A representative list demonstrates genes commonly down-regulated in breast 
cancer cell lines.  The list depicts the gene name and the cell lines studied.  A 1 in the cell 
line column indicates a greater than two-fold decrease in expression relative to MCF10A 
cells.  A 0 depicts no change in expression.  The sum indicates the total number of cell 
lines, in which the gene is decreased in expression out of a possible 10. 
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untreated, GFP only, and wild-type p53 infected cell lines (Fig. 10).  The MDS analysis 

plots each hybridization experiment in three dimensional space based on the entirety of 

the gene expression differences.  Experiments that are similar cluster near each other and 

experiments that are different are separated.  The analysis demonstrated that untreated 

and GFP infected cells clustered near each other, suggesting that GFP alone has a 

nominal effect on gene expression.  Infection with wild-type p53 caused considerable 

gene expression differences represented by the distance between these hybridizations and 

the untreated and GFP control hybridizations (Fig. 10).   

Wild-type p53 infection caused the up-regulation of 364 (7%) genes in at least 5 

of the 11 cell lines tested.  A majority of these genes were responsive to wild-type p53 in 

the immortalized non-malignant MCF10A breast cell line.  A multitude of known p53 

target genes such as FAS, CRYAB, MASPIN, DSC3, TP53I3, TP53I11, and PLK3 were 

commonly up-regulated in the cell lines in response to wild-type p53 infection (Table 3).  

Infection with wild-type p53 caused down-regulation of 286 (5%) genes in at least 5 of 

the 11 cell lines infected with wild-type p53 adenovirus.  Many of these genes such as 

MSH2, MCM3, MCM4, TOP2A, and MAD2L1 have been previously demonstrated as 

targets of wild-type p53 repression (Table 4) [177].  Again, a majority of these genes 

were also induced in MCF10A cells.  The array only detects changes in gene expression 

not p53 promoter binding; therefore the changes detected could be primary, secondary, or 

greater effects of wild-type p53 accumulation.  Previous studies determined that maximal 

adenoviral infection and wild-type p53 accumulation occurs at 18 hours post-infection.  

Thus, the gene expression changes were assayed 6 hours after maximal wild-type p53  
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Figure 10.  Multidimensional scaling analysis of 33 human 5k microarray hybridizations 
demonstrates that wild-type p53 causes considerable changes in overall gene expression.  
Each cell line is represented by a colored dot for each of the three treatments; the cell 
lines are clustered in three-dimensional space based on the changes in gene expression 
associated with each treatment.  As expected, the untreated cell lines and control GFP 
infected cell lines cluster separately from the cell lines infected with wild-type p53.  
Interestingly, a larger response to wild-type p53 was found in eight of eleven cell lines.  
The eight cell lines infected with wild-type p53 adenovirus that clustered separately are 
UACC 1179, UACC 893, BT549, MDA-MB-231, MDA-MB-157, MDA-MB-468, 
MDA-MB-453, and MCF10A.  The three cell lines infected with wild-type p53 that 
cluster closer to the control and untreated cells are MDA-MB-435, HS578T, and UACC 
2087.  
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Common MCF10A BT549 HS578T 157 231 435 453 468 893 1179 2087 Sum 
TP53 1 1 1 1 1 1 1 1 1 1 1 11 
RHOD 1 1 1 1 1 1 1 1 1 1 1 11 
FAS 1 1 1 1 1 1 1 1 1 1 1 11 
SMAD5 1 1 1 1 1 1 1 1 1 1 1 11 
SMTN 1 1 1 1 1 1 1 1 1 1 1 11 
CRYAB 1 1 1 1 1 1 1 1 1 1 1 11 
TP53I3 1 1 1 1 1 1 1 1 1 1 1 11 
CYFIP2 1 1 1 1 1 1 1 1 1 1 1 11 
MYO6 1 1 1 1 1 1 1 1 0 1 1 10 
TMEM40 1 1 1 1 1 1 1 1 0 1 0 9 
SEPP1 0 1 1 1 1 1 1 1 1 0 1 9 
DDB2 1 1 1 0 1 1 1 1 1 1 0 9 
MASPIN 0 1 1 1 1 0 1 1 1 1 1 9 
TP53I11 1 1 1 1 1 1 1 1 0 1 0 9 
SLC9A1 1 1 1 1 1 1 1 1 0 1 0 9 
DSC3 1 1 1 1 1 0 1 1 0 1 1 9 
EPHB4 1 1 0 1 1 1 1 1 1 1 0 9 
TNFRSF10B 0 1 1 1 1 1 1 1 0 1 0 8 
CTSH 1 1 0 0 1 1 1 1 1 1 0 8 
PCAF 0 1 0 1 1 0 1 1 1 1 1 8 
MAST4 1 1 1 1 1 0 1 0 1 1 0 8 
LRPAP1 1 1 0 1 1 0 1 1 1 1 0 8 
IGF1R 1 1 0 1 1 0 1 1 1 1 0 8 
FGF1 1 0 0 1 0 0 1 1 1 1 1 7 
VSNL1 1 1 0 1 1 0 1 0 0 1 1 7 
PLK3 1 0 1 1 0 0 0 1 1 1 0 6 
INPP1 0 1 0 1 0 0 1 1 1 1 0 6 
SYK 1 0 0 1 1 0 0 1 0 1 1 6 
TTYH3 1 0 0 0 1 0 1 1 1 1 0 6 
KIAA0182 1 1 0 1 1 0 1 0 1 0 0 6 
PSEN2 1 0 0 1 1 0 1 0 1 0 0 5 
FAT 0 1 0 1 1 0 1 1 0 0 0 5 
RHOH 0 0 1 1 1 1 1 0 0 0 0 5 
CES2 1 1 0 0 1 0 1 1 0 0 0 5 
PRKCD 1 1 0 1 1 0 0 1 0 0 0 5 
CRHR1 1 1 0 0 1 0 0 1 0 1 0 5 

 
 
 
 
Table 3.  A representative list demonstrates genes commonly up-regulated in breast cell 
lines after infection with wild-type p53 adenovirus.  The list depicts the gene name and 
the cell lines studied.  A 1 in the cell line column indicates a greater than two-fold 
increase in expression relative to cells infected with GFP control adenovirus.  A 0 depicts 
no change in expression.  The sum indicates the total number of cell lines, in which the 
gene is increased in expression out of a possible 11. 
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Gene MCF10A BT549 HS578T 157 231 435 453 468 893 1179 2087 Sum 
CHEK1 1 1 0 1 1 1 1 1 1 1 0 9 
MSH2 1 1 0 1 1 0 1 1 1 1 0 8 
DLG7 1 1 0 1 1 0 1 1 1 1 0 8 
UBE2C 1 1 0 1 1 0 1 1 1 1 0 8 
MCM3 1 1 0 1 1 1 1 0 1 1 0 8 
CCNA2 1 1 0 1 1 0 1 1 1 1 0 8 
CDC2 1 1 0 1 1 0 1 1 1 1 0 8 
TBL1XR1 1 1 0 1 1 0 1 1 1 1 0 8 
CALM2 1 1 0 1 1 0 1 1 1 1 0 8 
CDCA5 1 1 0 1 1 0 1 1 1 1 0 8 
NPAT 1 1 0 1 1 0 1 0 0 1 1 7 
CENPE 1 1 0 1 1 0 0 1 1 1 0 7 
CDC25B 0 1 0 1 0 1 1 1 1 1 0 7 
MAD2L1 1 1 0 1 1 0 1 1 1 0 0 7 
DPYSL2 1 1 0 1 1 0 0 1 1 1 0 7 
TUBB 1 1 0 1 1 0 1 1 1 0 0 7 
TUBA1 1 1 0 1 1 0 1 1 1 0 0 7 
NEK2 1 1 0 1 1 0 0 1 1 1 0 7 
NPAS2 1 1 0 1 1 0 1 1 1 0 0 7 
SKIP 1 0 0 0 1 0 1 1 1 1 0 6 
PARP4 1 1 0 1 1 0 0 1 0 1 0 6 
ARHGDIB 1 0 0 1 1 0 1 1 0 1 0 6 
TM4SF1 1 1 0 1 1 0 1 1 0 0 0 6 
TOP2A 1 1 0 1 1 0 1 1 0 0 0 6 
CDC6 1 1 0 1 1 0 1 0 1 0 0 6 
TFPI 1 1 0 1 1 0 1 0 1 0 0 6 
NEDD4 1 1 0 1 0 0 0 1 0 1 0 5 
MCM4 1 0 0 1 1 1 0 0 1 0 0 5 
SKP2 0 0 0 1 1 0 1 1 1 0 0 5 
NMI 0 1 0 0 1 0 1 1 1 0 0 5 
DHCR24 0 1 0 1 0 0 1 1 0 1 0 5 
MAPK7 0 1 0 1 0 0 1 1 0 1 0 5 
YWHAH 0 0 0 1 1 0 1 1 0 1 0 5 
TSN 0 1 0 1 1 0 1 1 0 0 0 5 
DTYMK 1 1 0 1 1 0 1 0 0 0 0 5 
GTPBP1 1 0 0 0 0 0 1 1 1 1 0 5 

 
 
 
 
Table 4.  A representative list demonstrates genes commonly down-regulated in breast 
cell lines after infection with wild-type p53 adenovirus.  The list depicts the gene name 
and the cell lines studied.  A 1 in the cell line column indicates a greater than two-fold 
decrease in expression relative to cells infected with GFP control adenovirus.  A 0 depicts 
no change in expression.  The sum indicates the total number of cell lines, in which the 
gene is decreased in expression out of a possible 11. 
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accumulation and likely represent many primary effects.  Together, these data 

demonstrate that wild-type p53 caused common changes in approximately 6% of the 

genes on the microarray, consistent with the clustering of the MDS analysis.  The data 

also demonstrate equivalent amounts of transrepression, 5% of genes on the array, and 

transactivation, 7% of genes on the array, in response to wild-type p53 infection. 

   Since MASPIN and DSC3 are commonly down-regulated in the cancer cell lines 

and commonly up-regulated by wild-type p53 infection, we hypothesized that a subset of 

p53 target genes may be epigenetically silenced in breast cancer.  Indeed, previous results 

demonstrated that the promoter regions of the MASPIN and DSC3 genes were heavily 

DNA methylated, the histones H3 and H4 were deacetylated, and the surrounding 

chromatin structure was condensed.  These attributes of epigenetic modification were 

associated with silenced gene expression.  These results also demonstrated that infection 

with wild-type p53 adenovirus could induce MASPIN and DSC3 expression, associated 

with wild-type p53 binding in the promoters and increased histone acetylation.  A 

compilation of data demonstrated that infection with wild-type p53 of the breast cancer 

cell lines could induce MASPIN and DSC3 gene expression that was often silenced 

through aberrant DNA methylation, and that DNA methylation and silencing of MASPIN 

and DSC3 gene expression often occurred in breast cancer cell lines that harbored mutant 

p53 (Table 5).  Thus, these data suggested that epigenetic silencing of the p53 target 

genes MASPIN and DSC3 is associated with mutation of p53 in the 10 breast cancer cell 

lines studied. 
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Cell Lines 
MASPIN 

Induction 
MASPIN 

Methylation
DSC3 

Induction
DSC3 

Methylation
p53 

Status 
p53 

Protein
MCF10 3.1 - 2.2 - Wt Wt 
UACC 1179 7.5 + 13.2 + Mt R213X 
MCDA-MD-231 12.1 + 0.5 + Mt R280K 
UACC 2087 6.5 - 9.8 n.d. Mt V216M 
UACC 893 14.5 + 0.2 n.d. Wt None 
BT549 7.2 + 17.3 n.d. Mt R249S 
MDA-MB-435 1.2 + NA n.d. Mt G266E 
HS578T 2.4 + 3.9 n.d. Mt V157F 
MDA-MD-157 55.7 + 58 n.d. Mt None 
MDA-MB-468 38.9 - 4.4 n.d. Mt R273H 
MDA-MB-453 70.3 + 28 n.d. Mt None 

 
 

 
 
 
 
 
Table 5.  Table showing the cell lines studied and the fold induction of MASPIN and 
DSC3 expression by wild-type p53 relative to GFP only infected cells, as determined by 
human 5k microarray analysis.  The table also depicts the methylation status of the 
MASPIN and DSC3 promoters, and p53 status in these cell lines.  The last column 
represents the exact mutation of the protein, and if it is detectable in the cell lines.  n.d.= 
not determined 
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Human 13k Promoter Array Analysis  

 To identify other potential targets of epigenetic silencing in breast cancer, MeCIP 

and ChIP analyses were coupled to promoter microarray hybridization.  The promoter 

microarray contains 13,000 elements, in which the probes represent on average 700 bp 

upstream and 200 bp downstream of transcription start.  First, methylated promoter DNA 

fragments were immunoprecipitated with an antibody that recognizes cytosine 

methylation.  The immunoprecipitations were conducted in HMEC, 231, and BT549 cell 

lines.  The isolated DNA fractions from each cell line were hybridized to the promoter 

array and analyzed for genes that were differentially methylated in the breast cancer cell 

lines compared to normal cells.  Second, histone acetylation status was determined by 

ChIP for each of these cell lines.  DNA recovered from ChIP utilizing antibodies that 

recognize histone H3 and H4 acetylation from each cell line was also hybridized to the 

promoter array.  Gene-lists were generated from statistical analysis to identify promoters 

associated with differential histone acetylation between the breast cancer and normal 

cells.  Finally, the promoters of genes were identified that contained higher DNA 

methylation and lower histone acetylation in each of the breast cancer cell lines by 

combining the data from all hybridizations (Table 6).  These genes represent the targets 

of epigenetic silencing in the 231 and BT549 breast cancer cell lines.  The presence of 

MASPIN and DSC3 on both lists confirmed previous analysis.  A large number of wild-

type p53 targets were observed on the lists in addition to MASPIN and DSC3.  This 

observation made us question whether mutation of p53 and aberrant epigenetic silencing 

are two independent occurrences or if mutation of p53 causes epigenetic silencing. 
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231        
ADAM23 CENPH DGCR2 FLJ20850 HS3ST2 MRPS21 SGK TM4SF10 
AF15Q14 CGI-14 DGKZ FLJ21511 HS3ST3A1 MTAP SH3BP1 TNFRSF6B
ALDOC CGI-143 DHRS10 FSCN1 KCTD13 NAGA SLC16A1 TP53AP1 
APM2 CHP DKFZP434A1319 GHR KIAA0377 NDUFB2 SLC20A1 TRAF4 
ARF4L CIDEB DNALI1 GSTT1 KIAA1775 NFIX SLC26A6 TRPM4 
ARF5 CKMT1 DSC3 H2AFY2 LAD1 NID2 SLC27A6 TSPAN-1 

ARHT2 CNK1 EDNRA HARC LAMA3 NUDT11 SLC6A11 TTC11 
ATP6V0C COL16A1 EKI1 HBA2 Link-GEFII PCDHA5 SNAPC3 TUBGCP2

ATP7B COL4A5 EOMES HIRIP3 LOC51198 PCDHGC3 SNCA UBE2M 
BSCL2 COL4A6 EWSR1 HIST1H1D LOC83468 PHLDA3 SNCG UMPS 
C2orf9 CORO1A FBXO2 HNT LRAT PIGL SPARC VAV3 

C6orf210 CROT FBXO22 HOXA1 MASPIN PPP1R3C SPOCK WDR5 
CA9 CS FBXO6 HOXA10 MGC12992 PRSS8 STUB1 ZNF300 
CBS CSPG2 FEZ1 HOXA3 MGC5178 PTPN6 TBX3 ZT86 

CCND2 CTSL2 FLI1 HOXA9 MN1 RBPMS TETRAN  
CCNF CYYR1 FLJ10647 HOXB2 MO25 SDC3 TFAP2A  
CD109 DBC1 FLJ20297 HOXC6 MPST SETMAR THSD1  

        
BT549        

76P CD9 EFEMP1 HBA2 KIAA0377 NSPC1 RNF25 SNX10 
ADRB2 CGI-105 EGLN3 HLA-E KIAA0563 PCDHA5 RNF39 SOX15 
ALDOC CGI-14 EKI1 HLA-F KIAA0582 PCYT1B RPLP1 STUB1 
AP1S2 CGI-147 ELMO3 HNT KLHL3 PDAP1 SBBI54 SYK 
AP2B1 CIDEB EPB41L4A HOXA1 KRT8 PERP SDPR TAF10 
APM2 CKMT1 EPM2AIP1 HOXA3 LAD1 PGM1 SEMA5A TGFBI 
AQP3 CNK1 ESR1 HOXA4 LAMA3 PLEKHA1 SFN TMG4 
ARF4L CNTN1 FABP5 HOXA9 LAMC2 PMAIP1 SGK TNFSF13 
ARHJ COL4A6 FANCF HRAS LITAF PPP1R14C SH2D3A TRAF4 

ARHT2 CSE-C FBXO2 HS3ST2 LOC51326 PRSS8 SH3BP1 TRPM4 
ASC CSNK1E FBXO6 HS3ST3A1 LRAT PTGS2 SH3MD1 TUBGCP2

ATP6V0C CTMP FLJ21125 HYPK LYN PTPN6 SLC20A1 VSNL1 
B3GNT3 CXCL14 FLJ21159 IL17RB MAP2K5 RABL4 SLC27A6 ZCCHC4 

BA108L7.2 DBC1 FLJ21820 ILK MASPIN RASAL2 SLC7A8 ZNF215 
C2orf9 DGKZ FLJ21918 IRS1 MGC12992 RIL SMCX  
CCND2 DKK1 FLJ22649 ITGA2 MGST1 RNASE7 SNCA  

CCNDBP1 DNALI1 FOXQ1 ITGB4 NALP1 RNF123 SNCG  
CCT6B DSC3 GNAL JFC1 NPAS2 RNF137 SND1  

 
 
 
 
Table 6.  The list demonstrates genes whose promoters are associated with methylated 
DNA and hypo-acetylated histones in MDA-MB-231 cells at the top, and BT549 cells at 
the bottom relative to normal human mammary epithelial cells.  Genes activated by wild-
type p53 demonstrated by the other microarray analyses are in red. 
 



 103

Models of p53 Mutation Directed Epigenetic Silencing 

 Accumulated data demonstrated that epigenetic silencing of a multitude of wild-

type p53 target genes is common in a variety of breast cancer cell lines.  Therefore, it was 

hypothesized that p53 mutation during breast tumorigenesis may participate in the 

epigenetic silencing of these wild-type p53 target genes.  In order to test this hypothesis, 

models of p53 mutation and tumorigenesis were created using immortalized normal 

human mammary epithelial cells that express functional wild-type p53.  Mutation of 

wild-type p53 results in three possible consequences.  First, mutations of p53 can cause 

loss of function such that the mutant p53 protein can no longer bind to its response 

elements in the DNA of target gene promoters.  Second, missense mutations of the DNA 

binding domain of the protein can cause dominant negative activity such that the 

presence of mutant p53 protein inhibits its wild-type counterpart from DNA binding.  

Third, some missense mutants of p53 can cause gain of function activities, in which the 

mutant p53 protein confers new properties to the cells that express it.  There are two 

possible mechanisms that may link p53 mutation and epigenetic silencing.  First, loss of 

DNA binding due to p53 mutation may render the promoters of target genes susceptible 

to the spread of nearby epigenetic modifications that silence gene transcription.  Second, 

mutant p53 protein may retain DNA binding ability, and recruit the co-repressors SIN3A 

and HDAC1 to the promoters of its target genes causing epigenetic silencing.  These 

mechanisms were modeled in immortalized HMEC using HPV 16 E6 protein, and the 

stable expression of a panel of four common missense mutant p53 proteins causing a loss 

of p53 protein and a wild-type/mutant p53 heterozygous state, respectively (Fig. 11). 
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Figure 11.  Depiction of the models used that demonstrate how p53 mutation may be 
linked to the aberrant epigenetic silencing of its target genes.  In model 1 E6 protein, an 
E3 ubiquitin ligase, is used to mark p53 protein for degradation by adding ubiquitin (Ub) 
groups resulting in lack of promoter occupancy that potentially allows epigenetic changes 
to spread into the promoters of wild-type p53 target genes resulting in gene silencing.  In 
model 2 mutant p53 protein incorrectly recruits co-repressors to the promoters of wild-
type p53 target genes, which results in gene silencing.  Green cylinders represent 
nucleosomes with highly acetylated histones H3 and H4.  Red cylinders represent 
nucleosomes with decreased acetylation of histones H3 and H4.  Acetylated histones are 
associated with open chromatin structure represented by the distance between green 
cylinders.  De-acetylated histones are associated with condensed chromatin structure 
represented by the proximity of the red cylinders. 
 



