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ABSTRACT

Transcription of the p53 gene is stimulated by DNA damage. Newly synthesized p53 is

translocated to the nucleus where it binds DNA and acts as a transcription factor to regulate gene

transcription, suppress the cell cycle, and halt cellular proliferation. It has been hypothesized that

cell cycle arrest allows time for the induction of repair genes. If the damage is extensive and the

cell cannot repair itself, then cell death via p53-mediated apoptosis occurs. This is a protective

mechanism to eliminate damaged and potentially cancerous cells. Therefore, normal p53

expression and function are essential whenever there is DNA damage. However, when p53 is

damaged or mutated there is decreased repair time with no resulting apoptosis, thus permitting

cells with damaged DNA to proliferate. This results in the tumorgenesis. This thesis tests the

hypothesis that alterations in cellular copper (Cu) alter the ability of p53 to act as a transcription

factor. This will be done by an experimental approach using the transient transfection of a p53-

responsive reporter gene construct. Furthermore, we will report data suggesting that Cu toxicity

induces the expression of p53 that has a mutant conformation. Macroarray technology was used

to identify the genes that are induced by p53, and shows that a number of p53-regulated genes

are differentially expressed in the presence and absence of Cu.

In conclusion, the goal of this work is to not only understand the possible relationship

between cancer and Cu deficiency or toxicity, but also to understand the mechanisms that

regulate the function of this important tumor suppressor protein.
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CHAPTER 1

BACKGROUND AND SIGNIFICANCE

Copper

Copper Functions. Copper (Cu) is a micronutrient trace element that plays an essential

role in biology, serving as a cofactor for enzymes including superoxide dismutase, which is

required for free radical scavenging, cytochrome c oxidase, a component of the electron transport

chain, ceruloplasmin needed for iron metabolism, lysyl oxidase, and dopamine β-hydroxylase

needed to convert dopamine to norepinephrine. Cu is also needed for the modification of a wide

variety of neuropeptides and neurohormones via the enzyme peptidyl α-amidating

monooxygenase (PAM). Consequently, Cu transport at the cell surface and the delivery of Cu to

intercellular compartments are critical events for a wide variety of biological processes

(Prohaska et al., 2001). Because Cu balance is essential, Cu conservation is organ specific and

liver Cu levels are very tightly controlled (Levenson & Janghabani, 1994; Levenson, 1998).

Furthermore, Cu deficiency can alter dietary preferences (Rutkoski et al., 2000). When rats were

fed a Cu deficient diet for 4 weeks, and then given the choice between a Cu deficient diet and a

Cu adequate diet, they ate 40% less Cu deficient diet, compared to the control rats (p=0.023).

Together these data suggest the importance of regulating Cu balance.

Copper Toxicity. Wilson’s disease (WD) is an autosomal recessive disorder that results in

Cu accumulation and causes cellular injury and tissue damage. While advanced WD is

characterized by Cu accumulation in most organ systems, patients generally present with

symptoms related to the effects of Cu accumulation in the liver and brain, including hepatitis,

cirrhosis, dementia, and Parkinsonian-like motor disturbances (Strand et al., 1998; Strausak et

al., 2001). The primary defect is a mutation in the Cu transporting ATP7B P-type ATPase.

Accumulation of Cu in the liver of WD patients results from the disturbed export of Cu from

hepatocytes to bile and decreased incorporation into ceruloplasmin. This excess Cu initiates free

radical generation and subsequent oxidative changes in liver lipids. The Long Evans Cinnamon

(LEC) rat is an inbred mutant strain, which has a deletion of the coding region of the Cu-
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transporting ATPase gene. LEC rats spontaneously develop liver injury and hepatocarcinoma

due to abnormal Cu accumulation. In both humans and LEC rats, liver damage, hepatitis and

hepatocarcinoma can be prevented by a reduction in liver Cu (Obata et al., 1996).