 105

E6 Models of p53 Mutation 

E6 protein structure and function 

 The human papilloma virus E6 protein is an E3 ubiquitin ligase that targets 

interacting proteins for ubiquitination and subsequent degradation on the 26S 

proteasome.  Therefore, the E6 viral protein functions similarly to the cellular protein 

MDM2.  In HPV 16 infected cells, the E6 protein product interacts with a cellular 

accessory protein (E6-AP) (Fig. 12A).  This complex binds wild-type p53 protein 

through interaction with the proline-rich SH3 domain and causes accumulation of 

ubiquitin groups on the carboxy-terminus.  The accumulation of ubiquitin groups on the 

p53 protein targets it for degradation on the 26S proteasome.  The structure of E6 

proteins includes two loops that are necessary for binding to p53 protein (Fig. 12B).  

Human papilloma viruses 16, 33, 18, and 39 are high-risk viruses associated with cancer 

development and p53 degradation [282-284].  Human papilloma viruses 6, 11, 5, and 1 

are low-risk viruses that are not associated with tumorigenesis or p53 degradation [285].  

Amino acid alignments of the E6 proteins demonstrated  three amino acids that differ 

between the E6 proteins within p53 binding domain 1 (Fig. 12C).  Constructs were 

previously generated for mammalian expression of the HPV 16 E6 wild-type protein, and 

an E6 control construct created by replacing the arginine-proline-arginine wild-type 

sequence with the low-risk associated serine-alanine-threonine amino acid sequence.  

Therefore, p53 specific changes in response to E6 protein expression can be identified by 

comparison with the E6 control protein that does not affect the p53 protein.  
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Figure 12.  Representation of E6 protein function, structure, and amino acid sequence 
demonstrates how the protein interacts and targets wild-type p53 for degradation.  (A) 
Model of E6 interaction with p53 shows p53 degradation through the 26S proteosome 
targeted by p53 ubiquitination.  (B) Diagram of the E6 protein showing the domains 
involved in p53 protein binding.  The red rectangle shows the location of the amino acids 
set apart below in the E6 protein.  (C) Amino acid sequence alignment of the known E6 
proteins isolated from various human papilloma virus (HPV) strains.  E6 protein from 
HPV-16, 33, 18, and 39 are known to degrade p53 while the others demonstrate little to 
no p53 degradation.  The red rectangles represent the amino acid sequence that 
differentiates the ability of E6 from these strains to degrade p53.   
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E6 expressing cell lines 

 Immortalized normal MCF10A breast cells expressing functional wild-type p53 

were used to create stable p53 knock-out and control cell lines.  MCF10A cells were 

transfected with plasmid constructs of wild-type and control E6 cDNA, and selected with 

G418.  Stable integration of the E6 cDNA constructs was verified by PCR analysis of 

genomic DNA isolated from the drug selected cells.  Clonal cell populations were created 

by limited dilution cloning.  Three clonal cell lines expressing the wild-type E6 protein 

(2F11, 3A8, and 1D10), and two clonal cell lines expressing the E6 control protein were 

obtained (1F4 and 3C10).  Western blot analysis confirmed that the wild-type E6 protein 

eliminated the endogenous wild-type p53 protein in MCF10A cells, while the E6 control 

had no effect on endogenous p53 levels (Fig 13)  Treatment with doxorubicin caused the 

accumulation of wild-type p53 protein in the parental MCF10A cells and the E6 control 

cell lines.  The wild-type E6 protein effectively inhibited the accumulation of wild-type 

p53 in response to doxorubicin.  Therefore, expression of the HPV 16 E6 protein in 

MCF10A cells effectively produced wild-type p53 knock-out in untreated and 

doxorubicin treated cells. 

 Gene expression microarray analysis confirmed the ability of wild-type E6 protein 

to inhibit activation of p53 in response to doxorubicin.  Total RNA from doxorubicin 

treated wild-type and control E6 expressing cell lines were hybridized against total RNA 

from untreated parental MCF10A cells as a common reference on the human 5k and 20k 

expression microarrays.  A multitude of wild-type p53 target genes changed in expression 

in response to doxorubicin treatment in the E6 control cell lines (Table 7).  These gene 
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Figure 13.  Western blot analysis confirms the ability of E6 protein to degrade p53, while 
the control E6 form cannot.  Untreated parental control cells MCF10A were compared to 
clonal populations of MCF10A cells derived from expressing wild-type E6 protein (2F11, 
3A8, 1D10) and p53 binding domain mutated E6 protein (1F4, 3C10).  Doxorubicin 
(Dox) was used to induce the accumulation of wild-type p53 in the various cell lines.  
The expression of wild-type E6 protein eliminated wild-type p53 protein in the untreated 
and doxorubicin treated cells.  Actin was included as a loading control. 
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Up       Down     
5k   20k    5k   20k  
Gene   Gene    Gene   Gene  
ADARB1 MAST4  ABCC5 POLR2L   AURKA MYBL2  ARPC5 MCM6 

CA2 MYO6  ARHGAP1 PROCR   BIRC3 NCAPD3  ATP1B3 NEDD4 

CCAR1 PDCD4  ATP1A2 PSMB10   CARHSP1 NCAPG2  CALM2 NEK2 

CCDC43 PLK3  BTG2 RAC2   CDC2 NEFL  CCNB2 NEK7 

CES2 PRKCD  CDKN1A RHOD   CDCA5 NMI  CCNI NFIB 

CRHR1 RBM38  EPS8L2 RPL18   CHEK1 NPAS2  CDC2 SERPINE1

DDB2 RHOD  GSTP1 S100A2   CSNK1G1 POLD3  CDC20 SKP1A 

DUSP5 RHOH  ICAM5 S100A4   DHCR24 RCN2  CENPA SMARCC2

DYRK3 RNF39  INPP1 S100A6   DPYSL2 SKIP  CENPF STMN1 

EGFLAM SLC9A1  KPNA4 SLC12A4   DTYMK STK4  CENPH THBS1 

FAT ST6GALNAC2  LAMC2 SLC2A1   ECM1 TIAL1  CKS2 TOP2A 

GM2A TLOC1  LRPAP1 SLC39A4   GGH TOP2A  DHCR24 TRIP13 

GYS1 TMEM40  MIF SRF   GTPBP1 TSN  HMGN4 TUBA1B 

IGF1R TOB1  NDUFA7 TMEM144   IFIT1 UBE2C  HMMR TUBA1C 

INPP1 TP53I3  PDLIM4 TP53I11   IFIT5 VAMP2  HNRPA2B1 TUBB 

ISCU TTYH3  PERP TP53INP1   IL10RB VIM  IGFBP3 TUBB2A 

KIAA0182 UFM1  PGS1 TRAPPC2L   MAPK7 YWHAH  MCM2 UBE2C 

LCAT ZNF3  PLOD3 ZNF337   MCM3   MCM4 YWHAH 

LRPAP1   POLR2H    MST1   MCM5  
 
 

 
 
 
 
 
 
 
Table 7.  The list of genes demonstrates greater than two-fold changes in gene expression 
in response to doxorubicin treatment of E6 control cell lines subtracted by E6 wild-type 
cell lines.  The first two columns represent genes up-regulated by doxorubicin in cells 
with control E6 protein but not in cells with wild-type E6 protein on the 5k human 
microarray.  The next two columns represent genes up-regulated in the same manner on 
the 20k human microarray.  The next two columns represent genes down-regulated by 
doxorubicin in cells with control E6 protein but not in cells with wild-type E6 protein on 
the 5k human microarray.  The last two columns represent genes down-regulated in the 
same manner on the 20k human microarray.  Red text depicts genes that  respond the 
same way to wild-type p53 activation in other microarray studies.   
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changes mimicked the changes observed with doxorubicin treatment or wild-type p53 

adenoviral infection of the parental MCF10A cells.  However, the cell lines expressing 

wild-type E6 protein did not demonstrate changes in the expression of these genes.  

Therefore, the wild-type E6 protein effectively eliminated activation of wild-type p53, 

and the E6 control protein had no effect on wild-type p53 induced gene expression 

changes in response to doxorubicin.  However, expression analysis of the untreated cell 

lines demonstrated that wild-type p53 has very little effect on basal gene expression 

(Table 8).  The expression levels of very few genes were changed in a p53 dependent 

manner comparing gene expression changes between the untreated E6 wild-type and E6 

control cell lines.  Only a combined 7 and 11 genes were up-regulated and down-

regulated, respectively, in a p53 dependent manner on both the human 5k and 20k 

expression microarrays.  Neither MASPIN nor DSC3 were reduced in expression in 

response to eliminating wild-type p53.  Therefore, these data suggested that wild-type 

p53 is not largely required for the basal transcription of its target genes.   

Real time RT-PCR was conducted on MCF10A parental and the E6 wild-type and 

control cell lines to determine the effect of wild-type p53 knock-out on the classical 

target gene p21 and the epigenetically silenced gene MASPIN.  The real time RT-PCR 

demonstrated that p21 was effectively induced by doxorubicin treatment in the parental 

and E6 control expressing MCF10A cell lines (Fig. 14).  Expression of wild-type E6 

effectively inhibited the induction of p21 expression in response to doxorubicin 

treatment.  Expression levels of the MASPIN gene are induced by doxorubicin treatment  
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        Up E6 
Gene 2F11 3A8 1D10 1F4 3C10 Total E6 
XPC 1 1 1 0 0 3 
ARG1 1 1 1 0 0 3 
EPB41L4B 1 1 1 0 0 3 
CD276 1 1 1 0 0 3 
C1orf86 1 1 1 0 0 3 
KRT17 1 1 1 0 0 3 
CAV2 1 1 1 0 0 3 

 
        Down E6 

Gene 2F11 3A8 1D10 1F4 3C10 Total E6 
BAD 1 1 1 0 0 3 
IGFBP2 1 1 1 0 0 3 
SACS 1 1 1 0 0 3 
RPL10A 1 1 1 0 0 3 
CDH13 1 1 1 0 0 3 
STC2 1 1 1 0 0 3 
RWDD4A 1 1 1 0 0 3 
TP53INP1 1 1 1 0 0 3 
NT5E 1 1 1 0 0 3 
POLR2L 1 1 1 0 0 3 
RPL26 1 1 1 0 0 3 

 
 
 
 
 
 
Table 8.  The list demonstrates all of the genes whose gene expression levels changed in 
response to wild-type E6 protein addition on the human 5k and 20k microarrays.  The top 
panel shows genes that are up-regulated in wild-type E6 expressing cell lines (2F11, 3A8, 
1D10) compared to cell lines expressing a p53 binding defective E6 mutant (1F4, 3C10).  
The bottom panel shows genes that are down-regulated in wild-type E6 expressing cell 
lines (2F11, 3A8, 1D10) compared to cell lines expressing a p53 binding defective E6 
mutant (1F4, 3C10).  The list depicts the gene name and the cell lines studied.  A 1 in the 
cell line column indicates a greater than two-fold change in expression relative to 
MCF10A parental cells.  A 0 depicts no change in expression.  The total E6 column 
shows how many of the wild-type E6 cell lines demonstrated a change. 
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Figure 14.  Real time RT-PCR demonstrates that wild-type E6 protein inhibits p21 gene 
expression, but induces MASPIN expression in MCF10A cells.  The E6 wild-type cell 
lines, colored in yellow, and the E6 control cell lines, colored in grey, were compared to 
the parental MCF10A cells, colored in blue, with and without doxorubicin (DOX) 
treatment.  The bar graphs represent the average expression and the standard error of the 
mean for three independent experiments.  The data for each cell line were normalized to 
GAPDH expression and are plotted relative to the untreated MCF10A cells.  
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in the parental MCF10A cells.  Additionally, in all of the untreated E6 expressing cell 

lines MASPIN expression was increased.  This indicated that a p53 independent property 

of the E6 protein induces MASPIN gene expression, since the p53 binding defective E6 

protein also caused an increase in expression.  Unfortunately, the E6 model was not 

useful for studying MASPIN gene expression, which has been a model of epigenetic 

silencing thus far.  In addition, E6 wild-type protein had no effect on the expression of 

DSC3 in untreated cells.  Therefore, the E6 model cell lines did not cause reduced gene 

expression of MASPIN or DSC3, which were the models of epigenetic silencing in breast 

cancer cell lines. 

These data confirm that wild-type HPV 16 E6 protein is capable of producing an 

effective p53 knock-out in the MCF10A cells.  In response to doxorubicin treatment, 

wild-type p53 activation was inhibited by E6 protein as demonstrated by microarray 

analysis and real time RT-PCR.  Interestingly, p53 knock-out had little effect on the basal 

transcription of genes.  This suggested that wild-type p53 may not bind promoter 

sequences and may not be necessary to protect the promoters of its target genes from 

epigenetic silencing.  Genome-wide promoter methylation microarray analysis confirmed 

that the wild-type E6 protein expressing 2F11 cell line demonstrated no significant 

differences compared to the parental MCF10A cells.  Therefore, epigenetic silencing of 

p53 target genes does not occur in response to mutations that inhibit p53 binding, likely 

because wild-type p53 does not occupy and protect the promoters of its target genes.   
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Model of p53 Missense Mutations 

Generation of the viral constructs and cell lines 

 Since missense mutation of the p53 gene is the most common defect related to a 

single gene in breast cancer and previous data suggested p53 mutation and epigenetic 

silencing may be linked, a model was created using normal breast cell lines that express 

missense mutant p53 proteins.  Four human mutant p53 cDNAs R175H, R273H, R280K, 

and R249S that represent some of the most common point mutations of p53 in breast 

tissue were isolated.  The cDNAs were cloned into an expression construct, sequence 

validated, and added to producer cell lines to form recombinant lentivirus (Fig. 15).  Two 

different constructs of each mutant p53 were created in which p53 expression was driven 

by a low level steady state promoter of the human ubiquitin C (UBC) gene or high level 

expression driven by a cytomegalovirus (CMV) promoter.  Western blot analysis 

confirmed the two different levels of p53 expression driven by these promoters (Fig. 15).  

The expression construct included a V5 epitope tag that is added to the carboxy-terminus 

of the protein for identification of the exogenous protein in cell extracts (Fig. 15).  

Immortalized normal MCF10A cells were infected with the four mutant p53 constructs 

and a LacZ vector control driven by the UBC promoter. Normal immortalized HME1 cell 

lines were infected with a vector only construct or the four mutant p53 constructs driven 

by the CMV promoter.  Stable MCF10A and HME1 cell lines were created by lentiviral 

infection and blasticidin selection.  
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Figure 15.  Representation of mutant p53 lentiviral construction shows the location of the 
mutations in the p53 protein and relative levels of protein expression.  The top panel 
shows the experimental procedure used to create the mutant p53 proteins driven by either 
ubiquitin C (UBC) or cytomegalovirus (CMV) promoters.  The western blot shows the 
relative amounts of mutant p53 expressed from the UBC promoter compared to the levels 
achieved from the CMV promoter before and after doxorubicin (Dox) treatment.  The 
bottom panel depicts the structure of the wild-type p53 protein and the location of the 
four mutations in the DNA-binding domain used in this study.  The N-terminus consists 
of a transactivation (TA) and proline rich SH3 binding domain.  The C-terminus consists 
of a tetramerization (TETRA) domain and a negative regulatory (NEG) domain.  The 
lentiviral construct allows for the addition of a V5 tag to the C-terminus.   

Figure 15.  Representation of mutant p53 lentiviral construction shows the location of the 
mutations in the p53 protein and relative levels of protein expression.  The top panel 
shows the experimental procedure used to create the mutant p53 proteins driven by either 
ubiquitin C (UBC) or cytomegalovirus (CMV) promoters.  The western blot shows the 
relative amounts of mutant p53 expressed from the UBC promoter compared to the levels 
achieved from the CMV promoter before and after doxorubicin (Dox) treatment.  The 
bottom panel depicts the structure of the wild-type p53 protein and the location of the 
four mutations in the DNA-binding domain used in this study.  The N-terminus consists 
of a transactivation (TA) and proline rich SH3 binding domain.  The C-terminus consists 
of a tetramerization (TETRA) domain and a negative regulatory (NEG) domain.  The 
lentiviral construct allows for the addition of a V5 tag to the C-terminus.   
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Low level mutant p53 expression 

 Western blot analysis confirmed low level expression of the LacZ control and the 

mutant p53 constructs in the untreated MCF10A cells (Fig. 16).  Interestingly, the 

exogenous mutant p53 proteins were not expressed to the same level as the endogenous 

wild-type p53 and were undetectable at this exposure time.  In response to doxorubicin 

treatment, the endogenous wild-type p53 accumulated in the parental, LacZ control, and 

mutant p53 expressing cell lines.  A concomitant increase in the exogenous mutant p53 

proteins also occurred in response to doxorubicin, likely due to interaction with the 

stabilized wild-type p53 protein.  The exogenous mutant p53 protein ran higher on the gel 

demonstrating its increased size caused by the addition of the V5 epitope tag.  Human 

20k gene expression microarray analysis demonstrated that very few gene expression 

changes occurred in the mutant p53 expressing cells in an untreated state (Table 9).  In 

addition, the mutant p53 infected cell lines responded to doxorubicin treatment in a 

similar manner as cell lines responding to wild-type p53 (Table 9).  The gene expression 

changes induced by doxorubicin in the mutant p53 expressing cell lines is shown with the 

number of the breast cancer cell lines that responded in the same manner in response to 

wild-type p53 adenoviral infection.  Therefore, wild-type p53 activation occurred in 

response to doxorubicin treatment in the low level mutant p53 expressing cell lines.  

These data suggest that low level expression of mutant p53 protein in normal cells that 

express wild-type p53 protein have little effect on gene expression in untreated and 

doxorubicin treated cells.  Real time RT-PCR of known p53 targets demonstrated no 

change in expression in response to low levels of mutant p53 protein compared to the 
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Figure 16.  Western blot analysis demonstrates the expression of endogenous mutant p53 
driven by the low-level steady-state human ubiquitin C promoter in MCF10A cells.  
Protein levels for p53 were assayed in MCF10A parental, LacZ control, and four mutant 
p53 (R175H, R273H, R280K, R249S) expressing cell lines before and after doxorubicin 
(Dox) treatment.  The LacZ protein is larger than p53 and tagged with a V5 epitope.  The 
exogenous mutant p53 proteins are also tagged with the V5 epitope and migrate above 
the endogenous wild-type p53 present in MCF10 cells.  Actin was included as a loading 
control. 
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20k         
Up UBC  Down UBC  Up Dox   Down Dox 
ANGPTL4  AFAP  ADRBK1 IL1B  ANP32B MT2A 

BAT2D1  BLOC1S1  AMPH IL32  ATP2B1 PCNA 

CALU  C20orf19  BMP2K INPP1  AURKA POLD2 

CDC6  CDC25B  CALR ISCU  BCL2 PTGDS 

DRG1  CDC27  CD46 KCNK1  BGN PVALB 

DTL  CHN1  CD8A KPNA1  CBX1 SERPINB2

FOXO1A  COQ3  CLPP LRPAP1  CTGF SFRS2 

GLIPR1  FHL1  CRABP2 MLF2  DLG7 SKIP 

SCFD2  HMGN3  CSDA MRPL4  DPYD STC2 

SERPINE1  LTBP2  CST3 NDRG1  DPYSL2 TBL1XR1

SMTN  MST1  CTSB PHYH  FER1L3 TCEA2 

TSNAX  MTX1  CYFIP2 PLAUR  FOXM1 TCEB3 

YWHAH  MUC1  DDB2 PTP4A1  FPR1 TFAM 

ZNF148  NDRG1  DERA RHOD  GTPBP1 TFPI 

  NEK4  DGKA RHOH  HNRPD TGFBR2 
  NR1D1  DUSP5 RRS1  ITGA10 THOC1 
  PLG  ECM1 S100A11  KIAA0146 TLK1 
  ROS1  FAS S100A2  MCM3 TM4SF1 
  SEPP1  FXYD3 SAT1  MME TRAP1 
  SPINT2  GM2A STAT1  MT1A UBE2C 
  SPTB  GPX1 TAP1  MT1E UBE2S 
  TFDP2  GSTP1 TAX1BP3  MT1G  
  USP9X  HIST1H2AC TP53I3  MT1H  
    HIST2H2BE TTYH3  MT1M  
    IGFBP2 ZDHHC5  MT1X  

 
 

 
 
Table 9.  The list demonstrates gene changes in response to UBC mutant p53 expression 
in MCF10A cells.  The left column shows all of the genes up-regulated by at least two-
fold in UBC mutant p53 expressing cells compared to parental MCF10A as determined 
by 20k human microarray.  The next column demonstrates genes down-regulated by at 
least two-fold in UBC mutant p53 expressing cells compared to parental MCF10A as 
determined by 20k human microarray. The two middle columns demonstrate at least two-
fold increases in gene expression in response to doxorubicin treatment in the UBC mutant 
p53 expressing cell lines.  The last two columns demonstrate at least two-fold decreases 
in gene expression in response to doxorubicin treatment in the UBC mutant p53 
expressing cell lines.  Genes from the doxorubicin experiments that are colored in red 
responded in the same manner to wild-type p53 activation in the other microarray studies. 
 



 119

LacZ vector control (Fig. 17).  These results suggest that low levels of mutant p53 

protein have no affect on the expression of wild-type p53 target genes.  

 

Accumulated mutant p53 stabilizes the endogenous wild-type protein 

Western blot analysis demonstrated that the levels of exogenous V5-tagged 

mutant p53 protein were variable in the HME1 cell lines (Fig. 18A).  As expected, no 

proteins were detected in the HME1, DOX, GFP, and vector cell lines using the anti-V5 

antibody.  The R273H and R280K mutant protein levels were about 1.5 times higher than 

the R175H and R249S.  HME1 parental cells express low but detectable levels of wild-

type p53, and control viral infections did not alter this level (Fig. 18B).  Wild-type p53 

levels in parental HME1 cells increased with doxorubicin treatment indicating the 

endogenous wild-type p53 response is functional (Fig. 18B).  Exogenous V5 tagged 

mutant p53, represented by the top bands, accumulated in the transduced HME1 cell lines 

(Fig. 18B, C).  The lower bands representing endogenous wild-type p53 protein in the 

same cells also showed accumulation (Fig. 18B, C).  Infection with a wild-type p53  

adenovirus produced accumulation of the protein to a similar level seen in the mutant p53 

stably infected HME1 cell lines (Fig. 18C).  In the p53 heterozygous HME1 cell lines, 

mutant p53 accumulates to similar levels as the mutant protein in three breast cancer cell 

lines (Fig. 18C).  Taken together, the stable HME1 cell lines highly accumulate mutant 

p53 to a level seen in breast cancer cell lines, and in response to the mutant protein 

accumulation the endogenous wild-type p53 accumulates to a level that can be 

recapitulated by adenoviral infection of wild-type p53 alone. 
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Figure 17.  Real time RT-PCR demonstrates no change in response to mutant p53 
expression driven by the human ubiquitin C promoter in MCF10A cells.  Known wild-
type p53 target genes p21, MDM2, MASPIN, DSC3, and 14-3-3σ were compared to a 
non-target HOXA1 for changes in gene expression due to the presence of mutant p53.  
Gene expression levels were normalized to GAPDH and are graphed as amounts relative 
to the level in the LacZ expressing control MCF10A cells.  The control samples are 
colored blue, and the cell lines expressing mutant p53 are colored in red.   
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Figure 18.  Endogenous wild-type p53 accumulates in response to mutant p53 
accumulation.  Western blots were conducted with either anti-V5 or anti-p53 clone DO-1, 
and anti-actin as a loading control.  (A) One representative western blot from three 
independent experiments demonstrates the relative accumulation of the V5-tagged 
exogenous mutant p53 in each of the mutant p53 expressing HME1 cell lines.  (B) One 
representative western blot from three independent experiments shows p53 levels in 
parental (HME1), doxorubicin treated (DOX), GFP only control (GFP), vector only 
control (Vector), and mutant p53 expressing HME1 cell lines (R175H, R273H, R280K, 
R249S).  The double band for p53 in lanes 5-8 represents the exogenous V5 tagged 
mutant p53 as the larger protein and the endogenous wild-type p53 as the smaller protein, 
labels are the same as panel A.   (C) One representative western blot from three 
independent experiments of adenoviral wild-type p53 (Ad w.t. p53), mutant p53 
expressing HME1 stable cell lines (R175H, R273H, R280K, R249S), MDA-MB-468, 
MDA-MB-231, and BT549 breast cancer cell lines.  The double band for p53 in lanes 2-5 
represents the exogenous V5 tagged mutant p53 and the endogenous wild-type p53.  
Figure from Junk DJ, Vrba L, Watts GS, Oshiro MM, Martinez JD, and Futscher BW.  
Different Mutant/Wild-Type p53 Combinations Cause a Spectrum of Increased Invasive 
Potential in Nonmalignant Immortalized Human Epithelial Cells.  Neoplasia.  2008 May:  
10(5):  450-461.  
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Exogenous mutant and endogenous wild-type p53 protein interact 

Mutant p53 was immunoprecipitated from cell lysates with an antibody against 

the V5 tag to examine p53 interactions in the HME1 cells.  The protein complexes were 

separated by SDS-PAGE, and probed with p53 antibody.  Mutant p53 infected cells 

revealed an interaction between the exogenous mutant and endogenous wild-type p53 

proteins (Fig. 19A).  Quantification demonstrated equal amounts of mutant and wild-type 

p53 protein in each immunocomplex suggesting they bound in a stoichiometric manner 

(Fig. 19B).  Sub-cellular localization of mutant and wild-type p53 in the HME1 cell lines 

was examined.  Immunofluoresence demonstrated that mutant and wild-type p53 enter 

the nucleus in each cell line tested (Fig. 20).  Taken together, these data show the mutant 

p53 proteins are not defective in tetramerization or nuclear trafficking. 

 

Microarray expression analysis supports the dominant negative activity of mutant p53 

Microarray expression analyses were conducted to determine the effect of mutant 

p53 accumulation on gene expression in HME1 cells.  Since wild-type p53 was 

accumulated in the heterozygous mutant/wild-type p53 HME1 cell lines, HME1 parental 

cells were also transiently infected with wild-type p53 adenoviruses to produce a 

comparable level of p53 protein and induce a wild-type only response.  Gene expression 

changes were compared between wild-type p53 only, and mutant/wild-type p53 

expressing HME1 cells.  Two independent RNA samples from adenoviral wild-type p53 

and the four lentiviral mutant p53 infected cell lines were hybridized to Affymetrix 

Genechip® Human Genome U133 plus 2.0 arrays.  Genes were selected as up or down  

 



123 

 

R280KR273HR175H R249S
mut mut mut mutw.t. w.t. w.t. w.t.

1.1

1.0

0.9

H
M

E1

R
28

0K

R
27

3H

R
17

5H

Ve
ct

or

La
cZ

R
24

9S

2 3

W
C

L

4 6 8 10 12 147 9 11 13 151Lane:

A

B

R
el

at
iv

e 
A

m
ou

nt
s

5

R280KR273HR175H R249S
mut mut mut mutw.t. w.t. w.t. w.t.

1.1

1.0

0.9

H
M

E1

R
28

0K

R
27

3H

R
17

5H

Ve
ct

or

La
cZ

R
24

9S

2 3

W
C

L

4 6 8 10 12 147 9 11 13 151Lane:

A

B

R
el

at
iv

e 
A

m
ou

nt
s

5

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 19.  Endogenous wild-type p53 interacts with accumulated exogenous mutant 
p53.  Immunoprecipitations were conducted with a non-specific antibody, or an anti-V5 
antibody that recognizes the exogenous mutant p53 protein.  Western blots of the 
immunoprecipitates were conducted with an anti-p53 clone DO-1 antibody that 
recognizes both mutant and wild-type p53.  (A) One representative western blot from 
three independently immunoprecipitated samples.  Lane 1 is 30ug whole cell lysate 
(WCL) from HME1 as a positive control for p53.  Even lanes 2-14 are 
immunoprecipitates of the non-specific antibody control.  Odd lanes 3-15 are V5 
antibody specific immunoprecipitates.  (B) Levels of wild-type p53 relative to the 
mutants in each HME1 mutant p53 expressing cell line.  The quantification and standard 
error of the mean were calculated from western blots of three independent experiments, 
and show the amounts of wild-type p53 (w.t.) relative to the mutant p53 (mut) in each of 
the HME1 mutant p53 expressing cell lines (R175H, R273H, R280K, R249S).  Figure 
from Junk DJ, Vrba L, Watts GS, Oshiro MM, Martinez JD, and Futscher BW.  Different 
Mutant/Wild-Type p53 Combinations Cause a Spectrum of Increased Invasive Potential 
in Nonmalignant Immortalized Human Epithelial Cells.  Neoplasia.  2008 May:  10(5):  
450-461.  



124 

 

DAPI

Merge

Cy3/p53

HME1 Vector R175H R273H R280K R249S

DAPI

Merge

Cy3/p53

HME1 Vector R175H R273H R280K R249S
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 20.  Mutant p53 does not inhibit nuclear localization of wild-type p53 in HME1 
cells.  Parental (HME1), vector only control (Vector), and mutant p53 (R175H, R273H, 
R280K, R249S) stably expressing HME1 cells were assayed by immunofluorescence for 
sub-cellular localization of p53.  Cells were stained for p53 with Cy3 (top row, red).  
Nuclei were counterstained with DAPI (middle row, blue).  Images were merged to show 
nuclear localization of p53 in all cell lines (bottom row, pink).  Figure from Junk DJ, 
Vrba L, Watts GS, Oshiro MM, Martinez JD, and Futscher BW.  Different Mutant/Wild-
Type p53 Combinations Cause a Spectrum of Increased Invasive Potential in 
Nonmalignant Immortalized Human Epithelial Cells.  Neoplasia.  2008 May:  10(5):  
450-461.  
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regulated by filtering for genes that showed a two-fold change in both of the duplicate 

hybridizations relative to the GFP only control for wild-type and vector only control for 

mutant/wild-type p53 expressing cell lines.  Induction of wild-type p53 from adenoviral 

infection of HME1 cells caused an increase in the expression of 599 genes including 

known p53 targets such as p21, MDM2, WIG1, TP53I3, TP53I5, TP73, TP53INP1, 

CSPG2, PIG11, PIG12, TP53TG1, POLH, PCAF, MASPIN, and APAF1 (Table 10).  

Wild-type p53 also caused a reduction in the expression of 748 genes such as FEN1, 

PFS2, CSPG6, CDC2, MCM2, MCM6, MCM7, MSH2, and MSH6 (Table 10). 

Although there is an equivalent level of wild-type p53 in adenoviral infected and 

mutant p53 lentiviral infected HME1 cells, mutant p53 blocked changes in expression of 

the majority of wild-type p53 target genes.  Only a small fraction (3.6-6.7%) of the genes 

affected by wild-type p53 was also targeted in the mutant/wild-type p53 HME1 cell lines 

(Table 10).  Real time RT-PCR confirmed the microarray results for the induction of 

p21, MDM2, TP53I3, and WIG1 by wild-type p53, and the ability of mutant p53 to block 

their induction (Fig. 21).  The gene expression results demonstrated induction of wild-

type p53 target genes in cells in response to wild-type p53 alone, but not in cells 

expressing wild-type and mutant p53.  Thus, these data confirm that accumulated mutant 

p53 induces a dominant negative effect on wild-type p53 resulting in a lack of 

responsiveness of wild-type p53 target genes. 
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                Similarity to wild-type p53 
 

Wild-type Changes R175H  R273H  R280K  R249S 
 
Up           599  24 (4.0%) 33 (5.5%) 22 (3.7%) 19 (3.2%) 
 
Down           748  46 (6.1%) 67 (9.0%) 26 (3.5%) 29 (3.9%) 
 
 
Total         1347  70 (5.2%)  90 (6.7%) 48 (3.6%) 48 (3.6%) 
 

 
 
 
 
Table 10.  Wild-type p53 target gene changes in mutant p53 expressing cells compared 
to wild-type p53 response.  The total number of gene changes in HME1 cells in response 
to wild-type p53 is represented on the left.  Similar gene changes in the mutant p53 
expressing HME1 cells are presented under each mutation.  The percentage of the similar 
changes relative to wild-type p53 induction is presented in parentheses.  The bottom line 
shows the overall total of up and down gene changes.  Table from Junk DJ, Vrba L, 
Watts GS, Oshiro MM, Martinez JD, and Futscher BW.  Different Mutant/Wild-Type 
p53 Combinations Cause a Spectrum of Increased Invasive Potential in Nonmalignant 
Immortalized Human Epithelial Cells.  Neoplasia.  2008 May:  10(5):  450-461.  
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Figure 21.  Real time RT-PCR confirms dominant negative activity of mutant p53.  The 
bar graphs represent average fold change in expression and standard error of the mean 
relative to parental HME1 cells for the vector only control, GFP control, wild-type 
adenoviral p53 (Ad w.t. p53), and the mutant p53 expressing HME1 cell lines (R175H, 
R273H, R280K, R249S).  Gene expression levels for p21, MDM2, TP53I3, and WIG1 
were normalized to GAPDH and plotted relative to the HME1 cells. Figure from Junk DJ, 
Vrba L, Watts GS, Oshiro MM, Martinez JD, and Futscher BW.  Different Mutant/Wild-
Type p53 Combinations Cause a Spectrum of Increased Invasive Potential in 
Nonmalignant Immortalized Human Epithelial Cells.  Neoplasia.  2008 May:  10(5):  
450-461.  
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ChIP analysis confirms the dominant negative activity of mutant p53 

ChIP coupled to a human promoter microarray was used to determine genome-

wide DNA binding of p53 in the HME1 cell lines.  DNA-protein complexes were 

immunoprecipitated with p53 antibody then DNA was recovered, fluorescently labeled, 

and hybridized to the 13,000-element human promoter array.  Each mutant p53 

physically interacts with wild-type p53 and inhibits its binding to p53 target gene 

promoters.  Overall, a greater than 99% reduction of DNA binding in HME1 cell lines 

expressing mutant and wild-type p53 was shown (Fig. 22).  Therefore, mutant p53 

protein accumulation is sufficient to block specific wild-type p53-DNA interactions.  The 

promoters of 324 genes were bound by p53 following infection with wild-type p53 

adenovirus (Fig 22).  Of these, well-described p53 target genes PLK3, FAS, APAF1, and 

MASPIN were identified.  ChIP coupled to real time PCR confirmed the promoter 

microarray analysis.  In cells infected with wild-type p53 adenovirus the p53 protein was 

found binding to the promoters of the genes identified on the array in a p-value specific 

manner (Fig 23).  Genes with a lower p-value on average showed higher enrichment in 

the ChIP real time PCR analysis.  As the p-value increased fewer of the genes 

demonstrated enrichment for wild-type p53 binding.  GAPDH a non-p53 target gene was 

used as a negative control, and the known p53 target gene p21 was used as a positive 

control.  The p-value of p21 on the array is low because the array probe does not overlap 

with the p53 response element in the promoter.  These data demonstrate that induced 

wild-type p53 resulted in specific DNA binding of wild-type p53 to the promoters of its 

target genes, and confirms the specificity of p53 binding determined by the promoter 
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Figure 22.  Mutant p53 inhibits DNA binding of endogenous wild-type p53.  Chromatin 
immunoprecipitation of p53 coupled to a human gene promoter microarray was used to 
determine p53 binding throughout the genome.  Data were analyzed from three 
independent experiments plus dye swap.  The bar graph represents the number of 
elements bound by p53 in adenoviral wild-type p53 infected HME1 cells (Ad w.t. p53) 
and the mutant p53 expressing HME1 cells (R175H, R273H, R280K, R249S) compared 
to the parental HME1 cells.  Differentially bound promoters were determined as 
explained in materials and methods.  Figure from Junk DJ, Vrba L, Watts GS, Oshiro 
MM, Martinez JD, and Futscher BW.  Different Mutant/Wild-Type p53 Combinations 
Cause a Spectrum of Increased Invasive Potential in Nonmalignant Immortalized Human 
Epithelial Cells.  Neoplasia.  2008 May:  10(5):  450-461.  
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Figure 23.  Chromatin immunoprecipitation (ChIP) and real time PCR confirm wild-type 
p53 binding to the promoters identified in the p53 binding microaray study.  The upper 
panel depicts real time PCR verification of selected wild-type p53 bound elements 
detected by the microarray analysis.  The y-axis displays fold enrichment over input.  The 
horizontal line shows the level of the negative control gene GAPDH, which is not 
enriched.  The lower panel displays the significance of p53 binding to these elements 
according to the microarray data.  The y-axis displays log (p-value) of enrichment over 
input.  The horizontal line shows the p-value selected for determining which promoters 
were considered bound in the microarray study.  
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array hybridizations.  Also, these data explain and complement the expression data, 

demonstrating a dominant negative activity of mutant p53. 

 

Microarray expression analysis demonstrates gain of function for mutant p53 

Although mutant p53 diminished expression of wild-type p53 targets, each mutant 

p53 induced novel gene expression differences (Fig. 24A).  The total number and 

direction of two-fold gene expression changes induced by each mutant p53 were variable.  

However, the trends of gene expression changes among the mutant p53 expressing cell 

lines were very similar (Fig. 24B).  Each mutant p53 caused an overlapping but unique 

spectrum of gene expression changes compared to each other.  STAU2 and E2F5 are two 

examples of genes up-regulated in the mutant p53 expressing cell lines, but not in wild-

type p53 induced cells.  Real time RT-PCR confirmed increases in the expression of 

these genes in response to mutant p53 accumulation (Fig. 25).  CDH11 and TFPI2 are 

two examples of genes down-regulated by mutant p53, and real-time RT-PCR verified 

their decreased expression (Fig. 25).  These changes are possibly indirect effects of 

mutant p53 accumulation, since p53 binding was not detected on the promoter array for 

any genes in response to mutant p53.  These data demonstrate that even in the presence of 

wild-type p53, the mutant protein can induce novel gene expression changes that support 

a gain of function role for the mutant p53 proteins.   
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Figure 24.  Mutant p53 alters patterns of gene expression in HME1 cells.  Microarray 
expression analysis was conducted to determine gene expression changes in response to 
mutant p53 accumulation in HME1 cells.  (A) The bar graph represents the number of 
genes whose expression changed at least two-fold in response to mutant p53 expressing 
HME1 cell lines (R175H, R273H, R280K, R249S).  The top of each bar represents 
elements that were increased in expression.  The bottom of each bar represents elements 
that were decreased in expression.  The actual numbers of increased and decreased 
elements are embedded in the corresponding area of the graphs.  (B) The heat map 
represents the trends in gene expression in response to mutant p53.  It shows the 
expression levels in each mutant p53 cell line of every gene that was found differentially 
expressed in at least one treatment from panel A.  Red coloring indicates increases and 
green indicates decreases in expression.  Figure from Junk DJ, Vrba L, Watts GS, Oshiro 
MM, Martinez JD, and Futscher BW.  Different Mutant/Wild-Type p53 Combinations 
Cause a Spectrum of Increased Invasive Potential in Nonmalignant Immortalized Human 
Epithelial Cells.  Neoplasia.  2008 May:  10(5):  450-461.  
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Figure 25.  Real time RT-PCR confirms novel expression changes induced by mutant 
p53.  The bar graphs represent average fold change in expression and standard error of 
the mean relative to parental HME1 cells for the vector only control, GFP control, wild-
type adenoviral p53 (Ad w.t. p53), and the mutant p53 expressing HME1 (R175H, 
R273H, R280K, R249S) cell lines.  Gene expression levels for E2F5, STAU2, TFPI2, 
and CDH11 were normalized to GAPDH and plotted relative to the HME1 cells.  Figure 
from Junk DJ, Vrba L, Watts GS, Oshiro MM, Martinez JD, and Futscher BW.  Different 
Mutant/Wild-Type p53 Combinations Cause a Spectrum of Increased Invasive Potential 
in Nonmalignant Immortalized Human Epithelial Cells.  Neoplasia.  2008 May:  10(5):  
450-461.  
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Accumulated mutant p53 does not cause epigenetic silencing 

 Methylcytosine and histone immunoprecipitation coupled to promoter microarray 

hybridization was utilized to determine epigenetic changes in response to wild-type p53 

infection and mutant p53 accumulation.  Infection of HME1 cells with wild-type p53 

adenovirus produced the most changes in histone acetylation status (Fig. 26).  In both 

histones H3 and H4 wild-type p53 caused increased acetylation in 79 and 162 promoter 

regions, respectively.  Decreased acetylation in response to wild-type p53 occurred at 30 

promoter regions for both histones.  Mutant p53 had very little effect on histone 

acetylation status compared to the wild-type protein.  These data correlate well with the 

lack of DNA-binding and the dominant negative activity of the mutant p53 proteins.  

Methylation status of the promoters was unchanged in all treatments; therefore the 

average methylation profile of all treatments is shown and demonstrates the inverse 

correlation between promoter methylation and histone acetylation that is common.  These 

results demonstrate that wild-type p53 induces gene transcription through histone 

acetylation at the promoter regions of genes, while accumulated mutant p53 has no effect 

on epigenetic modifications. 