The mechanisms responsible for the induction of hepatocyte damage in WD and LEC

have been investigated. Copper can induce DNA damage in several ways: 1) by interacting with

specific bases in DNA, altering base-pairing properties, 2) by interacting with DNA polymerases,

diminishing the fidelity of DNA synthesis, 3) through interaction of metal ions with

deoxynucleoside triphosphate substrates affecting base pairing as well as substrate availability,

and 4) by interaction with phosphodiester bonds on DNA, altering the structure of DNA and the

formation of DNA protein cross-links (Tkeshelashvili et al., 1991). Both Cu+ and Cu2+ are

mutagenic. 10µM Cu+ significantly increased mutation frequency compared to controls. Cu
+
-

induced mutagenesis was more than 3-fold greater than that obtained with H2O2 (Tkeshelashvili

et al., 1991). To understand better where Cu binds DNA, laser Raman spectroscopy has shown

that Cu has a pronounced effect on DNA structure. Cu has specific binding sites for double-

stranded helical DNA (dsDNA). Furthermore, the binding of Cu to DNA shows higher

specificity when compared to other metal ions (Sagripanti et al., 1991).

Copper Deficiency. Menkes disease is an inherited X-linked recessive disorder that is

lethal in early childhood. Symptoms include severe mental retardation, altered brain

development, and neurodegeneration detected by post-mortem histological assay, indicating that

copper is essential for prenatal growth and development of the central nervous system (CNS)

(Rossi et al., 2001). These patients have severe Cu deficiency due to lack of MNK, a Cu-

transporting ATPase involved in Cu efflux from cells. MNK is required for the efflux of Cu from

the gut epithelial cells into the portal circulation. As a result, these patients absorb little Cu

leading to high Cu concentrations in gut epithelial cells, kidney and cultured fibroblasts, while

the liver and brain become Cu deficient (Rossi et al., 2001).

This Cu deficiency results in cell death. Brain Cu deficiency appears to cause

neurodegeneration (apoptosis) triggered by mitochondrial damage due to Cu depletion during

brain development (Rossi et al., 2001). The mottled/ brindled (Mo
br/y

) mouse is a phenotype

resulting from a mutation at the X-linked mottled locus, making it the closest animal model of

Menkes’ disease. Brains from Mobr/y mice stained with haematoxylin-eosin revealed increased

numbers of cells with morphological features of apoptosis, particularly, in the CA1 region of the
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hippocampus and the cortex (Rossi et al., 2001). Furthermore, there was a dramatic down-

regulation of Bcl-s and Bcl-2 (anti-apoptotic proteins) in brains of Mobr/y mice. While the

regulation of other apoptotic and anti-apoptotic proteins during Cu deficiency have yet to be

studied, these data suggest that Cu plays a role in the regulation of these important cellular and

molecular mechanisms.

Cu deficiency has also been linked to tumorigenesis. Rats fed a low Cu diet showed

greater dimethylhydrazine (DMH)-induced colon tumors compared to rats fed a high Cu diet or

an adequate Cu diet. The differences were seen in the number of rats developing tumors; 5 of 11

rats developed tumors in Cu deficient diets and 1 of 10 developed tumors in high and adequate

Cu diets Additionally, the average number of tumors was greater in Cu-restricted animals (7 vs.

2), and the average tumor mass was 3 times larger in the Cu-restricted animals (DiSilvestro et al.,

1992).

 Liver also appears to be susceptible to Cu deficiency-induced tumorigenesis. Cu-

restriction of rat hepatoma cells resulted in widespread DNA amplification and synthesis of

unstable DNA leading to increased tumorigenicity (Renault and Deschatrette, 1997).

Surprisingly, these alterations were even more pronounced and rapid when Cu depletion was

followed by Cu repletion (Renault and Deschatrette, 1994).

The mechanisms responsible for increased tumorigenicity following Cu depletion are not

understood.  Because Cu plays a role in scavenging excess reactive oxygen species (ROS) and

preventing oxidative damage to critical cellular components, it has been hypothesized that Cu

deficiency may prevent free radical scavenging and lead to DNA damage and mutations. Indeed,

Cu is a catalytic cofactor for two important antioxidant enzymes Cu, Zn superoxide dismutase

(SOD) and ceruloplasmin. Cu-deficient rats had higher hepatic activity of nuclear repair enzymes

than controls after treatment with aflatoxin B, suggesting greater oxidative damage to DNA as a

result of Cu deficiency. Furthermore, in cattle with hypocuprosis, an endemic Cu deficiency

disease, results in failure of Cu metalloenzyme activity such as Cu, Zn superoxide dismutase

(Picco et al., 2001). DNA damage was measured using the comet scale in these animals, and a

strong correlation was seen between decreased Cu levels and decreased comet degree 1 cells

from 70.5 to 56.5 (p<0.01), and increase in comet degree 2 cells from 19.3 to 32.4 (p<0.01)