 

Accumulated mutant p53 increases migration and invasion of HME1 cells 

 Extensive analyses were conducted with the HME1 cells expressing mutant p53 

to test the acquisition of hallmark malignant phenotypes in these cells.  Flow cytometric 

analysis revealed that wild-type p53 induced G1 arrest in infected HME1 cells (Fig 27A). 
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Figure 26.  Chromatin immunoprecipitation coupled to microarray demonstrates that 
wild-type p53 induces histone acetylation changes in the promoters of bound genes.  
Histone acetylation of promoter elements that demonstrate significant changes from 
control (parental and vector only transformed cell lines) in any sample are shown.  
Elements were sorted in the y-axis by decreasing average acetylation.  Green color 
reflects high acetylation, red color low acetylation.  The average acetylation from three 
independent experiments is shown.  The two bottom lines display the number of elements 
that were significantly (p-val ≤ 0.05) different from the control lines.  These elements are 
marked by black dots within the image.  (A) Depicts histone H3 acetylation.  (B) Depicts 
histone H4 acetylation.  (C) Depicts average methylation of the same promoter elements 
as in A and B.  Green color reflects high methylation, red color low methylation.   
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Figure 27.  Mutant p53 has no effect on cell cycle distribution of HME1 cells.  (A) Cell 
cycle distributions of untreated (HME1), GFP control and wild-type p53 infected cells 
demonstrates that wild-type p53 accumulation causes a G1 arrest.  (B) The bar graph 
represents the percentage of cells in each phase (G1, S, G2) of the cell cycle in untreated 
(HME1), GFP control and wild-type p53 infected cells.  (C) The upper panel depicts the 
cell cycle distributions of parental (HME1), vector only control, and the mutant p53 
expressing cell lines (R175H, R273H, R280K, R249S) in an untreated state.  The lower 
panel depicts the cell cycle distributions of parental (HME1), vector only control, and the 
mutant p53 expressing cell lines (R175H, R273H, R280K, R249S) in response to 24 
hours growth factor deprivation.  Figure from Junk DJ, Vrba L, Watts GS, Oshiro MM, 
Martinez JD, and Futscher BW.  Different Mutant/Wild-Type p53 Combinations Cause a 
Spectrum of Increased Invasive Potential in Nonmalignant Immortalized Human 
Epithelial Cells.  Neoplasia.  2008 May:  10(5):  450-461.   
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GFP control adenoviral infection had no affect on cell cycle distribution in relation to the 

parental cells, but wild-type p53 infection caused a 20% increase in cells in G1 with a 

concomitant decrease in cells in S-phase (Fig 27B).  Although wild-type p53 

accumulated in the mutant p53 expressing HME1 cell lines they were not susceptible to 

the G1 arrest that is induced by wild-type p53 accumulation alone (Fig. 27C).  

Additionally, in response to growth factor deprivation all cell lines arrested in G1 

regardless of the expression of mutant p53 (Fig. 27C).  Cell proliferation of HME1 cells 

was not affected by accumulation of mutant p53, because each cell line tested showed 

similar growth rates (Fig. 28).  Finally, none of the HME1 cell lines grew in semi-solid 

media, as opposed to MDA-MB-231 cells, which readily formed colonies (Fig 29).  

Taken together, the mutant p53 expressed in HME1 cells did not increase cell 

proliferation, anchorage independent growth, or cell cycle distribution in an untreated or 

growth factor deprived state.  These results suggest that mutant p53 when expressed with 

wild-type p53 in HMEC does not confer many of the properties associated with 

malignant transformation.  

Although mutant p53 did not alter many phenotypes associated with malignant 

transformation, it did change the migratory and invasive potential of the HME1 cells.  

Transwell assays were conducted to determine the migratory and invasive potential of the  

parental and vector control HME1 cells compared to the stably expressing mutant p53 

HME1 cell lines (Fig. 30A).  Cells expressing three of the four mutant p53 constructs, 

R273H, R280K, and R249S demonstrated increased migration.  On uncoated transwells, 

the R273H, R280K, and R249S expressing HME1cells migrated 3, 3, and 2 fold 
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Figure 28.  Mutant p53 does not influence the proliferation rate of HME1 cells.  
Untreated parental (HME1), vector only control, and mutant p53 expressing cell lines 
(R175H, R273H, R280K, R249S) were counted in triplicate and graphed with the 
standard error of the mean.  The y-axis is the number of cells x 100,000.  The x-axis 
shows the days, on which the cells were counted.  Figure from Junk DJ, Vrba L, Watts 
GS, Oshiro MM, Martinez JD, and Futscher BW.  Different Mutant/Wild-Type p53 
Combinations Cause a Spectrum of Increased Invasive Potential in Nonmalignant 
Immortalized Human Epithelial Cells.  Neoplasia.  2008 May:  10(5):  450-461.  
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Figure 29.  Mutant p53 does not affect anchorage independent growth of HME1 cells.  
Equal amounts of parental (HME1), vector only, mutant p53 expressing (R175H, R273H, 
R280K, R249S), and MDA-MB-231 cells were grown in soft agar in triplicate for three 
weeks.  (A) Pictures of each replicate of HME1 and MDA-MB-231 cells demonstrate that 
colonies formed in the positive control MDA-MB-231 cells, but not in HME1.  (B) The 
bar graph represents the number of colonies formed in each cell line with the standard 
error of the mean.  Figure from Junk DJ, Vrba L, Watts GS, Oshiro MM, Martinez JD, 
and Futscher BW.  Different Mutant/Wild-Type p53 Combinations Cause a Spectrum of 
Increased Invasive Potential in Nonmalignant Immortalized Human Epithelial Cells.  
Neoplasia.  2008 May:  10(5):  450-461.  
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Figure 30.  Mutant p53 accumulation causes an increase in migration and invasiveness of 
HME1 cells.  Migration assays using uncoated inserts and invasion assays using matrigel 
coated inserts were performed on the parental (HME1), vector only control, adenoviral 
GFP control, adenoviral infected wild-type p53 (Ad w.t. p53), and mutant p53 (R175H, 
R273H, R280K, R249S) expressing cell lines.  (A) Representative pictures show 
migration through the pores of the uncoated inserts.  (B) The bar graph represents the 
average fold difference of migration relative to the parental HME1 cells through uncoated 
inserts.  (C) The bar graph represents the average fold difference of invasion relative to 
the parental HME1 cells through matrigel coated inserts.  The cell lines were assayed in 
quadruplicate transwells for each experiment, and the averages were graphed with the 
standard error of the mean.  The asterisks indicate R273H, R280K, and R249S showed a 
statistically significant increase from the parental cell lines p-value<0.05.  Figure from 
Junk DJ, Vrba L, Watts GS, Oshiro MM, Martinez JD, and Futscher BW.  Different 
Mutant/Wild-Type p53 Combinations Cause a Spectrum of Increased Invasive Potential 
in Nonmalignant Immortalized Human Epithelial Cells.  Neoplasia.  2008 May:  10(5):  
450-461.  
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respectively more than HME1 parental cells, p-value<0.03 (Fig. 30B).  On matrigel 

coated transwells, the R273H, R280K, and R249S expressing HME1cell lines  

demonstrated an 8, 5, and 5 fold increase respectively in invasive potential compared to 

the parental HME1 cells, which was statistically significant, p-value<0.02 (Fig. 30C).  

The parental, vector control, and R175H HME1 cell lines demonstrated minimal and 

insignificant differences in migration and invasion.  The differences in migration and 

invasive potential may be a result of the unique spectrum of gene expression differences 

caused by the different mutant p53 proteins.  Wild-type p53 caused a reduction in both 

migration and invasion compared to the parental and GFP adenovirally infected control 

cells.  This reduction likely occurs due to cell cycle arrest and cell death induced by the 

accumulation of wild-type p53 within the time frame of the assay. 

 

Summary 

 The results suggest that aberrant epigenetic modification during tumorigenesis 

can silence tumor suppressor gene expression.  The expression microarray analysis 

confirmed that a multitude of gene changes occur commonly in the breast cancer cell 

lines.  Wild-type p53 infection caused inverse gene expression changes in the breast 

cancer cell lines suggesting that p53 mutation is a driving force in breast tumorigenesis.   

Genome-wide microarray analysis of DNA methylation and histone acetylation 

demonstrated that gene silencing in breast cancer is often associated with aberrant 

epigenetic modification of the promoters of many genes.  Additionally, wild-type p53 

target genes were often epigenetically silenced.  This led to the hypothesis that p53 
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mutation may participate in epigenetic silencing.  Two models of p53 mutation were 

created in non-malignant HMEC to test the hypothesis, and determine the role of p53 

mutation in breast cancer progression. 

 The E6 model was utilized to determine the effects of wild-type p53 loss of 

function.  These cell lines demonstrated that loss of p53 function cripples normal 

responses to external stress stimuli, but did not change basal gene expression or induce 

epigenetic silencing.  The mutant p53 models were used to determine gain of function 

activities of mutant p53 protein.  Both low level expression and accumulation of the 

mutant p53 proteins were utilized to determine these effects.  The results demonstrated 

that neither situation induced epigenetic gene silencing.  However, accumulation of 

mutant p53 did cause gene expression changes and an increase in migratory and invasive 

potential of the non-malignant HMEC lines that carried it.   
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DISCUSSION 

Overview 

 The results presented in this dissertation underscore the importance of novel, 

genome-wide transcriptional changes that occur during the process of breast 

tumorigenesis.  The results demonstrated that two distinct, cooperating mechanisms exist 

that regulate gene expression.  The first mechanism involves specific DNA binding of 

transcription factors.  Transcription factor binding causes increased gene transcription in 

response to recruitment of co-activator protein complexes, or decreased gene expression 

when recruited complexes consist of co-repressors.  Specifically, the effects of the wild-

type p53 protein on the regulation of gene transcription were studied in a panel of breast 

cancer cell lines.  Mutation of p53 is the most common genetic defect linked to a single 

gene in breast cancer [211-214].  Thus, it is critically important to understand how the 

wild-type p53 transcription factor functions to suppress tumor formation, and how loss or 

mutation of the p53 protein influences tumorigenesis.  The second mechanism of 

transcriptional regulation involves epigenetic modification of gene promoter DNA, 

associated histone proteins, and surrounding chromatin structure.  Actively transcribed 

genes are associated with non-methylated promoter DNA, highly acetylated histone tails, 

and an open accessible surrounding chromatin structure.  Inactive or silenced gene loci 

are often associated with highly methylated promoter DNA, non-acetylated histone tails, 

and a condensed inaccessible surrounding chromatin structure.  Specifically, epigenetic 

modifications that silent tumor suppressor genes such as MASPIN and DSC3 were 

studied in breast cancer cell lines.  Results presented here demonstrated an overlap in 
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gene regulation between p53 mutation and aberrant epigenetic silencing.  These results 

prompted an important question.  Are these two independent events with their own 

probabilities or does the occurrence of one influence the other?  This question led to the 

hypothesis that mutation of p53 may cause downstream silencing of target gene 

expression induced by aberrant epigenetic modifications.  Two putative mechanisms 

were posited that could link p53 mutation to adverse epigenetic modification.  In the first 

scenario, mutation of p53 would inhibit specific DNA sequence binding allowing 

inhibitory epigenetic modifications to spread from surrounding regions into the active 

chromatin surrounding the promoters of wild-type p53 target genes causing epigenetic 

silencing.  In the second scenario, mutation of p53 would switch protein complex 

recruitment from co-activators to co-repressors that would actively reduce histone 

acetylation and lead to DNA methylation, chromatin condensation, and transcriptional 

silencing of wild-type p53 target genes.  Multiple models of p53 mutation were created 

using immortalized non-malignant human mammary epithelial cell lines.  The use of non-

malignant cells as a starting point served two distinct purposes.  It created a model of 

cancer progression, which could be used to determine downstream temporal changes of 

epigenetic regulation of gene expression in response to p53 mutation.  Additionally, the 

same model could be used to determine the effects of different aspects of p53 mutation 

on breast tumorigenesis.   
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Microarray Analysis of Breast Cancer Cell Lines 

 The comparison of gene expression profiles between the non-malignant MCF10A 

breast cell line and 10 malignant breast cancer cell lines revealed extensive gene 

expression differences between the two populations.  Approximately half of the genes on 

the array were up-regulated and half of the genes on the array were down-regulated in at 

least one of the breast cancer cell lines compared to the non-malignant cells.  Although 

these cell lines were developed from the same tissue, these results confirm that breast 

cancer is a highly heterogeneous disease, differing substantially among individuals.  The 

results also show that changes in transcriptional regulation are a common occurrence in 

breast tumorigenesis.  In at least 5 of the 10 breast cancer cell lines, approximately 8 and 

10% of the genes on the array were up-regulated and down-regulated, respectively.  Since 

it estimated that the human genome contains 20,000-25,000 genes, this translates to a 

minimum of 1,600 commonly up-regulated and 2,000 commonly down-regulated genes 

in malignant breast cancer cells [286].  These results demonstrate that although breast 

cancer is a heterogeneous disease, a substantial number of gene expression changes 

(3,600) occur in common among multiple cancer cell lines from different individuals.  

These common genes, likely control processes that are crucial to tumor formation and 

progression to malignancy that may provide insights to common mechanisms of 

tumorigenesis and targets for therapy. 

 Microarray expression analyses following infection of all cell lines with wild-type 

p53 adenovirus produced common gene expression changes in approximately 12% of the 

genes.  Extrapolated to the entire genome this represents 2,400 potential gene targets of 
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wild-type p53.  Roughly 7% of genes on the array were up-regulated, and 5% of genes 

were down-regulated in response to wild-type p53 infection.  Since the array detects 

changes in gene expression but not p53 binding, these gene changes could represent 

primary, secondary, or other indirect effects of p53 infection.  Since RNA was isolated 24 

hours post-infection and maximal p53 protein accumulation occurs at 18 hours it is 

reasonable to conclude that a majority of these gene expression changes are a 

consequence of direct binding by p53 and some are secondary or other indirect effects of 

wild-type p53 infection.  This suggests that the transactivation and transrepression ability 

of wild-type p53 are equivalent.  Therefore, the less studied repressed p53 targets and 

mechanisms of wild-type p53 induced repression may be as important as transactivation.  

Indeed, other studies have shown that wild-type p53 mediated gene silencing is a 

common event that is critical to its tumor suppressive function [137, 177, 180-186]. 

 Comparison of the gene changes in the untreated cancer cell lines and the gene 

changes in response to wild-type p53 infection revealed an inverse correlation.  Genes 

repressed in response to wild-type p53 infection were often up-regulated in the untreated 

cancer cell lines.  Additionally, genes commonly activated by wild-type p53 infection 

were commonly down-regulated in cancer cell lines, including the genes MASPIN and 

DSC3.  These data confirm that wild-type p53 regulates pathways that must be overcome 

during tumorigenesis supporting its role as a tumor suppressor gene.  Since MASPIN and 

DSC3 gene silencing is an epigenetic event, genome-wide analysis of the epigenetic state 

of genes were conducted in two of the breast cancer cell lines.  Combined gene lists were 

generated from hybridizations of methyl-cytosine immunoprecipitation and acetyl-
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histone chromatin immunoprecipitation of normal HMEC, 231, and BT549 cell lines.  

These analyses demonstrated that 134 and 140 promoters were methylated and associated 

with deacetylated histones compared to HMEC in the 231 and BT549 cancer cell lines, 

respectively.  Extrapolated to the entire genome, this translates to an average of 210 

genes epigenetically silenced in the genome of breast cancer cell lines. Since the 5k 

microarray expression analysis predicted 2,000 genes commonly down-regulated in the 

breast cancer cell lines, these epigenetically silenced genes represent about 10% of all of 

the down-regulated gene expression in the breast cancer cell lines.  Thus, epigenetic 

aberrations are a common method of gene silencing in breast cancer.  Interestingly, a 

number of wild-type p53 target genes in addition to MASPIN and DSC3 were identified 

as epigenetically silenced genes such as DGKZ, CSPG2, TP53AIP1, TRAF4, 14-3-3σ, 

and VSNL1 among others.  The 231 and BT549 cell lines harbor R280K and R249S 

DNA binding domain missense mutations of p53, respectively.  These accumulated data 

led to the hypothesis that p53 mutation may induce epigenetic silencing of wild-type p53 

target genes. 

 

Loss of Function p53 Mutations 

 Multiple mechanisms of wild-type p53 inactivation occur that disrupt the 

protein’s ability to bind DNA as a transcription factor, thus crippling its tumor 

suppressive role in cancer [81, 187].  In breast cancer, loss of expression of the HOXA5 

gene, an activator of p53 gene transcription often occurs that could possibly lead to a 

reduction in p53 transcript [66].  Complete genetic deletion of one wild-type p53 allele 
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occurs in 47-64% of breast tumor tissues [207-210].  Reduction of wild-type p53 protein 

amounts through deletion of one allele or reduction of gene transcription could block full 

wild-type p53 activation.  In some cases of breast cancer, wild-type p53 is sequestered in 

the cytoplasm and blocked from entering the nucleus [93, 187, 188].  Since the DNA 

resides in the nucleus, this sub-cellular sequestration would completely inhibit wild-type 

p53 DNA binding.  Missense mutation of the p53 gene occurs in 15-30% of breast 

cancers [211-214].  Since a majority of the missense mutations occur in the DNA binding 

domain of the p53 protein, single point mutations of p53 also likely inhibit DNA binding. 

 A model was created to recapitulate loss of DNA binding activity of wild-type 

p53 using HPV 16 E6 protein in non-malignant mammary epithelial cells to determine its 

role in aberrant epigenetic silencing of genes and tumorigenesis of cells.  Stable MCF10A 

cells expressing wild-type and control E6 protein were generated by genomic integration 

of mammalian expression plasmid constructs and drug selection.  The wild-type E6 

protein targets wild-type p53 for degradation, while the control E6 protein does not.  

Western blot analysis confirmed this activity and demonstrated greatly reduced levels of 

wild-type p53 in the wild-type E6 expressing cell lines compared to the parental and 

control cell lines.  The wild-type E6 protein also inhibited stabilization of p53 protein in 

response to doxorubicin treatment, and blocked activation of downstream p53 target 

genes.   

Microarray gene expression analyses confirmed the inhibition of wild-type p53 

target genes in response to doxorubicin in the wild-type E6 expressing cell lines.  

However, microarray analyses demonstrated very few gene changes in the untreated 

 



 149

wild-type E6 expressing cell lines.  Thus, the model genes MASPIN and DSC3 did not 

demonstrate the predicted reduction of transcription in response to elimination of wild-

type p53.  These results suggest that inhibition of DNA binding blocks the ability of p53 

to induce gene expression changes in response to cellular stresses, but binding is not 

required for basal levels of expression of these genes.  For example, MASPIN is 

transcribed in MCF10A cells and is translated into a considerable steady state amount of 

protein that apparently is required in normal mammary epithelial cells.  In response to 

cellular stresses wild-type p53 protein is activated, binds the promoter region of MASPIN 

and induces increased levels of transcription and protein translation.  In the E6 model, 

wild-type E6 protein inhibited the p53-dependent increase in MASPIN transcription.  

However, the reduced amounts of wild-type p53 in untreated wild-type E6 expressing 

cell lines did not cause a reduction in the normal transcription levels of MASPIN.  The 

MASPIN promoter contains response elements for transcription factor binding of p53, 

AP-1, and ETS transcription factors [287].  Normal levels of MASPIN transcription 

likely are driven by other transcriptional machinery, and increased levels of transcription 

are only induced by wild-type p53 in response to stress stimuli.   

 Microarray analysis of DNA methylation status in a wild-type E6 protein 

expressing cell line and the parental MCF10A cell line demonstrated that there were no 

differences in promoter methylation induced by p53 degradation.  This suggests that lack 

of DNA binding by wild-type p53 does not unmask the promoters of its target genes to 

spread of nearby inactivating epigenetic modifications.  Taken together, these data 

suggest that wild-type p53 does not occupy the promoters of many of its target genes in a 
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non-activated state.  Therefore, wild-type p53 does not protect the promoters of its target 

genes from epigenetic silencing in a normal situation.  However, DNA binding ability is 

critical to wild-type p53’s response to external stress stimuli.   

 

Missense p53 Mutations 

 Missense mutations of the DNA binding domain are the most common genetic 

defect related to a single gene in breast cancer.  A variety of functional consequences 

have been ascribed to the retention of the mutant p53 protein, including a gain of 

function, in which the presence of the mutant p53 protein confers malignant properties to 

the cells that retain the protein [198-200, 202, 204].  Research has shown that although 

mutant p53 no longer interacts with p300/CBP and histone acetyltransferases, it retains 

binding affinity for the co-repressors SIN3A and HDAC1 [181].  Therefore mutant p53 

may cause epigenetic silencing of target genes by inappropriately recruiting this 

repressive complex to the promoter region.  A unique model was created by stably 

infecting non-malignantly transformed, immortalized human mammary cells with mutant 

p53 to determine the role of mutant p53 protein in aberrant epigenetic silencing of target 

genes, tumorigenesis, and malignancy acquisition. 

 Lentiviral constructs were created driven by the UBC or CMV promoters, which 

produced low or high level expression of mutant p53 protein, respectively.  Infection of 

MCF10A cells with the four mutant p53 proteins driven by the UBC promoter 

demonstrated low level expression of the proteins, which was increased in response to 

doxorubicin treatment.  The low level amounts of mutant p53 protein in the untreated 
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MCF10A cell lines, which was approximately 10% of the LacZ control protein amount, 

suggest that the mutant p53 protein level was regulated in these cells.  The accumulation 

of mutant p53 in response to doxorubicin may indicate that the mutant protein stability 

was influenced by the external stress in the same way wild-type p53 protein is stabilized 

in response to stress.  Alternatively, the increase may have been the result of stability 

induced by interaction with the wild-type p53 protein.  In response to doxorubicin, 

expression microarray analysis demonstrated that the mutant p53 expressing cell lines 

were capable of inducing a normal wild-type p53 response.  Thus, low level expression of 

the exogenous mutant p53 protein did not induce dominant negative effects on the 

endogenous wild-type p53 protein.  In a situation similar to the wild-type E6 model, low-

level expression of exogenous mutant p53 did not influence many gene expression 

changes in an untreated state.  Real time RT-PCR demonstrated that low level expression 

of mutant p53 protein had no affect on expression of the target genes studied including 

MASPIN and DSC3.  These results suggest that low level expression of mutant p53 in the 

context of wild-type p53 expressing normal cells has little to no effect on gene 

expression, or its ability to inhibit wild-type p53 responses to external stimuli.  They also 

suggest that mutant protein levels in normal cells driven by a steady state promoter may 

be regulated in the same manner as wild-type p53 protein levels. 