(Picco et al., 2001).
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Tumor Suppressor Protein p53

p53 Structure. The human p53 gene is located on the short arm of the chromosome 17,

band 13, and is about 20kb in length (reviewed in Zupanska et al., 2002). The gene contains 11

exons that code for 393 amino acids. This p53 protein has several functional domains, the amino

terminal transactivation domain, a proline-rich sequence, a central DNA binding domain, a

flexible linker region, an oligomerization domain, and highly basic region of C-terminus

(reviewed in Morris, 2002).

p53 Functions. p53 is known as a tumor suppressor protein because it provides key

regulatory elements for monitoring the genome. First, it recognizes DNA damage caused by

chemical or physical processes or through other cellular stress stimuli. p53 is activated in

response to DNA damage such as chemical carcinogens, metal toxicity/ deficiency, ionizing

radiation, and viruses. Stress stimuli that may also activate p53 include, heat shock, hypoxia, low

extracellular pH, and certain drugs (cisplatin, adrimycin, and bleomycin). These stimuli induce

p53 expression, followed by post-translational modification including specific phosphorylation,

acetylation, and possibly dephosphorylation events (Morris, 1994).

These modifications result in an active isoform of p53 that can interact with other

regulatory proteins (such as Bax and GADD45) and stimulate p53 translocation to the nucleus

where it act as a DNA binding transcription factor to regulate gene transcription, suppress the

cell cycle, and halt cellular proliferation. It has been hypothesized that cell cycle arrest allows

time for the induction of repair genes (Maeda et al., 2002). If the damage is extensive and the

cell cannot repair itself, then cell death via p53-mediated apoptosis occurs (Shwartz and Rotter

1998). This is a protective mechanism to eliminate damaged and potential tumorgenesis.

p53 Mutations.  Mutations that prevent normal p53 function result in the development of

cancer. Approximately 50% of all malignant cells carry mutations or deletions of this gene,

making it the single most frequently mutated gene in cancer cells (Greenblatt et al., 1994; Nigro

et al., 1989). p53 mutations account for 26% of lung cancers, 21% of breast cancers, and 19% of

colon cancers (Zupanska et al., 2002).

A variety of p53 mutations have been identified including point mutations (Morris,

2002), splicing abnormalities (Holmila et al., 2003; Varley et al., 1999), and null mutations

(Morris, 2002). Mutations that alter the amino acid sequence of the protein can disrupt p53

folding, DNA binding, or association with other proteins. Mutations can be caused by
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environmental insults such as exposure to aflotoxin (Bergsland, 2001) or can arise from germline

mutations. In some cases these germline mutations, which is present from birth, are not detected

until adulthood. A recent report described the identification of a p53 germ line mutation in a

patient with osteosarcoma and a choriod plexus tumor. The mutation was characterized by a 7

base pair insertion in exon 5. The in-frame alteration produced amino acid substitutions that

began with alanine to glycine at position 161 and a premature stop codon at position 182

(Rutherford et al, 2002). This mutated protein was unable to induce the p53-responsive genes

bax, p21 or PIG3. However, transfection of the mutant protein into cell showed that it was able

to induce apoptosis. Thus, it has been hypothesized that mutations in p53 may not only disrupt

normal p53 function, but some mutations may result in a "gain of function" that allows p53 to act

via non-classical mechanisms (Morris 2002; Rutherford et al 2002).

p53 and Copper. The DNA damage induced by Cu toxicity results in an increase in the

tumor suppressor protein p53. For example, LEC rats had elevated hepatic expression of p53.

This increase could be prevented by feeding a low copper diet (Obato et al., 1996).  Treatment of

human hepatocytes (HepG2) with toxic levels of Cu also resulted in increased p53 expression

(Strand et al., 1998; Narayanan et al., 2001). Induction of p53 was followed by the translocation

of p53 into the nucleus of HepG2 cells and subsequent apoptosis (Narayanan et al., 2001).

Verhaegh et al. studied effects of Cu levels on human breast carcinoma cell line (MCF-7).

Pyrrolidine dithiocarbamate (PDTC) is an antioxidant, that can also bind and transport external

Cu into cells (Verhaegh, 1997). PDTC down regulated the specific DNA-binding activity of p53.

Furthermore BCS, a non-cell permeable Cu chelator, prevented Cu import and the p53 down-

regulation, while 1,10-orthophenanthroline, a cell permeable Cu chelator prompted the activity

of Cu and up-regulated p53 DNA-binding activity through a DNA damage-dependent pathway

(Verhaegh, 1997).