Infection of HME1 cells, a non-malignant cell line immortalized by hTERT 

expression, with the four mutant p53 proteins driven by the CMV promoter demonstrated 

accumulation of the proteins to equivalent levels of mutant p53 accumulation in 468, 231, 

and BT549 breast cancer cell lines.  Interestingly, the elevated levels of exogenous 
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mutant p53 protein were matched by a concomitant increase in the endogenous wild-type 

p53.  Co-immunoprecipitation demonstrated that cellular p53 immunocomplexes were 

composed of equal amounts of wild-type and mutant p53, consistent with earlier studies 

[288].  Additionally, sub-cellular localization experiments demonstrated that the 

mutant/wild-type p53 complexes were capable of entering the nucleus.  These data 

suggest that the accumulation of endogenous wild-type p53 was due to stabilization 

induced by the interaction with the constitutively expressed exogenous mutant p53 

protein.  Taken together, these data demonstrate that the missense mutations in the DNA 

binding domain of the selected mutant p53 proteins do not inhibit tetramerization or 

nuclear localization.   

Microarray analyses were conducted to compare genome-wide DNA binding and 

the gene expression profiles of wild-type p53 infected HME1 and mutant p53 expressing 

HME1 cell lines.  Induction of wild-type p53 alone caused binding to a multitude of 

promoter regions in the genome that are associated with expression changes of wild-type 

p53 target genes.  Mutant p53 accumulation inhibited the ability of accumulated wild-

type p53 to bind the DNA of promoters of wild-type p53 target genes, and this inhibition 

was confirmed by limited changes in expression of wild-type p53 target genes in the 

mutant p53 expressing HME1 cell lines.  Therefore, the mutant p53 protein was unable to 

bind DNA, and blocked the ability of wild-type p53 present in the same cells from 

binding the response elements of target genes and changing their level of expression.  

These results confirm the dominant negative activity of mutant p53 and suggest that the 
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accumulated endogenous wild-type p53 is tolerated in the mutant p53 expressing HME1 

cell lines through the inhibitory effects of the exogenous mutant p53.   

Although the promoter microarray analysis demonstrated that DNA binding was 

inhibited by mutant p53, each mutant p53 in the modeled heterozygous state caused 

considerable gene expression changes in the stably expressing cell lines.  It is possible 

that these gene changes reflected interference of wild-type p53 by each mutant, but most 

of the genes that are changed are not influenced by wild-type p53.  Thus, accumulated 

mutant p53 protein enacts gene expression changes unique from inhibition of wild-type 

p53, and without detectable DNA binding at the relevant control regions.  It is possible 

that the promoter array was not sensitive enough to detect mutant p53 binding, but this is 

unlikely because it easily detected binding by wild-type p53.  It is also possible that 

mutant p53 binds the promoters of its target genes in regions that lie outside of the 

regions spanned by the probes on the array, which is typically 700 bp upstream and 200 

bp downstream.  An alternative hypothesis is that mutant p53 enacts gene expression 

changes through an indirect interaction with promoters by protein-protein interactions 

with other transcription factors.  Indeed, previous studies have demonstrated that mutant 

p53 binds the transcription factors ETS, SP1, and NF-Y influencing their activity [289-

291].  The cross-linking method used in this analysis was not optimized to detect this 

type of protein-protein-DNA interaction.  Formaldehyde cross-linking preserves protein-

DNA interactions well, but is not ideal for preserving protein-protein interactions.  

Therefore, if mutant p53 protein interacts with another protein complex that binds DNA 

this interaction would not always be detected by formaldehyde cross-linking.  These 
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results confirm mutant p53 gain of function demonstrated previously in p53 null cancer 

cells, and shows that mutant p53 gain of function can be demonstrated in a cellular 

background that contains wild-type p53 [198-204]. 

Microarray analysis of histone acetylation status demonstrated that wild-type p53 

binding in response to HME1 infection with wild-type p53 adenovirus caused histone 

acetylation changes at a multitude of promoter sequences.  These changes could be 

primary, secondary, or other indirect effects influenced by wild-type p53 infection.  Since 

the analysis was conducted 24 hours after infection and wild-type p53 protein expression 

is maximal after 18 hours, a majority of these changes are likely primary responses while 

some are secondary or other indirect effects.  Both increases and decreases of histone H3 

and H4 acetylation were observed in response to adenoviral infection.  These data with 

previous results further confirm that wild-type p53 acts as a transcriptional activator and 

repressor of gene expression.  Histone acetylation analysis of the four mutant p53 

expressing HME1 cell lines demonstrated very few changes compared to the parental 

HME1 and vector only control cells.  In relation to the changes induced by wild-type p53 

infection, even the R175H mutant induced only small numbers of histone acetylation 

differences.  Additionally, methylation microarray analysis demonstrated that 

accumulation of mutant p53 did not cause changes in promoter methylation compared to 

the parental HME1 cells.  Therefore, accumulated mutant p53 had no affect on the 

histone acetylation and DNA methylation of the genome. 

A multitude of phenotypes associated with malignant transformation and p53 

mutation were analyzed in the mutant p53 expressing HME1 cell lines to determine the 
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effect of missense mutant protein expression in non-malignant cells.  In response to wild-

type p53 infection the HME1 parental cells demonstrated cell cycle accumulation in G1 

with a subsequent reduction of cells in S-phase.  In the mutant p53 expressing HME1 cell 

lines, the exogenous mutant protein blocked the ability of accumulated exogenous wild-

type protein from inducing a G1 arrest.  In response to growth factor deprivation all cell 

lines were blocked at G1.  Thus, mutant p53 protein accumulation did not stimulate 

growth of the cells in absence of growth stimulating signals.  The accumulated mutant 

p53 protein also had no effect on the proliferation rates of the cells compared to the 

parental and vector control.  Finally, accumulated mutant p53 protein had no effect on 

anchorage independent growth.  Mutant p53 has been shown to influence these malignant 

properties in other cell types and models, but often the mutant p53 was expressed in 

previously transformed cells in a p53 null background [198-204].  These data suggest that 

at least in non-malignant HMEC expressing wild-type p53, mutant p53 protein 

accumulation has no affect on these phenotypes.  It may be that other defects common to 

malignant transformation and absent in the HME1 cells are necessary to complement the 

p53 mutation, the remaining wild-type p53 allele must be lost to gain these additional 

phenotypes, or that the effects of p53 mutation are tissue and cell type specific. 

Although many malignant phenotypes were not acquired, accumulation of mutant 

p53 increased the migratory and invasive potential of human mammary epithelial cells 

harboring wild-type p53.  Interestingly, each mutant conferred differing levels of invasive 

potential from none (R175H) to high (R273H), possibly paralleling the unique gene 

expression changes induced by each mutant.  In each mutant p53 expressing HME1 cell 
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lines, the genes TFPI2, TPM1, and CLCA2 were down-regulated.  In pancreatic ductal 

adenocarcinomas the TFPI2 gene is silenced by epigenetic inactivation, and re-expression 

of the gene in Panc1 cells reduces migration and invasion [292].  TPM1 gene expression 

was previously found reduced in MDA-MB-231 cells in response to cytosine 

methylation, and re-expression of the gene reduced migration in the MDA-MB-231 cells 

[293].  CLCA2 expression is lost in malignant MDA-MB-231 and MDA-MB-468 cells, 

and reintroduction of this gene in MDA-MB-231 cells reduces in vitro matrigel invasion 

and metastatic tumors in nude mice [294].  Since these genes were down-regulated in all 

of the mutant p53 expressing cell lines, they can not fully explain the acquisition of 

migration and invasion, because all of the cell lines should have changed and the R175H 

did not.  It is possible that other gene changes induced a compensatory mechanism in the 

R175H cell line, or additional gene changes that are needed to become migratory and 

invasive that occurred in the other mutant p53 expressing cell lines were absent in the 

R175H cell line.  Thus, each mutant p53 may have caused differing levels of migration 

and invasiveness because each caused a unique spectrum of gene expression changes.  

Alternatively, mutant p53 protein may interact with other proteins differently than its 

wild-type counterpart causing changes in invasive potential.  Previous studies with p53 

null human cancer cells exogenously expressing mutant p53 have shown increased 

invasion and metastasis in mouse xenograft models [198-200].  Recent studies 

demonstrated that R273H mutant p53 can increase migration and invasion of wild-type 

p53 expressing endometrial cancer HHUA cells [295].  Mouse mutant p53 knock-in 

models also suggest a role for mutant p53 in metastasis and invasion [205, 206].  These 
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results suggest that even in the presence of wild-type p53, certain p53 mutations can 

increase cellular invasiveness. 

 

Conclusions 

 The results of this dissertation support several conclusions.  The accumulated 

analysis of each model of p53 mutation revealed that mutation of p53 does not influence 

aberrant epigenetic silencing of wild-type p53 target genes as hypothesized.  Epigenetic 

silencing of tumor suppressor genes such as MASPIN is particularly insidious because it 

precludes transcriptional regulation of the gene from any of its activating transcription 

factors.  If p53 mutation occurred without epigenetic silencing then MASPIN gene 

expression could be activated by other transcription factors such as AP-1, which is 

commonly over-expressed in breast cancers [296, 297].  Therefore, the epigenetic 

silencing of MASPIN in cancer cells may be required to block its activation from all 

transcription factors, and complements p53 mutation in the breast cancer cell lines.  This 

may explain the overlap observed between epigenetically silenced genes and wild-type 

p53 target genes. 

 Comparison of the p53 mutation models suggests that mutant p53 protein 

demonstrates gain of function activities.  The p53 knock-out E6 model did not influence 

the basal phenotype of the MCF10A cells.  Loss of p53 certainly inhibited normal 

response to external stress stimuli, but in the absence of stress loss of p53 had little effect 

on the non-malignant MCF10A cells.  Non-malignant cell lines over-expressing mutant 

p53 demonstrated broad gene expression changes and the acquisition of increased 
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migratory and invasive potential.  Comparison of p53 knock-out and mutant p53 knock-

in mouse models confirms that mutant p53 expression is associated with migration and 

invasion [205, 206].  Therefore, it appears it is better to have no p53 at all, than to express 

mutant p53. 

 Results gleaned from the UBC and CMV models of mutant p53 expression 

demonstrated that accumulation of the mutant p53 protein is necessary to affect the cells.  

Microarray analysis demonstrated that dominant negative and gain of function activities 

of mutant p53 were not observed in cell lines expressing low levels of mutant p53 driven 

by the UBC promoter.  However, these properties were observed when the mutant p53 

protein was accumulated.  The mutant p53 mouse knock-in studies demonstrated that 

mutant p53 protein levels were not elevated in normal cells, but were accumulated in 

tumor tissue [205, 206].  This suggested an association between tumors and accumulated 

mutant p53, but it was unclear if accumulated mutant p53 was necessary for tumor 

development, or if the tumor cells produced an environment amenable for protein 

accumulation.  Comparison of the results between the UBC and CMV model demonstrate 

that mutant p53 accumulation is required for its activity. 

 Finally, the results demonstrated that different missense mutations of the DNA 

binding domain of p53 protein cause different effects on the cells.  Although the gene 

expression profiles in the mutant p53 expressing cell lines are similar, there are 

substantial differences as well.  Also, the migration and invasion induced by mutant p53 

protein did not occur in all of the cell lines, and occurred to varying extents.  Therefore, 

treatment regimens may be enhanced by determining the exact p53 mutation type 
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harbored in a patient’s tumor tissue.  In addition, more extensive study with a broader 

range of mutant p53 types is necessary to fully understand the affect of p53 mutation on 

tumorigenesis.   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 160

APPENDIX B:  PERMISSION FOR USE OF COPYRIGHTED MATERIALS 

 

 

 



 161

REFERENCES 

[1]       American Cancer Society. Cancer Facts and Figures 2008. 2008. Atlanta: 
American Cancer Society  

[2]       Centers for Disease Control and Prevention. WISQARS database. 
(http://webappa.cdc.gov/sasweb/ncipc/leadcaus10.html) 

[3]       Ferlay J, Bray F, Pisani P, and Parkin DM  GLOBOCAN 2002:  Cancer Incidence, 
Mortality and Prevalence Worldwide. IARC CancerBase No. 5. version 2.0. 
IARCPress. Lyon. 2004.  

[4]       Going JJ. Stages on the way to breast cancer. J Pathol. 2003; 199: 1-3. 

[5]       Page DL. Breast lesions, pathology and cancer risk. Breast J. 2004; 10 Suppl 1: 
S3-4. 

[6]       Yoder BJ, Wilkinson EJ, and Massoll NA. Molecular and morphologic 
distinctions between infiltrating ductal and lobular carcinoma of the breast. Breast 
J. 2007; 13: 172-179. 

[7]       Dupont WD, and Page DL. Risk factors for breast cancer in women with 
proliferative breast disease. N Engl J Med. 1985; 312: 146-151. 

[8]       Micale MA, Visscher DW, Gulino SE, and Wolman SR. Chromosomal 
aneuploidy in proliferative breast disease. Hum Pathol. 1994; 25: 29-35. 

[9]       Gong G, DeVries S, Chew KL, Cha I, Ljung BM, and Waldman FM. Genetic 
changes in paired atypical and usual ductal hyperplasia of the breast by 
comparative genomic hybridization. Clin Cancer Res. 2001; 7: 2410-2414. 

[10]       Aubele MM, Cummings MC, Mattis AE, Zitzelsberger HF, Walch AK, Kremer 
M, Hofler H, and Werner M. Accumulation of chromosomal imbalances from 
intraductal proliferative lesions to adjacent in situ and invasive ductal breast 
cancer. Diagn Mol Pathol. 2000; 9: 14-19. 

[11]       Werner M, Mattis A, Aubele M, Cummings M, Zitzelsberger H, Hutzler P, and 
Hofler H. 20q13.2 amplification in intraductal hyperplasia adjacent to in situ and 
invasive ductal carcinoma of the breast. Virchows Arch. 1999; 435: 469-472. 

[12]       Boecker W, Buerger H, Schmitz K, Ellis IA, van Diest PJ, Sinn HP, Geradts J, 
Diallo R, Poremba C, and Herbst H. Ductal epithelial proliferations of the breast: 
a biological continuum? Comparative genomic hybridization and high-molecular-
weight cytokeratin expression patterns. J Pathol. 2001; 195: 415-421. 

 



 162

[13]       Otterbach F, Bankfalvi A, Bergner S, Decker T, Krech R, and Boecker W. 
Cytokeratin 5/6 immunohistochemistry assists the differential diagnosis of 
atypical proliferations of the breast. Histopathology. 2000; 37: 232-240. 

[14]       Buerger H, Simon R, Schafer KL, Diallo R, Littmann R, Poremba C, van Diest 
PJ, Dockhorn-Dworniczak B, and Bocker W. Genetic relation of lobular 
carcinoma in situ, ductal carcinoma in situ, and associated invasive carcinoma of 
the breast. Mol Pathol. 2000; 53: 118-121. 

[15]       Silverstein MJ, Poller DN, Waisman JR, Colburn WJ, Barth A, Gierson ED, 
Lewinsky B, Gamagami P, and Slamon DJ. Prognostic classification of breast 
ductal carcinoma-in-situ. Lancet. 1995; 345: 1154-1157. 

[16]       Schnitt SJ. Benign breast disease and breast cancer risk: morphology and 
beyond. Am J Surg Pathol. 2003; 27: 836-841. 

[17]       Fitzgibbons PL, Henson DE, and Hutter RV. Benign breast changes and the risk 
for subsequent breast cancer: an update of the 1985 consensus statement. Cancer 
Committee of the College of American Pathologists. Arch Pathol Lab Med. 1998; 
122: 1053-1055. 

[18]       Page DL, Dupont WD, Rogers LW, Jensen RA, and Schuyler PA. Continued 
local recurrence of carcinoma 15-25 years after a diagnosis of low grade ductal 
carcinoma in situ of the breast treated only by biopsy. Cancer. 1995; 76: 1197-
1200. 

[19]       Marshall LM, Hunter DJ, Connolly JL, Schnitt SJ, Byrne C, London SJ, and 
Colditz GA. Risk of breast cancer associated with atypical hyperplasia of lobular 
and ductal types. Cancer Epidemiol Biomarkers Prev. 1997; 6: 297-301. 

[20]       Page DL, Schuyler PA, Dupont WD, Jensen RA, Plummer WD, Jr., and Simpson 
JF. Atypical lobular hyperplasia as a unilateral predictor of breast cancer risk: a 
retrospective cohort study. Lancet. 2003; 361: 125-129. 

[21]       Eeles RA. Screening for hereditary cancer and genetic testing, epitomized by 
breast cancer. Eur J Cancer. 1999; 35: 1954-1962. 

[22]       Malone KE, Daling JR, Neal C, Suter NM, O'Brien C, Cushing-Haugen K, 
Jonasdottir TJ, Thompson JD, and Ostrander EA. Frequency of BRCA1/BRCA2 
mutations in a population-based sample of young breast carcinoma cases. Cancer. 
2000; 88: 1393-1402. 

[23]       Peto J, Collins N, Barfoot R, Seal S, Warren W, Rahman N, Easton DF, Evans 
C, Deacon J, and Stratton MR. Prevalence of BRCA1 and BRCA2 gene mutations 
in patients with early-onset breast cancer. J Natl Cancer Inst. 1999; 91: 943-949. 

 



 163

[24]       Malone KE, Daling JR, Thompson JD, O'Brien CA, Francisco LV, and 
Ostrander EA. BRCA1 mutations and breast cancer in the general population: 
analyses in women before age 35 years and in women before age 45 years with 
first-degree family history. JAMA. 1998; 279: 922-929. 

[25]       Brose MS, Rebbeck TR, Calzone KA, Stopfer JE, Nathanson KL, and Weber 
BL. Cancer risk estimates for BRCA1 mutation carriers identified in a risk 
evaluation program. J Natl Cancer Inst. 2002; 94: 1365-1372. 

[26]       Thompson D, and Easton DF. Cancer Incidence in BRCA1 mutation carriers. J 
Natl Cancer Inst. 2002; 94: 1358-1365. 

[27]       Statement of the American Society of Clinical Oncology: genetic testing for 
cancer susceptibility, Adopted on February 20, 1996. J Clin Oncol. 1996; 14: 
1730-1736; discussion 1737-1740. 

[28]       American College of Medical Genetics Professional Practice and Guidelines 
Committee. Genetic susceptibility to breast and ovarian cancer: assessment, 
counseling, and testing guidelines executive summary. 1999. 
(www.health.state.ny.us/nysdoh/cancer/obcancer/contents.htm) 

[29]       Genetic counseling. Am J Hum Genet. 1975; 27: 240-242. 

[30]       Bermejo-Perez MJ, Marquez-Calderon S, and Llanos-Mendez A. Effectiveness 
of preventive interventions in BRCA1/2 gene mutation carriers: a systematic 
review. Int J Cancer. 2007; 121: 225-231. 

[31]       Hanahan D, and Weinberg RA. The hallmarks of cancer. Cell. 2000; 100: 57-70. 

[32]       Widschwendter M, and Jones PA. DNA methylation and breast carcinogenesis. 
Oncogene. 2002; 21: 5462-5482. 

[33]       Sledge GW, Jr., and Miller KD. Exploiting the hallmarks of cancer: the future 
conquest of breast cancer. Eur J Cancer. 2003; 39: 1668-1675. 

[34]       Prowse KR, and Greider CW. Developmental and tissue-specific regulation of 
mouse telomerase and telomere length. Proc Natl Acad Sci U S A. 1995; 92: 
4818-4822. 

[35]       Greenberg RA, Allsopp RC, Chin L, Morin GB, and DePinho RA. Expression of 
mouse telomerase reverse transcriptase during development, differentiation and 
proliferation. Oncogene. 1998; 16: 1723-1730. 

[36]       Stampfer MR, and Yaswen P. Human epithelial cell immortalization as a step in 
carcinogenesis. Cancer Lett. 2003; 194: 199-208. 

 



 164

[37]       Stampfer MR, and Bartley JC. Induction of transformation and continuous cell 
lines from normal human mammary epithelial cells after exposure to 
benzo[a]pyrene. Proc Natl Acad Sci U S A. 1985; 82: 2394-2398. 

[38]       Wazer DE, Chu Q, Liu XL, Gao Q, Safaii H, and Band V. Loss of p53 protein 
during radiation transformation of primary human mammary epithelial cells. Mol 
Cell Biol. 1994; 14: 2468-2478. 

[39]       Nonet GH, Stampfer MR, Chin K, Gray JW, Collins CC, and Yaswen P. The 
ZNF217 gene amplified in breast cancers promotes immortalization of human 
mammary epithelial cells. Cancer Res. 2001; 61: 1250-1254. 

[40]       Li Z, Meng ZH, Sayeed A, Shalaby R, Ljung BM, and Dairkee SH. Genome-
wide allelotyping of a new in vitro model system reveals early events in breast 
cancer progression. Cancer Res. 2002; 62: 5980-5987. 

[41]       Band V, Zajchowski D, Kulesa V, and Sager R. Human papilloma virus DNAs 
immortalize normal human mammary epithelial cells and reduce their growth 
factor requirements. Proc Natl Acad Sci U S A. 1990; 87: 463-467. 

[42]       Shay JW, Wright WE, Brasiskyte D, and Van der Haegen BA. E6 of human 
papillomavirus type 16 can overcome the M1 stage of immortalization in human 
mammary epithelial cells but not in human fibroblasts. Oncogene. 1993; 8: 1407-
1413. 

[43]       Wazer DE, Liu XL, Chu Q, Gao Q, and Band V. Immortalization of distinct 
human mammary epithelial cell types by human papilloma virus 16 E6 or E7. 
Proc Natl Acad Sci U S A. 1995; 92: 3687-3691. 

[44]       Romanov SR, Kozakiewicz BK, Holst CR, Stampfer MR, Haupt LM, and Tlsty 
TD. Normal human mammary epithelial cells spontaneously escape senescence 
and acquire genomic changes. Nature. 2001; 409: 633-637. 

[45]       Yaswen P, and Stampfer MR. Molecular changes accompanying senescence and 
immortalization of cultured human mammary epithelial cells. Int J Biochem Cell 
Biol. 2002; 34: 1382-1394. 

[46]       Brenner AJ, Stampfer MR, and Aldaz CM. Increased p16 expression with first 
senescence arrest in human mammary epithelial cells and extended growth 
capacity with p16 inactivation. Oncogene. 1998; 17: 199-205. 

[47]       Holst CR, Nuovo GJ, Esteller M, Chew K, Baylin SB, Herman JG, and Tlsty 
TD. Methylation of p16(INK4a) promoters occurs in vivo in histologically normal 
human mammary epithelia. Cancer Res. 2003; 63: 1596-1601. 

 



 165

[48]       Garbe J, Wong M, Wigington D, Yaswen P, and Stampfer MR. Viral oncogenes 
accelerate conversion to immortality of cultured conditionally immortal human 
mammary epithelial cells. Oncogene. 1999; 18: 2169-2180. 

[49]       Stampfer MR, Garbe J, Nijjar T, Wigington D, Swisshelm K, and Yaswen P. 
Loss of p53 function accelerates acquisition of telomerase activity in indefinite 
lifespan human mammary epithelial cell lines. Oncogene. 2003; 22: 5238-5251. 

[50]       Band V, De Caprio JA, Delmolino L, Kulesa V, and Sager R. Loss of p53 
protein in human papillomavirus type 16 E6-immortalized human mammary 
epithelial cells. J Virol. 1991; 65: 6671-6676. 

[51]       Berg JW, and Hutter RV. Breast cancer. Cancer. 1995; 75: 257-269. 

[52]       Gao Q, Singh L, Kumar A, Srinivasan S, Wazer DE, and Band V. Human 
papillomavirus type 16 E6-induced degradation of E6TP1 correlates with its 
ability to immortalize human mammary epithelial cells. J Virol. 2001; 75: 4459-
4466. 

[53]       Klingelhutz AJ, Foster SA, and McDougall JK. Telomerase activation by the E6 
gene product of human papillomavirus type 16. Nature. 1996; 380: 79-82. 

[54]       Dickson MA, Hahn WC, Ino Y, Ronfard V, Wu JY, Weinberg RA, Louis DN, Li 
FP, and Rheinwald JG. Human keratinocytes that express hTERT and also bypass 
a p16(INK4a)-enforced mechanism that limits life span become immortal yet 
retain normal growth and differentiation characteristics. Mol Cell Biol. 2000; 20: 
1436-1447. 

[55]       Rheinwald JG, Hahn WC, Ramsey MR, Wu JY, Guo Z, Tsao H, De Luca M, 
Catricala C, and O'Toole KM. A two-stage, p16(INK4A)- and p53-dependent 
keratinocyte senescence mechanism that limits replicative potential independent 
of telomere status. Mol Cell Biol. 2002; 22: 5157-5172. 

[56]       Stampfer MR, Garbe J, Levine G, Lichtsteiner S, Vasserot AP, and Yaswen P. 
Expression of the telomerase catalytic subunit, hTERT, induces resistance to 
transforming growth factor beta growth inhibition in p16INK4A(-) human 
mammary epithelial cells. Proc Natl Acad Sci U S A. 2001; 98: 4498-4503. 

[57]       Kiyono T, Foster SA, Koop JI, McDougall JK, Galloway DA, and Klingelhutz 
AJ. Both Rb/p16INK4a inactivation and telomerase activity are required to 
immortalize human epithelial cells. Nature. 1998; 396: 84-88. 

[58]       Li Y, Pan J, Li JL, Lee JH, Tunkey C, Saraf K, Garbe JC, Whitley MZ, Jelinsky 
SA, Stampfer MR, et al. Transcriptional changes associated with breast cancer 

 



 166

occur as normal human mammary epithelial cells overcome senescence barriers 
and become immortalized. Mol Cancer. 2007; 6: 7. 

[59]       Rao K, Alper O, Opheim KE, Bonnet G, Wolfe K, Bryant E, O'Hara Larivee S, 
Porter P, and McDougall JK. Cytogenetic characterization and H-ras associated 
transformation of immortalized human mammary epithelial cells. Cancer Cell Int. 
2006; 6: 15. 

[60]       Elenbaas B, Spirio L, Koerner F, Fleming MD, Zimonjic DB, Donaher JL, 
Popescu NC, Hahn WC, and Weinberg RA. Human breast cancer cells generated 
by oncogenic transformation of primary mammary epithelial cells. Genes Dev. 
2001; 15: 50-65. 

[61]       Benchimol S, Lamb P, Crawford LV, Sheer D, Shows TB, Bruns GA, and 
Peacock J. Transformation associated p53 protein is encoded by a gene on human 
chromosome 17. Somat Cell Mol Genet. 1985; 11: 505-510. 

[62]       Isobe M, Emanuel BS, Givol D, Oren M, and Croce CM. Localization of gene 
for human p53 tumour antigen to band 17p13. Nature. 1986; 320: 84-85. 

[63]       McBride OW, Merry D, and Givol D. The gene for human p53 cellular tumor 
antigen is located on chromosome 17 short arm (17p13). Proc Natl Acad Sci U S 
A. 1986; 83: 130-134. 

[64]       Miller C, Mohandas T, Wolf D, Prokocimer M, Rotter V, and Koeffler HP. 
Human p53 gene localized to short arm of chromosome 17. Nature. 1986; 319: 
783-784. 

[65]       Oren M. The p53 cellular tumor antigen: gene structure, expression and protein 
properties. Biochim Biophys Acta. 1985; 823: 67-78. 

[66]       Reisman D, and Loging WT. Transcriptional regulation of the p53 tumor 
suppressor gene. Semin Cancer Biol. 1998; 8: 317-324. 

[67]       Stuart ET, Haffner R, Oren M, and Gruss P. Loss of p53 function through PAX-
mediated transcriptional repression. EMBO J. 1995; 14: 5638-5645. 

[68]       Roy B, Beamon J, Balint E, and Reisman D. Transactivation of the human p53 
tumor suppressor gene by c-Myc/Max contributes to elevated mutant p53 
expression in some tumors. Mol Cell Biol. 1994; 14: 7805-7815. 

[69]       Sun X, Shimizu H, and Yamamoto K. Identification of a novel p53 promoter 
element involved in genotoxic stress-inducible p53 gene expression. Mol Cell 
Biol. 1995; 15: 4489-4496. 

 



 167

[70]       Furlong EE, Rein T, and Martin F. YY1 and NF1 both activate the human p53 
promoter by alternatively binding to a composite element, and YY1 and E1A 
cooperate to amplify p53 promoter activity. Mol Cell Biol. 1996; 16: 5933-5945. 

[71]       Venanzoni MC, Robinson LR, Hodge DR, Kola I, and Seth A. ETS1 and ETS2 
in p53 regulation: spatial separation of ETS binding sites (EBS) modulate protein: 
DNA interaction. Oncogene. 1996; 12: 1199-1204. 

[72]       Soussi T, Caron de Fromentel C, and May P. Structural aspects of the p53 
protein in relation to gene evolution. Oncogene. 1990; 5: 945-952. 

[73]       Soussi T, and May P. Structural aspects of the p53 protein in relation to gene 
evolution: a second look. J Mol Biol. 1996; 260: 623-637. 

[74]       Fields S, and Jang SK. Presence of a potent transcription activating sequence in 
the p53 protein. Science. 1990; 249: 1046-1049. 

[75]       Unger T, Nau MM, Segal S, and Minna JD. p53: a transdominant regulator of 
transcription whose function is ablated by mutations occurring in human cancer. 
EMBO J. 1992; 11: 1383-1390. 

[76]       Lu H, and Levine AJ. Human TAFII31 protein is a transcriptional coactivator of 
the p53 protein. Proc Natl Acad Sci U S A. 1995; 92: 5154-5158. 

[77]       Thut CJ, Chen JL, Klemm R, and Tjian R. p53 transcriptional activation 
mediated by coactivators TAFII40 and TAFII60. Science. 1995; 267: 100-104. 

[78]       Yew PR, and Berk AJ. Inhibition of p53 transactivation required for 
transformation by adenovirus early 1B protein. Nature. 1992; 357: 82-85. 

[79]       Oliner JD, Pietenpol JA, Thiagalingam S, Gyuris J, Kinzler KW, and Vogelstein 
B. Oncoprotein MDM2 conceals the activation domain of tumour suppressor p53. 
Nature. 1993; 362: 857-860. 

[80]       Momand J, Zambetti GP, Olson DC, George D, and Levine AJ. The mdm-2 
oncogene product forms a complex with the p53 protein and inhibits p53-
mediated transactivation. Cell. 1992; 69: 1237-1245. 

[81]       Levine AJ. p53, the cellular gatekeeper for growth and division. Cell. 1997; 88: 
323-331. 

[82]       Sakamuro D, Sabbatini P, White E, and Prendergast GC. The polyproline region 
of p53 is required to activate apoptosis but not growth arrest. Oncogene. 1997; 
15: 887-898. 

 



 168

[83]       Walker KK, and Levine AJ. Identification of a novel p53 functional domain that 
is necessary for efficient growth suppression. Proc Natl Acad Sci U S A. 1996; 
93: 15335-15340. 

[84]       Li X, and Coffino P. High-risk human papillomavirus E6 protein has two distinct 
binding sites within p53, of which only one determines degradation. J Virol. 
1996; 70: 4509-4516. 

[85]       Jenkins JR, Chumakov P, Addison C, Sturzbecher HW, and Wade-Evans A. 
Two distinct regions of the murine p53 primary amino acid sequence are 
implicated in stable complex formation with simian virus 40 T antigen. J Virol. 
1988; 62: 3903-3906. 

[86]       Ruppert JM, and Stillman B. Analysis of a protein-binding domain of p53. Mol 
Cell Biol. 1993; 13: 3811-3820. 

[87]       Gorina S, and Pavletich NP. Structure of the p53 tumor suppressor bound to the 
ankyrin and SH3 domains of 53BP2. Science. 1996; 274: 1001-1005. 

[88]       Iwabuchi K, Bartel PL, Li B, Marraccino R, and Fields S. Two cellular proteins 
that bind to wild-type but not mutant p53. Proc Natl Acad Sci U S A. 1994; 91: 
6098-6102. 

[89]       Kraiss S, Quaiser A, Oren M, and Montenarh M. Oligomerization of oncoprotein 
p53. J Virol. 1988; 62: 4737-4744. 

[90]       Dang CV, and Lee WM. Nuclear and nucleolar targeting sequences of c-erb-A, 
c-myb, N-myc, p53, HSP70, and HIV tat proteins. J Biol Chem. 1989; 264: 
18019-18023. 

[91]       Shaulsky G, Goldfinger N, Ben-Ze'ev A, and Rotter V. Nuclear accumulation of 
p53 protein is mediated by several nuclear localization signals and plays a role in 
tumorigenesis. Mol Cell Biol. 1990; 10: 6565-6577. 

[92]       Wang Y, and Prives C. Increased and altered DNA binding of human p53 by S 
and G2/M but not G1 cyclin-dependent kinases. Nature. 1995; 376: 88-91. 

[93]       Gasco M, Shami S, and Crook T. The p53 pathway in breast cancer. Breast 
Cancer Res. 2002; 4: 70-76. 

[94]       Kaeser MD, and Iggo RD. Chromatin immunoprecipitation analysis fails to 
support the latency model for regulation of p53 DNA binding activity in vivo. 
Proc Natl Acad Sci U S A. 2002; 99: 95-100. 

 



 169

[95]       Wu L, and Levine AJ. Differential regulation of the p21/WAF-1 and mdm2 
genes after high-dose UV irradiation: p53-dependent and p53-independent 
regulation of the mdm2 gene. Mol Med. 1997; 3: 441-451. 

[96]       Haupt Y, Maya R, Kazaz A, and Oren M. Mdm2 promotes the rapid degradation 
of p53. Nature. 1997; 387: 296-299. 

[97]       Bottger A, Bottger V, Sparks A, Liu WL, Howard SF, and Lane DP. Design of a 
synthetic Mdm2-binding mini protein that activates the p53 response in vivo. 
Curr Biol. 1997; 7: 860-869. 

[98]       Kubbutat MH, and Vousden KH. Proteolytic cleavage of human p53 by calpain: 
a potential regulator of protein stability. Mol Cell Biol. 1997; 17: 460-468. 

[99]       Maki CG. Oligomerization is required for p53 to be efficiently ubiquitinated by 
MDM2. J Biol Chem. 1999; 274: 16531-16535. 

[100]       Shirangi TR, Zaika A, and Moll UM. Nuclear degradation of p53 occurs during 
down-regulation of the p53 response after DNA damage. FASEB J. 2002; 16: 
420-422. 

[101]       Barak Y, Juven T, Haffner R, and Oren M. mdm2 expression is induced by 
wild type p53 activity. EMBO J. 1993; 12: 461-468. 

[102]       Chen J, Marechal V, and Levine AJ. Mapping of the p53 and mdm-2 
interaction domains. Mol Cell Biol. 1993; 13: 4107-4114. 

[103]       Picksley SM, and Lane DP. The p53-mdm2 autoregulatory feedback loop: a 
paradigm for the regulation of growth control by p53? Bioessays. 1993; 15: 689-
690. 

[104]       Kussie PH, Gorina S, Marechal V, Elenbaas B, Moreau J, Levine AJ, and 
Pavletich NP. Structure of the MDM2 oncoprotein bound to the p53 tumor 
suppressor transactivation domain. Science. 1996; 274: 948-953. 

[105]       Lohrum MA, Woods DB, Ludwig RL, Balint E, and Vousden KH. C-terminal 
ubiquitination of p53 contributes to nuclear export. Mol Cell Biol. 2001; 21: 
8521-8532. 

[106]       Oren M. Decision making by p53: life, death and cancer. Cell Death Differ. 
2003; 10: 431-442. 

[107]       Kastan MB, Onyekwere O, Sidransky D, Vogelstein B, and Craig RW. 
Participation of p53 protein in the cellular response to DNA damage. Cancer Res. 
1991; 51: 6304-6311. 

 



 170

[108]       Maltzman W, and Czyzyk L. UV irradiation stimulates levels of p53 cellular 
tumor antigen in nontransformed mouse cells. Mol Cell Biol. 1984; 4: 1689-1694. 

[109]       Linke SP, Clarkin KC, Di Leonardo A, Tsou A, and Wahl GM. A reversible, 
p53-dependent G0/G1 cell cycle arrest induced by ribonucleotide depletion in the 
absence of detectable DNA damage. Genes Dev. 1996; 10: 934-947. 

[110]       Ryan KM, Phillips AC, and Vousden KH. Regulation and function of the p53 
tumor suppressor protein. Curr Opin Cell Biol. 2001; 13: 332-337. 

[111]       Pomerantz J, Schreiber-Agus N, Liegeois NJ, Silverman A, Alland L, Chin L, 
Potes J, Chen K, Orlow I, Lee HW, et al. The Ink4a tumor suppressor gene 
product, p19Arf, interacts with MDM2 and neutralizes MDM2's inhibition of p53. 
Cell. 1998; 92: 713-723. 

[112]       Zhang Y, Xiong Y, and Yarbrough WG. ARF promotes MDM2 degradation 
and stabilizes p53: ARF-INK4a locus deletion impairs both the Rb and p53 tumor 
suppression pathways. Cell. 1998; 92: 725-734. 

[113]       Kamijo T, Weber JD, Zambetti G, Zindy F, Roussel MF, and Sherr CJ. 
Functional and physical interactions of the ARF tumor suppressor with p53 and 
Mdm2. Proc Natl Acad Sci U S A. 1998; 95: 8292-8297. 

[114]       Stott FJ, Bates S, James MC, McConnell BB, Starborg M, Brookes S, Palmero 
I, Ryan K, Hara E, Vousden KH, et al. The alternative product from the human 
CDKN2A locus, p14(ARF), participates in a regulatory feedback loop with p53 
and MDM2. EMBO J. 1998; 17: 5001-5014. 

[115]       Bates S, Phillips AC, Clark PA, Stott F, Peters G, Ludwig RL, and Vousden 
KH. p14ARF links the tumour suppressors RB and p53. Nature. 1998; 395: 124-
125. 

[116]       Zindy F, Eischen CM, Randle DH, Kamijo T, Cleveland JL, Sherr CJ, and 
Roussel MF. Myc signaling via the ARF tumor suppressor regulates p53-
dependent apoptosis and immortalization. Genes Dev. 1998; 12: 2424-2433. 

[117]       de Stanchina E, McCurrach ME, Zindy F, Shieh SY, Ferbeyre G, Samuelson 
AV, Prives C, Roussel MF, Sherr CJ, and Lowe SW. E1A signaling to p53 
involves the p19(ARF) tumor suppressor. Genes Dev. 1998; 12: 2434-2442. 

[118]       Palmero I, Pantoja C, and Serrano M. p19ARF links the tumour suppressor p53 
to Ras. Nature. 1998; 395: 125-126. 

 



 171

[119]       Radfar A, Unnikrishnan I, Lee HW, DePinho RA, and Rosenberg N. p19(Arf) 
induces p53-dependent apoptosis during abelson virus-mediated pre-B cell 
transformation. Proc Natl Acad Sci U S A. 1998; 95: 13194-13199. 

[120]       Sherr CJ, and Weber JD. The ARF/p53 pathway. Curr Opin Genet Dev. 2000; 
10: 94-99. 

[121]       Weber JD, Taylor LJ, Roussel MF, Sherr CJ, and Bar-Sagi D. Nucleolar Arf 
sequesters Mdm2 and activates p53. Nat Cell Biol. 1999; 1: 20-26. 

[122]       Zhang Y, and Xiong Y. Mutations in human ARF exon 2 disrupt its nucleolar 
localization and impair its ability to block nuclear export of MDM2 and p53. Mol 
Cell. 1999; 3: 579-591. 

[123]       Tao W, and Levine AJ. P19(ARF) stabilizes p53 by blocking nucleo-
cytoplasmic shuttling of Mdm2. Proc Natl Acad Sci U S A. 1999; 96: 6937-6941. 

[124]       Canman CE, Lim DS, Cimprich KA, Taya Y, Tamai K, Sakaguchi K, Appella 
E, Kastan MB, and Siliciano JD. Activation of the ATM kinase by ionizing 
radiation and phosphorylation of p53. Science. 1998; 281: 1677-1679. 

[125]       Banin S, Moyal L, Shieh S, Taya Y, Anderson CW, Chessa L, Smorodinsky NI, 
Prives C, Reiss Y, Shiloh Y, et al. Enhanced phosphorylation of p53 by ATM in 
response to DNA damage. Science. 1998; 281: 1674-1677. 

[126]       Nakagawa K, Taya Y, Tamai K, and Yamaizumi M. Requirement of ATM in 
phosphorylation of the human p53 protein at serine 15 following DNA double-
strand breaks. Mol Cell Biol. 1999; 19: 2828-2834. 

[127]       Shieh SY, Ikeda M, Taya Y, and Prives C. DNA damage-induced 
phosphorylation of p53 alleviates inhibition by MDM2. Cell. 1997; 91: 325-334. 