The p53 protein is a transcription factor, which binds DNA through a structurally

complex domain stabilized by a zinc (Zn) atom. Zn chelation disrupts the architecture of this

domain (Hainnaut et al., 1995), inducing the protein to adopt an immunological phenotype

identical to that of many mutant forms of p53. Incorporation of Zn within the protein is required

for folding into the wt conformation capable of specific DNA-binding (Meplan et al., 2000).

Furthermore, Zn increased p53 binding to T antigen (Tag) of DNA papova virus essential for

viral replication, transformation, and DNA binding (Kernohan et al., 1996). Also, depletion of
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Zn ions from p53 during purification alters conformation of wtp53, generating a mutant

conformation, which is inactive in a sequence-specific DNA binding assay, and would be unable

to bind Tag (Kernohan et al., 1996). This proves that there are structures in DNA repair proteins

sensitive to toxic metals. Zn is one of them because of its Zn finger structures in DNA-binding

motif: with in these structures Zn is complexed to four cysteines and/or histidines, creating

structures that allow DNA-protein interaction as well as protein-protein interactions (Hartwig et

al., 2002). It has been shown that Cu displaces Zn in Fpg Zn finger protein, decreasing its

binding capacity and enzymatic activity (Hartwig et al., 2002; O’Connor et al., 1993). Cu also

decreased the activity of xeroderma pigmentosum (XPA), which contains a single Zn finger

motif, which is part of minimal DNA-binding domain. Furthermore, Cu decreased activity of

PARP, which is involved in directing repair enzymes to sites of DNA damage (Hartwig et al.,

2002).

On the other hand Zn treatment of neuronal cells, decreased Cu-induced apoptosis,

decreased p53 translocation to the nucleus and at 700 µM Zn decreased p53 expression by 50%

(VanLandingham et al., 2002). Furthermore, exposure of cultured cells to Zn chelator TPEN,

induced wtp53 to accumulate in an immunologically “mutant” form with decreased DNA-

binding activity (Verhaegh et al., 1998). Removal of TPEN from cultured medium allowed p53

to refold into the immunologically wt form, followed by transient increase in DNA binding

capacity. These results indicate that modulation of intracellular Zn induces conformational

changes in p53 and its binding activity, suggesting that metalloregulation may play a key role in

controlling p53 structure and function.

The down-stream genes that are activated by the Cu-induction of p53 have not been fully

explored. However, it is known that CD95 expression (which is dependent on p53) is very low

and evenly distributed in normal liver cells compared with WD livers. WD liver had areas of

high CD95 expression on hepatocyte membranes (Strand et al., 1998). In vitro studies confirmed

these results. HepG2 cells treated with copper (II) chloride revealed fragmentation of apoptotic

bodies and increased expression of CD95 detected by FACS analysis compared to control

HepG2 cells that were not treated with Cu. To see the role of p53 in CD95 system, HepG2 cells

transfected with p53 gene had the same expression of CD95 as those induced by Cu, indicating

that induction of CD95 by Cu is mediated by p53 (Strand et al., 1998).
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Less is known about the regulation of p53 in Cu deficiency.  However, in Menkes

disease, cancer develops possibly through a mechanism involving p53 (Mercer, 1998). Treating

cells with a Cu chelator tetraethylenepentamine (TEPA) increased p53 mRNA, nuclear p53, and

decreased cytosolic p53 compared to controls (Narayanan et al., 2001). Immunocytochemical

localization reinforced that in TEPA-treated cells p53 was in the nucleus compared to the control

where p53 was spread throughout the cell. However, there was no alteration in cellular

proliferation and no evidence of apoptosis in TEPA-treated cells suggesting that Cu deficiency-

induced p53 was inactive (Narayanan et al., 2001).

Because both Cu toxicity and Cu deficiency have been linked to the development of

cancer, this work was designed to study the function of p53 under conditions of altered cellular

Cu status. First, the role of Cu in the ability of p53 to act as a DNA binding transcription factor

was tested using reporter gene downstream from tandem p53 binding sites. Second, p53

responsive genes were identified in Cu loaded and copper deficient cells by oligonucleotide

array. And finally, the presence and relative abundance of mutant p53 was measured in Cu

treated cells that normally express wild type p53.
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CHAPTER 2

MATERIALS AND METHODS

Cell Culture

Cell Maintenance. Human hepatoma cells (HepG2) were grown in Minimum Essential

Media (α-MEM, Sigma Chemical, St.Louis, MO) with 10% calf serum (Cosmic Calf Serum,

Hyclone Laboratories, Logan, UT) and an antibiotic-antimyotic solution (Sigma Chemicals,

St.Louis, MO) containing penicillin (1 X 105 U/L) in T75 flasks. Flasks were housed in a

humidified incubator containing 5% CO2, and 95% air at 37°C. Cells were plated at 80-90%

confluency into 6-well plates for appropriate treatment.