[128]       Shieh SY, Taya Y, and Prives C. DNA damage-inducible phosphorylation of 
p53 at N-terminal sites including a novel site, Ser20, requires tetramerization. 
EMBO J. 1999; 18: 1815-1823. 

[129]       Unger T, Juven-Gershon T, Moallem E, Berger M, Vogt Sionov R, Lozano G, 
Oren M, and Haupt Y. Critical role for Ser20 of human p53 in the negative 
regulation of p53 by Mdm2. EMBO J. 1999; 18: 1805-1814. 

[130]       Chehab NH, Malikzay A, Stavridi ES, and Halazonetis TD. Phosphorylation of 
Ser-20 mediates stabilization of human p53 in response to DNA damage. Proc 
Natl Acad Sci U S A. 1999; 96: 13777-13782. 

 



 172

[131]       Sakaguchi K, Sakamoto H, Lewis MS, Anderson CW, Erickson JW, Appella E, 
and Xie D. Phosphorylation of serine 392 stabilizes the tetramer formation of 
tumor suppressor protein p53. Biochemistry. 1997; 36: 10117-10124. 

[132]       Sakaguchi K, Herrera JE, Saito S, Miki T, Bustin M, Vassilev A, Anderson 
CW, and Appella E. DNA damage activates p53 through a phosphorylation-
acetylation cascade. Genes Dev. 1998; 12: 2831-2841. 

[133]       Gu W, and Roeder RG. Activation of p53 sequence-specific DNA binding by 
acetylation of the p53 C-terminal domain. Cell. 1997; 90: 595-606. 

[134]       Liu L, Scolnick DM, Trievel RC, Zhang HB, Marmorstein R, Halazonetis TD, 
and Berger SL. p53 sites acetylated in vitro by PCAF and p300 are acetylated in 
vivo in response to DNA damage. Mol Cell Biol. 1999; 19: 1202-1209. 

[135]       Stommel JM, Marchenko ND, Jimenez GS, Moll UM, Hope TJ, and Wahl GM. 
A leucine-rich nuclear export signal in the p53 tetramerization domain: regulation 
of subcellular localization and p53 activity by NES masking. EMBO J. 1999; 18: 
1660-1672. 

[136]       Zhang Y, and Xiong Y. A p53 amino-terminal nuclear export signal inhibited 
by DNA damage-induced phosphorylation. Science. 2001; 292: 1910-1915. 

[137]       Koumenis C, Alarcon R, Hammond E, Sutphin P, Hoffman W, Murphy M, 
Derr J, Taya Y, Lowe SW, Kastan M, et al. Regulation of p53 by hypoxia: 
dissociation of transcriptional repression and apoptosis from p53-dependent 
transactivation. Mol Cell Biol. 2001; 21: 1297-1310. 

[138]       Hammond EM, Denko NC, Dorie MJ, Abraham RT, and Giaccia AJ. Hypoxia 
links ATR and p53 through replication arrest. Mol Cell Biol. 2002; 22: 1834-
1843. 

[139]       Zilfou JT, Hoffman WH, Sank M, George DL, and Murphy M. The corepressor 
mSin3a interacts with the proline-rich domain of p53 and protects p53 from 
proteasome-mediated degradation. Mol Cell Biol. 2001; 21: 3974-3985. 

[140]       Kastan MB, Zhan Q, el-Deiry WS, Carrier F, Jacks T, Walsh WV, Plunkett BS, 
Vogelstein B, and Fornace AJ, Jr. A mammalian cell cycle checkpoint pathway 
utilizing p53 and GADD45 is defective in ataxia-telangiectasia. Cell. 1992; 71: 
587-597. 

[141]       Lane DP. Cancer. p53, guardian of the genome. Nature. 1992; 358: 15-16. 

[142]       Evan GI, and Vousden KH. Proliferation, cell cycle and apoptosis in cancer. 
Nature. 2001; 411: 342-348. 

 



 173

[143]       Ko LJ, and Prives C. p53: puzzle and paradigm. Genes Dev. 1996; 10: 1054-
1072. 

[144]       Hupp TR, and Lane DP. Allosteric activation of latent p53 tetramers. Curr Biol. 
1994; 4: 865-875. 

[145]       Pietenpol JA, Tokino T, Thiagalingam S, el-Deiry WS, Kinzler KW, and 
Vogelstein B. Sequence-specific transcriptional activation is essential for growth 
suppression by p53. Proc Natl Acad Sci U S A. 1994; 91: 1998-2002. 

[146]       el-Deiry WS, Kern SE, Pietenpol JA, Kinzler KW, and Vogelstein B. 
Definition of a consensus binding site for p53. Nat Genet. 1992; 1: 45-49. 

[147]       Espinosa JM, and Emerson BM. Transcriptional regulation by p53 through 
intrinsic DNA/chromatin binding and site-directed cofactor recruitment. Mol Cell. 
2001; 8: 57-69. 

[148]       Espinosa JM, Verdun RE, and Emerson BM. p53 functions through stress- and 
promoter-specific recruitment of transcription initiation components before and 
after DNA damage. Mol Cell. 2003; 12: 1015-1027. 

[149]       Barlev NA, Liu L, Chehab NH, Mansfield K, Harris KG, Halazonetis TD, and 
Berger SL. Acetylation of p53 activates transcription through recruitment of 
coactivators/histone acetyltransferases. Mol Cell. 2001; 8: 1243-1254. 

[150]       Liu G, Xia T, and Chen X. The activation domains, the proline-rich domain, 
and the C-terminal basic domain in p53 are necessary for acetylation of histones 
on the proximal p21 promoter and interaction with p300/CREB-binding protein. J 
Biol Chem. 2003; 278: 17557-17565. 

[151]       Lagger G, Doetzlhofer A, Schuettengruber B, Haidweger E, Simboeck E, 
Tischler J, Chiocca S, Suske G, Rotheneder H, Wintersberger E, et al. The tumor 
suppressor p53 and histone deacetylase 1 are antagonistic regulators of the cyclin-
dependent kinase inhibitor p21/WAF1/CIP1 gene. Mol Cell Biol. 2003; 23: 2669-
2679. 

[152]       Shan B, Xu J, Zhuo Y, Morris CA, and Morris GF. Induction of p53-dependent 
activation of the human proliferating cell nuclear antigen gene in chromatin by 
ionizing radiation. J Biol Chem. 2003; 278: 44009-44017. 

[153]       Kaeser MD, and Iggo RD. Promoter-specific p53-dependent histone acetylation 
following DNA damage. Oncogene. 2004; 23: 4007-4013. 

 



 174

[154]       Di Leonardo A, Linke SP, Clarkin K, and Wahl GM. DNA damage triggers a 
prolonged p53-dependent G1 arrest and long-term induction of Cip1 in normal 
human fibroblasts. Genes Dev. 1994; 8: 2540-2551. 

[155]       Hermeking H, Lengauer C, Polyak K, He TC, Zhang L, Thiagalingam S, 
Kinzler KW, and Vogelstein B. 14-3-3 sigma is a p53-regulated inhibitor of G2/M 
progression. Mol Cell. 1997; 1: 3-11. 

[156]       Papathanasiou MA, Kerr NC, Robbins JH, McBride OW, Alamo I, Jr., Barrett 
SF, Hickson ID, and Fornace AJ, Jr. Induction by ionizing radiation of the gadd45 
gene in cultured human cells: lack of mediation by protein kinase C. Mol Cell 
Biol. 1991; 11: 1009-1016. 

[157]       Okamoto K, and Beach D. Cyclin G is a transcriptional target of the p53 tumor 
suppressor protein. EMBO J. 1994; 13: 4816-4822. 

[158]       Owen-Schaub LB, Zhang W, Cusack JC, Angelo LS, Santee SM, Fujiwara T, 
Roth JA, Deisseroth AB, Zhang WW, Kruzel E, et al. Wild-type human p53 and a 
temperature-sensitive mutant induce Fas/APO-1 expression. Mol Cell Biol. 1995; 
15: 3032-3040. 

[159]       Muller M, Wilder S, Bannasch D, Israeli D, Lehlbach K, Li-Weber M, 
Friedman SL, Galle PR, Stremmel W, Oren M, et al. p53 activates the CD95 
(APO-1/Fas) gene in response to DNA damage by anticancer drugs. J Exp Med. 
1998; 188: 2033-2045. 

[160]       Polyak K, Xia Y, Zweier JL, Kinzler KW, and Vogelstein B. A model for p53-
induced apoptosis. Nature. 1997; 389: 300-305. 

[161]       Oda K, Arakawa H, Tanaka T, Matsuda K, Tanikawa C, Mori T, Nishimori H, 
Tamai K, Tokino T, Nakamura Y, et al. p53AIP1, a potential mediator of p53-
dependent apoptosis, and its regulation by Ser-46-phosphorylated p53. Cell. 2000; 
102: 849-862. 

[162]       Lehar SM, Nacht M, Jacks T, Vater CA, Chittenden T, and Guild BC. 
Identification and cloning of EI24, a gene induced by p53 in etoposide-treated 
cells. Oncogene. 1996; 12: 1181-1187. 

[163]       Yu J, Zhang L, Hwang PM, Kinzler KW, and Vogelstein B. PUMA induces the 
rapid apoptosis of colorectal cancer cells. Mol Cell. 2001; 7: 673-682. 

[164]       Oda E, Ohki R, Murasawa H, Nemoto J, Shibue T, Yamashita T, Tokino T, 
Taniguchi T, and Tanaka N. Noxa, a BH3-only member of the Bcl-2 family and 
candidate mediator of p53-induced apoptosis. Science. 2000; 288: 1053-1058. 

 



 175

[165]       Buckbinder L, Talbott R, Velasco-Miguel S, Takenaka I, Faha B, Seizinger BR, 
and Kley N. Induction of the growth inhibitor IGF-binding protein 3 by p53. 
Nature. 1995; 377: 646-649. 

[166]       Miyashita T, and Reed JC. Tumor suppressor p53 is a direct transcriptional 
activator of the human bax gene. Cell. 1995; 80: 293-299. 

[167]       Wu GS, Burns TF, McDonald ER, 3rd, Jiang W, Meng R, Krantz ID, Kao G, 
Gan DD, Zhou JY, Muschel R, et al. KILLER/DR5 is a DNA damage-inducible 
p53-regulated death receptor gene. Nat Genet. 1997; 17: 141-143. 

[168]       Kannan K, Kaminski N, Rechavi G, Jakob-Hirsch J, Amariglio N, and Givol D. 
DNA microarray analysis of genes involved in p53 mediated apoptosis: activation 
of Apaf-1. Oncogene. 2001; 20: 3449-3455. 

[169]       Dameron KM, Volpert OV, Tainsky MA, and Bouck N. Control of 
angiogenesis in fibroblasts by p53 regulation of thrombospondin-1. Science. 
1994; 265: 1582-1584. 

[170]       Nishimori H, Shiratsuchi T, Urano T, Kimura Y, Kiyono K, Tatsumi K, 
Yoshida S, Ono M, Kuwano M, Nakamura Y, et al. A novel brain-specific p53-
target gene, BAI1, containing thrombospondin type 1 repeats inhibits 
experimental angiogenesis. Oncogene. 1997; 15: 2145-2150. 

[171]       Zhang M, Volpert O, Shi YH, and Bouck N. Maspin is an angiogenesis 
inhibitor. Nat Med. 2000; 6: 196-199. 

[172]       Jiang N, Meng Y, Zhang S, Mensah-Osman E, and Sheng S. Maspin sensitizes 
breast carcinoma cells to induced apoptosis. Oncogene. 2002; 21: 4089-4098. 

[173]       Sheng S, Carey J, Seftor EA, Dias L, Hendrix MJ, and Sager R. Maspin acts at 
the cell membrane to inhibit invasion and motility of mammary and prostatic 
cancer cells. Proc Natl Acad Sci U S A. 1996; 93: 11669-11674. 

[174]       Kannan K, Amariglio N, Rechavi G, Jakob-Hirsch J, Kela I, Kaminski N, Getz 
G, Domany E, and Givol D. DNA microarrays identification of primary and 
secondary target genes regulated by p53. Oncogene. 2001; 20: 2225-2234. 

[175]       Zhao R, Gish K, Murphy M, Yin Y, Notterman D, Hoffman WH, Tom E, Mack 
DH, and Levine AJ. Analysis of p53-regulated gene expression patterns using 
oligonucleotide arrays. Genes Dev. 2000; 14: 981-993. 

[176]       Yu J, Zhang L, Hwang PM, Rago C, Kinzler KW, and Vogelstein B. 
Identification and classification of p53-regulated genes. Proc Natl Acad Sci U S 
A. 1999; 96: 14517-14522. 

 



 176

[177]       Spurgers KB, Gold DL, Coombes KR, Bohnenstiehl NL, Mullins B, Meyn RE, 
Logothetis CJ, and McDonnell TJ. Identification of cell cycle regulatory genes as 
principal targets of p53-mediated transcriptional repression. J Biol Chem. 2006; 
281: 25134-25142. 

[178]       Mirza A, Wu Q, Wang L, McClanahan T, Bishop WR, Gheyas F, Ding W, 
Hutchins B, Hockenberry T, Kirschmeier P, et al. Global transcriptional program 
of p53 target genes during the process of apoptosis and cell cycle progression. 
Oncogene. 2003; 22: 3645-3654. 

[179]       Alarcon R, Koumenis C, Geyer RK, Maki CG, and Giaccia AJ. Hypoxia 
induces p53 accumulation through MDM2 down-regulation and inhibition of E6-
mediated degradation. Cancer Res. 1999; 59: 6046-6051. 

[180]       Innocente SA, and Lee JM. p53 is a NF-Y- and p21-independent, Sp1-
dependent repressor of cyclin B1 transcription. FEBS Lett. 2005; 579: 1001-1007. 

[181]       Murphy M, Ahn J, Walker KK, Hoffman WH, Evans RM, Levine AJ, and 
George DL. Transcriptional repression by wild-type p53 utilizes histone 
deacetylases, mediated by interaction with mSin3a. Genes Dev. 1999; 13: 2490-
2501. 

[182]       Wu Y, Mehew JW, Heckman CA, Arcinas M, and Boxer LM. Negative 
regulation of bcl-2 expression by p53 in hematopoietic cells. Oncogene. 2001; 20: 
240-251. 

[183]       Esteve PO, Chin HG, and Pradhan S. Molecular mechanisms of transactivation 
and doxorubicin-mediated repression of survivin gene in cancer cells. J Biol 
Chem. 2007; 282: 2615-2625. 

[184]       Chun AC, and Jin DY. Transcriptional regulation of mitotic checkpoint gene 
MAD1 by p53. J Biol Chem. 2003; 278: 37439-37450. 

[185]       Ahn J, Murphy M, Kratowicz S, Wang A, Levine AJ, and George DL. Down-
regulation of the stathmin/Op18 and FKBP25 genes following p53 induction. 
Oncogene. 1999; 18: 5954-5958. 

[186]       Fujisawa T, Watanabe J, Kamata Y, Hamano M, Hata H, and Kuramoto H. 
Effect of p53 gene transfection on vascular endothelial growth factor expression 
in endometrial cancer cells. Exp Mol Pathol. 2003; 74: 276-281. 

[187]       Vogelstein B, Lane D, and Levine AJ. Surfing the p53 network. Nature. 2000; 
408: 307-310. 

 



 177

[188]       Moll UM, Riou G, and Levine AJ. Two distinct mechanisms alter p53 in breast 
cancer: mutation and nuclear exclusion. Proc Natl Acad Sci U S A. 1992; 89: 
7262-7266. 

[189]       Renwick A, Thompson D, Seal S, Kelly P, Chagtai T, Ahmed M, North B, 
Jayatilake H, Barfoot R, Spanova K, et al. ATM mutations that cause ataxia-
telangiectasia are breast cancer susceptibility alleles. Nat Genet. 2006; 38: 873-
875. 

[190]       Shamanin VA, and Androphy EJ. Immortalization of human mammary 
epithelial cells is associated with inactivation of the p14ARF-p53 pathway. Mol 
Cell Biol. 2004; 24: 2144-2152. 

[191]       Soussi T, Rubio-Nevado JM, Hamroun D, and Beroud C. The p53 Mutation 
Handbook. available online; (http://p53.free.fr) 

[192]       Kern SE, Kinzler KW, Baker SJ, Nigro JM, Rotter V, Levine AJ, Friedman P, 
Prives C, and Vogelstein B. Mutant p53 proteins bind DNA abnormally in vitro. 
Oncogene. 1991; 6: 131-136. 

[193]       Steinmeyer K, and Deppert W. DNA binding properties of murine p53. 
Oncogene. 1988; 3: 501-507. 

[194]       Thukral SK, Lu Y, Blain GC, Harvey TS, and Jacobsen VL. Discrimination of 
DNA binding sites by mutant p53 proteins. Mol Cell Biol. 1995; 15: 5196-5202. 

[195]       Kern SE, Pietenpol JA, Thiagalingam S, Seymour A, Kinzler KW, and 
Vogelstein B. Oncogenic forms of p53 inhibit p53-regulated gene expression. 
Science. 1992; 256: 827-830. 

[196]       Willis A, Jung EJ, Wakefield T, and Chen X. Mutant p53 exerts a dominant 
negative effect by preventing wild-type p53 from binding to the promoter of its 
target genes. Oncogene. 2004; 23: 2330-2338. 

[197]       Bullock AN, Henckel J, DeDecker BS, Johnson CM, Nikolova PV, Proctor 
MR, Lane DP, and Fersht AR. Thermodynamic stability of wild-type and mutant 
p53 core domain. Proc Natl Acad Sci U S A. 1997; 94: 14338-14342. 

[198]       Dittmer D, Pati S, Zambetti G, Chu S, Teresky AK, Moore M, Finlay C, and 
Levine AJ. Gain of function mutations in p53. Nat Genet. 1993; 4: 42-46. 

[199]       Hsiao M, Low J, Dorn E, Ku D, Pattengale P, Yeargin J, and Haas M. Gain-of-
function mutations of the p53 gene induce lymphohematopoietic metastatic 
potential and tissue invasiveness. Am J Pathol. 1994; 145: 702-714. 

 



 178

[200]       Shaulsky G, Goldfinger N, and Rotter V. Alterations in tumor development in 
vivo mediated by expression of wild type or mutant p53 proteins. Cancer Res. 
1991; 51: 5232-5237. 

[201]       O'Farrell TJ, Ghosh P, Dobashi N, Sasaki CY, and Longo DL. Comparison of 
the effect of mutant and wild-type p53 on global gene expression. Cancer Res. 
2004; 64: 8199-8207. 

[202]       Scian MJ, Stagliano KE, Ellis MA, Hassan S, Bowman M, Miles MF, Deb SP, 
and Deb S. Modulation of gene expression by tumor-derived p53 mutants. Cancer 
Res. 2004; 64: 7447-7454. 

[203]       Tepper CG, Gregg JP, Shi XB, Vinall RL, Baron CA, Ryan PE, Desprez PY, 
Kung HJ, and deVere White RW. Profiling of gene expression changes caused by 
p53 gain-of-function mutant alleles in prostate cancer cells. Prostate. 2005; 65: 
375-389. 

[204]       Weisz L, Zalcenstein A, Stambolsky P, Cohen Y, Goldfinger N, Oren M, and 
Rotter V. Transactivation of the EGR1 gene contributes to mutant p53 gain of 
function. Cancer Res. 2004; 64: 8318-8327. 

[205]       Lang GA, Iwakuma T, Suh YA, Liu G, Rao VA, Parant JM, Valentin-Vega 
YA, Terzian T, Caldwell LC, Strong LC, et al. Gain of function of a p53 hot spot 
mutation in a mouse model of Li-Fraumeni syndrome. Cell. 2004; 119: 861-872. 

[206]       Olive KP, Tuveson DA, Ruhe ZC, Yin B, Willis NA, Bronson RT, Crowley D, 
and Jacks T. Mutant p53 gain of function in two mouse models of Li-Fraumeni 
syndrome. Cell. 2004; 119: 847-860. 

[207]       Chen LC, Neubauer A, Kurisu W, Waldman FM, Ljung BM, Goodson W, 3rd, 
Goldman ES, Moore D, 2nd, Balazs M, Liu E, et al. Loss of heterozygosity on the 
short arm of chromosome 17 is associated with high proliferative capacity and 
DNA aneuploidy in primary human breast cancer. Proc Natl Acad Sci U S A. 
1991; 88: 3847-3851. 

[208]       Chen YH, Li CD, Yap EP, and McGee JO. Detection of loss of heterozygosity 
of p53 gene in paraffin-embedded breast cancers by non-isotopic PCR-SSCP. J 
Pathol. 1995; 177: 129-134. 

[209]       Deng G, Chen LC, Schott DR, Thor A, Bhargava V, Ljung BM, Chew K, and 
Smith HS. Loss of heterozygosity and p53 gene mutations in breast cancer. 
Cancer Res. 1994; 54: 499-505. 