Copper Treatment. HepG2 cells were treated with media containing the copper (Cu)

chelator tetraethylenepentamine (TEPA) at 50 µM for 48 hours (n=5; 5 wells of 6-well plates).

We have previously shown this treatment to induce Cu deficiency in HepG2 cells without

disrupting cellular zinc status (Narayanan et al. 2001; Levenson et al. 1999). Cells were also

treated with 200 µM Cu as copper sulfate (n=5) for a period of 6-18 hours. Untreated cells

served as controls (n=5).

Transfection

All cells were transfected with a reporter gene construct containing the luciferase gene

downstream from a TATA box promoter element and 15 tandem repeats of a known p53-binding

site. This construct was designed specifically for testing p53 cis-acting elements in mammalian

cells and is supplied with positive control plasmid (wild-type p53 cDNA) (Stratagene, LA Jolla,

CA). Co-transfection with the β-galactosidase (β-Gal) gene permitted normalization for

transfection efficiency (Levenson et al., 1994). Cells were transfected using Lipofectamine 2000

reagent (Invitrogen, Carlsbad, CA), a proprietary formulation that is suitable for transfection of

nucleic acids into mammalian cells.
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Preliminary experiments were conducted to determine optimal conditions for

transfection. These studies determined the amount of positive control that resulted in increased

p53 expression without resulting in complete apoptosis. Preliminary experiments were also

conducted to determine the duration of the transfection process, the amount of Cu, the period of

Cu treatment, the amount of Lipofectamine to be used, and tolerance of the cells to serum free

media during the transfection process. From these preliminary transfection studies, it was

determined that HepG2 cells would be plated in 6-well plates and allowed to attach for 18-24

hours. After attachment, cells were transfected and treated with Cu. Transfection was

accomplished by the addition of plasmid DNA (diluted to an appropriate concentration with Tris-

EDTA buffer, pH 8.0) in 250 µL of serum free media (Table 2-1). Lipofectamine was mixed

separately in serum free media (10 µL/ 250 µL media per well) then added to the plasmid DNA

mixture and incubated for 20 min at room temperature. Because transfection is highest in serum

free media, growth media was removed from cells and replaced with 1.5 µL of serum-free

media. The plasmid DNA-Lipofectamine mixture was then added to the cells (final transfection

volume was 2 mL). To maintain cell survival, 50µL fetal bovine was added to each well after

approximately 6 hours. After 18 hours additional media containing serum (250µL) was added to

the cells to a final volume of 2.5mL. At the end of the treatment period, cell lysates were

collected for analysis of Luciferase activity, β-Gal, and total cellular protein. Transfection

experiments were replicated in two separate batches of HepG2 cells (n=3 dishes/ condition) for a

total 6 dishes per condition.

Table 2-1. Transfection of HepG2 cells

DNA

Tube

LUC

(1.25µg/dish)

β-Gal

(1.25µg/dish)

Cu

(200 µM)

TEPA

(50 µM)

p53

(2.5µg/dish)

1 2.8 µL 1.33 µL

2 2.8 µL 1.33 µL

3 2.8 µL 1.33 µL 100 µL

4 2.8 µL 1.33 µL 100 µL

5 2.8 µL 1.33 µL 1 µL

6 2.8 µL 1.33 µL 1 µL

7 2.8 µL 1.33 µL 1 µL

8 2.8 µL 1.33 µL 1 µL
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Luciferase activity. The luciferase assay kit provides rapid, sensitive, and quantitative

measurement of the activity of the reporter enzyme American firefly (photinus pysalis). It is

highly sensitive and as few as 1 x 10-20 moles of luciferase can be detected with a luminometer.