 



 179

[210]       Singh S, Simon M, Meybohm I, Jantke I, Jonat W, Maass H, and Goedde HW. 
Human breast cancer: frequent p53 allele loss and protein overexpression. Hum 
Genet. 1993; 90: 635-640. 

[211]       Elledge RM, and Allred DC. The p53 tumor suppressor gene in breast cancer. 
Breast Cancer Res Treat. 1994; 32: 39-47. 

[212]       Iacopetta B, Grieu F, Powell B, Soong R, McCaul K, and Seshadri R. Analysis 
of p53 gene mutation by polymerase chain reaction-single strand conformation 
polymorphism provides independent prognostic information in node-negative 
breast cancer. Clin Cancer Res. 1998; 4: 1597-1602. 

[213]       Runnebaum IB, Nagarajan M, Bowman M, Soto D, and Sukumar S. Mutations 
in p53 as potential molecular markers for human breast cancer. Proc Natl Acad 
Sci U S A. 1991; 88: 10657-10661. 

[214]       Sjogren S, Inganas M, Norberg T, Lindgren A, Nordgren H, Holmberg L, and 
Bergh J. The p53 gene in breast cancer: prognostic value of complementary DNA 
sequencing versus immunohistochemistry. J Natl Cancer Inst. 1996; 88: 173-182. 

[215]       Stenmark-Askmalm M, Stal O, Sullivan S, Ferraud L, Sun XF, Carstensen J, 
and Nordenskjold B. Cellular accumulation of p53 protein: an independent 
prognostic factor in stage II breast cancer. Eur J Cancer. 1994; 30A: 175-180. 

[216]       Thor AD, Koerner FC, Edgerton SM, Wood WC, Stracher MA, and Schwartz 
LH. pS2 expression in primary breast carcinomas: relationship to clinical and 
histological features and survival. Breast Cancer Res Treat. 1992; 21: 111-119. 

[217]       Allred DC, Clark GM, Elledge R, Fuqua SA, Brown RW, Chamness GC, 
Osborne CK, and McGuire WL. Association of p53 protein expression with tumor 
cell proliferation rate and clinical outcome in node-negative breast cancer. J Natl 
Cancer Inst. 1993; 85: 200-206. 

[218]       Barnes DM, Dublin EA, Fisher CJ, Levison DA, and Millis RR. 
Immunohistochemical detection of p53 protein in mammary carcinoma: an 
important new independent indicator of prognosis? Hum Pathol. 1993; 24: 469-
476. 

[219]       Elledge RM, Clark GM, Chamness GC, and Osborne CK. Tumor biologic 
factors and breast cancer prognosis among white, Hispanic, and black women in 
the United States. J Natl Cancer Inst. 1994; 86: 705-712. 

[220]       Beck T, Weller EE, Weikel W, Brumm C, Wilkens C, and Knapstein PG. 
Usefulness of immunohistochemical staining for p53 in the prognosis of breast 

 



 180

carcinomas: correlations with established prognosis parameters and with the 
proliferation marker, MIB-1. Gynecol Oncol. 1995; 57: 96-104. 

[221]       Levesque MA, Yu H, Clark GM, and Diamandis EP. Enzyme-linked 
immunoabsorbent assay-detected p53 protein accumulation: a prognostic factor in 
a large breast cancer cohort. J Clin Oncol. 1998; 16: 2641-2650. 

[222]       Isola J, Visakorpi T, Holli K, and Kallioniemi OP. Association of 
overexpression of tumor suppressor protein p53 with rapid cell proliferation and 
poor prognosis in node-negative breast cancer patients. J Natl Cancer Inst. 1992; 
84: 1109-1114. 

[223]       Bianchi S, Calzolari A, Vezzosi V, Zampi G, Cardona G, Cataliotti L, Bonardi 
R, and Ciatto S. Lack of prognostic value of p53 protein expression in node-
negative breast cancer. Tumori. 1997; 83: 669-672. 

[224]       Gohring UJ, Scharl A, Heckel C, Ahr A, and Crombach G. P53 protein in 204 
patients with primary breast carcinoma--immunohistochemical detection and 
clinical value as a prognostic factor. Arch Gynecol Obstet. 1995; 256: 139-146. 

[225]       Hartmann A, Blaszyk H, Kovach JS, and Sommer SS. The molecular 
epidemiology of p53 gene mutations in human breast cancer. Trends Genet. 1997; 
13: 27-33. 

[226]       Pharoah PD, Day NE, and Caldas C. Somatic mutations in the p53 gene and 
prognosis in breast cancer: a meta-analysis. Br J Cancer. 1999; 80: 1968-1973. 

[227]       Borresen AL, Andersen TI, Eyfjord JE, Cornelis RS, Thorlacius S, Borg A, 
Johansson U, Theillet C, Scherneck S, Hartman S, et al. TP53 mutations and 
breast cancer prognosis: particularly poor survival rates for cases with mutations 
in the zinc-binding domains. Genes Chromosomes Cancer. 1995; 14: 71-75. 

[228]       Gentile M, Olsen K, Dufmats M, and Wingren S. Frequent allelic losses at 
11q24.1-q25 in young women with breast cancer: association with poor survival. 
Br J Cancer. 1999; 80: 843-849. 

[229]       Kucera E, Speiser P, Gnant M, Szabo L, Samonigg H, Hausmaninger H, 
Mittlbock M, Fridrik M, Seifert M, Kubista E, et al. Prognostic significance of 
mutations in the p53 gene, particularly in the zinc-binding domains, in lymph 
node- and steroid receptor positive breast cancer patients. Austrian Breast Cancer 
Study Group. Eur J Cancer. 1999; 35: 398-405. 

[230]       Bergh J, Norberg T, Sjogren S, Lindgren A, and Holmberg L. Complete 
sequencing of the p53 gene provides prognostic information in breast cancer 

 



 181

patients, particularly in relation to adjuvant systemic therapy and radiotherapy. 
Nat Med. 1995; 1: 1029-1034. 

[231]       Berns EM, van Staveren IL, Look MP, Smid M, Klijn JG, and Foekens JA. 
Mutations in residues of TP53 that directly contact DNA predict poor outcome in 
human primary breast cancer. Br J Cancer. 1998; 77: 1130-1136. 

[232]       Gasco M, Yulug IG, and Crook T. TP53 mutations in familial breast cancer: 
functional aspects. Hum Mutat. 2003; 21: 301-306. 

[233]       de Cremoux P, Salomon AV, Liva S, Dendale R, Bouchind'homme B, Martin 
E, Sastre-Garau X, Magdelenat H, Fourquet A, and Soussi T. p53 mutation as a 
genetic trait of typical medullary breast carcinoma. J Natl Cancer Inst. 1999; 91: 
641-643. 

[234]       Wolffe AP, and Matzke MA. Epigenetics: regulation through repression. 
Science. 1999; 286: 481-486. 

[235]       Rideout WM, 3rd, Eggan K, and Jaenisch R. Nuclear cloning and epigenetic 
reprogramming of the genome. Science. 2001; 293: 1093-1098. 

[236]       Jaenisch R. DNA methylation and imprinting: why bother? Trends Genet. 
1997; 13: 323-329. 

[237]       Surani MA. Imprinting and the initiation of gene silencing in the germ line. 
Cell. 1998; 93: 309-312. 

[238]       Bestor TH. The DNA methyltransferases of mammals. Hum Mol Genet. 2000; 
9: 2395-2402. 

[239]       Baylin SB, Esteller M, Rountree MR, Bachman KE, Schuebel K, and Herman 
JG. Aberrant patterns of DNA methylation, chromatin formation and gene 
expression in cancer. Hum Mol Genet. 2001; 10: 687-692. 

[240]       Belinsky SA, Nikula KJ, Palmisano WA, Michels R, Saccomanno G, 
Gabrielson E, Baylin SB, and Herman JG. Aberrant methylation of p16(INK4a) is 
an early event in lung cancer and a potential biomarker for early diagnosis. Proc 
Natl Acad Sci U S A. 1998; 95: 11891-11896. 

[241]       Rice JC, and Allis CD. Code of silence. Nature. 2001; 414: 258-261. 

[242]       Norton VG, Imai BS, Yau P, and Bradbury EM. Histone acetylation reduces 
nucleosome core particle linking number change. Cell. 1989; 57: 449-457. 

 



 182

[243]       Lee DY, Hayes JJ, Pruss D, and Wolffe AP. A positive role for histone 
acetylation in transcription factor access to nucleosomal DNA. Cell. 1993; 72: 
73-84. 

[244]       Vettese-Dadey M, Grant PA, Hebbes TR, Crane- Robinson C, Allis CD, and 
Workman JL. Acetylation of histone H4 plays a primary role in enhancing 
transcription factor binding to nucleosomal DNA in vitro. EMBO J. 1996; 15: 
2508-2518. 

[245]       Struhl K. Histone acetylation and transcriptional regulatory mechanisms. Genes 
Dev. 1998; 12: 599-606. 

[246]       Bird A. DNA methylation patterns and epigenetic memory. Genes Dev. 2002; 
16: 6-21. 

[247]       Fuks F, Burgers WA, Godin N, Kasai M, and Kouzarides T. Dnmt3a binds 
deacetylases and is recruited by a sequence-specific repressor to silence 
transcription. EMBO J. 2001; 20: 2536-2544. 

[248]       Fuks F, Burgers WA, Brehm A, Hughes-Davies L, and Kouzarides T. DNA 
methyltransferase Dnmt1 associates with histone deacetylase activity. Nat Genet. 
2000; 24: 88-91. 

[249]       Kimura H, and Shiota K. Methyl-CpG-binding protein, MeCP2, is a target 
molecule for maintenance DNA methyltransferase, Dnmt1. J Biol Chem. 2003; 
278: 4806-4812. 

[250]       Jones PL, Veenstra GJ, Wade PA, Vermaak D, Kass SU, Landsberger N, 
Strouboulis J, and Wolffe AP. Methylated DNA and MeCP2 recruit histone 
deacetylase to repress transcription. Nat Genet. 1998; 19: 187-191. 

[251]       Nan X, Ng HH, Johnson CA, Laherty CD, Turner BM, Eisenman RN, and Bird 
A. Transcriptional repression by the methyl-CpG-binding protein MeCP2 
involves a histone deacetylase complex. Nature. 1998; 393: 386-389. 

[252]       Bachman KE, Park BH, Rhee I, Rajagopalan H, Herman JG, Baylin SB, 
Kinzler KW, and Vogelstein B. Histone modifications and silencing prior to DNA 
methylation of a tumor suppressor gene. Cancer Cell. 2003; 3: 89-95. 

[253]       Nowell PC. The clonal evolution of tumor cell populations. Science. 1976; 194: 
23-28. 

[254]       Knudson AG, Jr. Genetics of human cancer. Annu Rev Genet. 1986; 20: 231-
251. 

 



 183

[255]       Bishop JM. The molecular genetics of cancer. Science. 1987; 235: 305-311. 

[256]       Hansen MF, and Cavenee WK. Genetics of cancer predisposition. Cancer Res. 
1987; 47: 5518-5527. 

[257]       Weinberg RA. Oncogenes, antioncogenes, and the molecular bases of multistep 
carcinogenesis. Cancer Res. 1989; 49: 3713-3721. 

[258]       Reik W, Dean W, and Walter J. Epigenetic reprogramming in mammalian 
development. Science. 2001; 293: 1089-1093. 

[259]       Feinberg AP, and Vogelstein B. Hypomethylation distinguishes genes of some 
human cancers from their normal counterparts. Nature. 1983; 301: 89-92. 

[260]       Jones PA. DNA methylation and cancer. Cancer Res. 1986; 46: 461-466. 

[261]       Baylin SB, Hoppener JW, de Bustros A, Steenbergh PH, Lips CJ, and Nelkin 
BD. DNA methylation patterns of the calcitonin gene in human lung cancers and 
lymphomas. Cancer Res. 1986; 46: 2917-2922. 

[262]       Chandler LA, DeClerck YA, Bogenmann E, and Jones PA. Patterns of DNA 
methylation and gene expression in human tumor cell lines. Cancer Res. 1986; 
46: 2944-2949. 

[263]       Baylin SB, Fearon ER, Vogelstein B, de Bustros A, Sharkis SJ, Burke PJ, Staal 
SP, and Nelkin BD. Hypermethylation of the 5' region of the calcitonin gene is a 
property of human lymphoid and acute myeloid malignancies. Blood. 1987; 70: 
412-417. 

[264]       Jones PA, and Buckley JD. The role of DNA methylation in cancer. Adv 
Cancer Res. 1990; 54: 1-23. 

[265]       Soares J, Pinto AE, Cunha CV, Andre S, Barao I, Sousa JM, and Cravo M. 
Global DNA hypomethylation in breast carcinoma: correlation with prognostic 
factors and tumor progression. Cancer. 1999; 85: 112-118. 

[266]       Cedar H. DNA methylation and gene activity. Cell. 1988; 53: 3-4. 

[267]       Antequera F, Boyes J, and Bird A. High levels of de novo methylation and 
altered chromatin structure at CpG islands in cell lines. Cell. 1990; 62: 503-514. 

[268]       Futscher BW, Oshiro MM, Wozniak RJ, Holtan N, Hanigan CL, Duan H, and 
Domann FE. Role for DNA methylation in the control of cell type specific maspin 
expression. Nat Genet. 2002; 31: 175-179. 

 



 184

[269]       Zou Z, Anisowicz A, Hendrix MJ, Thor A, Neveu M, Sheng S, Rafidi K, Seftor 
E, and Sager R. Maspin, a serpin with tumor-suppressing activity in human 
mammary epithelial cells. Science. 1994; 263: 526-529. 

[270]       Domann FE, Rice JC, Hendrix MJ, and Futscher BW. Epigenetic silencing of 
maspin gene expression in human breast cancers. Int J Cancer. 2000; 85: 805-
810. 

[271]       Futscher BW, O'Meara MM, Kim CJ, Rennels MA, Lu D, Gruman LM, Seftor 
RE, Hendrix MJ, and Domann FE. Aberrant methylation of the maspin promoter 
is an early event in human breast cancer. Neoplasia. 2004; 6: 380-389. 

[272]       Oshiro MM, Watts GS, Wozniak RJ, Junk DJ, Munoz-Rodriguez JL, Domann 
FE, and Futscher BW. Mutant p53 and aberrant cytosine methylation cooperate to 
silence gene expression. Oncogene. 2003; 22: 3624-3634. 

[273]       He TC, Zhou S, da Costa LT, Yu J, Kinzler KW, and Vogelstein B. A 
simplified system for generating recombinant adenoviruses. Proc Natl Acad Sci U 
S A. 1998; 95: 2509-2514. 

[274]       Mietz JA, Unger T, Huibregtse JM, and Howley PM. The transcriptional 
transactivation function of wild-type p53 is inhibited by SV40 large T-antigen and 
by HPV-16 E6 oncoprotein. EMBO J. 1992; 11: 5013-5020. 

[275]       Trent J, Yang JM, Emerson J, Dalton W, McGee D, Massey K, Thompson F, 
and Villar H. Clonal chromosome abnormalities in human breast carcinomas. II. 
Thirty-four cases with metastatic disease. Genes Chromosomes Cancer. 1993; 7: 
194-203. 

[276]       Odom DT, Zizlsperger N, Gordon DB, Bell GW, Rinaldi NJ, Murray HL, 
Volkert TL, Schreiber J, Rolfe PA, Gifford DK, et al. Control of pancreas and 
liver gene expression by HNF transcription factors. Science. 2004; 303: 1378-
1381. 

[277]       Smyth GK. (2005). Gentleman R, Dudoit S, Irizarry R, Huber W (ed). Limma: 
linear models for microarray data. In: Bioinformatics and Computational Biology 
Solutions using R and Bioconductor. Springer: New York. pp 397-420. 

[278]       Litt MD, Simpson M, Recillas-Targa F, Prioleau MN, and Felsenfeld G. 
Transitions in histone acetylation reveal boundaries of three separately regulated 
neighboring loci. EMBO J. 2001; 20: 2224-2235. 

[279]       Soule HD, Maloney TM, Wolman SR, Peterson WD, Jr., Brenz R, McGrath 
CM, Russo J, Pauley RJ, Jones RF, and Brooks SC. Isolation and characterization 

 



 185

of a spontaneously immortalized human breast epithelial cell line, MCF-10. 
Cancer Res. 1990; 50: 6075-6086. 

[280]       Tait L, Soule HD, and Russo J. Ultrastructural and immunocytochemical 
characterization of an immortalized human breast epithelial cell line, MCF-10. 
Cancer Res. 1990; 50: 6087-6094. 

[281]       Cowell JK, LaDuca J, Rossi MR, Burkhardt T, Nowak NJ, and Matsui S. 
Molecular characterization of the t(3;9) associated with immortalization in the 
MCF10A cell line. Cancer Genet Cytogenet. 2005; 163: 23-29. 

[282]       Scheffner M, Werness BA, Huibregtse JM, Levine AJ, and Howley PM. The 
E6 oncoprotein encoded by human papillomavirus types 16 and 18 promotes the 
degradation of p53. Cell. 1990; 63: 1129-1136. 

[283]       Werness BA, Levine AJ, and Howley PM. Association of human 
papillomavirus types 16 and 18 E6 proteins with p53. Science. 1990; 248: 76-79. 

[284]       Scheffner M, Munger K, Byrne JC, and Howley PM. The state of the p53 and 
retinoblastoma genes in human cervical carcinoma cell lines. Proc Natl Acad Sci 
U S A. 1991; 88: 5523-5527. 

[285]       Lorincz AT. Hybrid Capture method for detection of human papillomavirus 
DNA in clinical specimens: a tool for clinical management of equivocal Pap 
smears and for population screening. J Obstet Gynaecol Res. 1996; 22: 629-636. 

[286]       International Human Genome Sequencing Consortium. Finishing the 
euchromatic sequence of the human genome. Nature. 2004; 431: 931-945. 

[287]       Zhang M, Maass N, Magit D, and Sager R. Transactivation through Ets and 
Ap1 transcription sites determines the expression of the tumor-suppressing gene 
maspin. Cell Growth Differ. 1997; 8: 179-186. 

[288]       Milner J, and Medcalf EA. Cotranslation of activated mutant p53 with wild 
type drives the wild-type p53 protein into the mutant conformation. Cell. 1991; 
65: 765-774. 

[289]       Chicas A, Molina P, and Bargonetti J. Mutant p53 forms a complex with Sp1 
on HIV-LTR DNA. Biochem Biophys Res Commun. 2000; 279: 383-390. 

[290]       Di Agostino S, Strano S, Emiliozzi V, Zerbini V, Mottolese M, Sacchi A, 
Blandino G, and Piaggio G. Gain of function of mutant p53: the mutant p53/NF-Y 
protein complex reveals an aberrant transcriptional mechanism of cell cycle 
regulation. Cancer Cell. 2006; 10: 191-202. 

 



 186

[291]       Sampath J, Sun D, Kidd VJ, Grenet J, Gandhi A, Shapiro LH, Wang Q, 
Zambetti GP, and Schuetz JD. Mutant p53 cooperates with ETS and selectively 
up-regulates human MDR1 not MRP1. J Biol Chem. 2001; 276: 39359-39367. 

[292]       Sato N, Parker AR, Fukushima N, Miyagi Y, Iacobuzio-Donahue CA, 
Eshleman JR, and Goggins M. Epigenetic inactivation of TFPI-2 as a common 
mechanism associated with growth and invasion of pancreatic ductal 
adenocarcinoma. Oncogene. 2005; 24: 850-858. 

[293]       Varga AE, Stourman NV, Zheng Q, Safina AF, Quan L, Li X, Sossey-Alaoui 
K, and Bakin AV. Silencing of the Tropomyosin-1 gene by DNA methylation 
alters tumor suppressor function of TGF-beta. Oncogene. 2005; 24: 5043-5052. 

[294]       Gruber AD, and Pauli BU. Tumorigenicity of human breast cancer is associated 
with loss of the Ca2+-activated chloride channel CLCA2. Cancer Res. 1999; 59: 
5488-5491. 

[295]       Dong P, Tada M, Hamada J, Nakamura A, Moriuchi T, and Sakuragi N. p53 
dominant-negative mutant R273H promotes invasion and migration of human 
endometrial cancer HHUA cells. Clin Exp Metastasis. 2007; 24: 471-483. 

[296]       Liu Y, Lu C, Shen Q, Munoz-Medellin D, Kim H, and Brown PH. AP-1 
blockade in breast cancer cells causes cell cycle arrest by suppressing G1 cyclin 
expression and reducing cyclin-dependent kinase activity. Oncogene. 2004; 23: 
8238-8246. 

[297]       Zhou Y, Yau C, Gray JW, Chew K, Dairkee SH, Moore DH, Eppenberger U, 
Eppenberger-Castori S, and Benz CC. Enhanced NF kappa B and AP-1 
transcriptional activity associated with antiestrogen resistant breast cancer. BMC 
Cancer. 2007; 7: 59. 

 
 

 


	DEDICATION
	The p53 Tumor Suppressor
	Function of p53 in normal cells


	Table 7.pdf
	Up