The reaction that occurs can be described as follows:

Luciferase substrate (luciferin) + ATP + O2 → light (560nm) + oxyluciferin + AMP + Ppi

To collect cells, media was removed from each well, 300 µL of 1X cell lysis buffer was

added and incubated at room temperature for 15 min. Wells were scraped lysates and then

transferred to separate 1.5mL Eppendorf tubes and centrifuged at 12, 000 rpm, for 5 min. The

supernatant was transferred to new 1.5 mL tubes. Cell lysates were then immediately assayed for

Luciferase activity and the remainder of the cell lysates were stored at  -80°C for later β-Gal and

protein assay. To each polystyrene sample tube 100 µL of luciferase substrate-assay buffer

mixture and 20 µL of cell lysate were mixed and Luminescence was immediately measured

using an Optocomp 1 luminometer (Hamden, CT).

β-Galactosidase Measurement. The β-Gal gene functions as a measure of transfection

efficiency because the protein product is very stable, resistant to proteolytic degradation in

cellular lysates, and easily assayed.  To assay for β-Gal, 20 µL of cell lysate, and 130 µL of 1X

chlorophenol red-β-D-galactopyranoside (CPRG) substrate was mixed in a final volume of 150

µL. After incubation for 72 h in a 37°C water bath the reaction was terminated by adding 80 µL

stop solution. Samples were then read at 570nm in a Beckman DU 640 spectrophotometer.

Protein Assay. Total cellular protein content in the lysates was determined by Lowry, and

used as a control for variations in cell number. A standard curve was produced using duplicates

of bovine serum albumin (BSA) at 5, 10, 20, 25, 30, and 50 µg. 5 µL of cell lysate was added to

separate tubes. All tubes (samples and standards) were brought to a final volume of 130 µL with

deionized water. Lowry reagent (1 mL) was added and samples were incubated for 10 min at

room temperature. Folin reagent (100 µL diluted 1:1 with water) was added and incubated for 30

min at room temperature. Absorbance was determined by spectrophotometry at 500nm. Sample

protein concentrations were determined by linear regression. The r2 of the standard regression

line was ≥0.99.
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Macroarray Technology

Separate T75 flasks of HepG2 cells were treated with 50 µM TEPA (48 hours), or 200

µM Cu (18 hours) as previously described. Control cells were untreated. Total cellular RNA was

isolated using Trizol extraction method (Gibco/ BRL, Gaithersburg, MD). Concentrations were

determined using spectrophotometry, and purity was confirmed by A260/A280.

Labeling cDNA probes. In sterile 0.5 mL microcentrifuge tubes 5 µL of total cellular

RNA (2µg /µL) for each treatment condition was added to 5 µL pre-prepared primer mix

(Panomics, Redwood City, CA) and briefly centrifuged. The mixtures were then heated at 70°C

for 2 min, after which they were incubated for 1-2 min at 42°C. Biotin-dUTP (2 µL) and 1 µL of

reverse transcriptase were added to a final volume of 20 µL. This mixture was incubated at 42°C

for 2 min after which time the cDNA mix was transferred to the RNA sample mix, and incubated

at 42°C for 2 h. Following incubation, 3 µL of 10X denaturing solution was added to the sample

and incubated for 20 min at 68°C. Finally that 33 µL of 2X neutralizing buffer was added and

incubated at 72°C for 10 min.

Hybridization. Nylon membranes spotted with 148 p53-responsive cDNAs (Transignal

TM, Panomics, Redwood City, CA) were prehybridized in 3 mL of prewarmed hybridization

buffer supplied by the manufacturer at 42°C for 2 hours. The biotin-labeled cDNAs were added

to the bottle and hybridized at 42°C overnight. The next day hybridization buffer with the labeled

cDNAs was decanted and saved. To wash the membranes, 60 mL of prewarmed hybridization

wash was added and incubated at 42°C for 20 min while shaking, and this was repeated twice.

Then 60 mL of prewarmed hybridization wash II was added and incubated at 42°C for 20 min

while shaking. This was also repeated twice.

Detection. After hybridization, the membranes were washed with 1X blocking buffer for

15 min with gentle shaking. Streptavidin-HRP conjugate was added and incubated for another 15

min, followed by three washes with 1X wash buffer (20 mL). Membranes were placed on a

plastic sheet and 3 mL of substrate solution were added onto the membranes and overlaid with a

second plastic sheet. Expressed mRNAs were detected by immediately exposing Hyperfilm

(Amersham Pharmacia Biotech, Buckinghamshire, UK) for 10sec, 30 sec, and 2 min.

Films were then used to identify p53-responsive genes expression in HepG2 cells for

each condition. First, spot intensities on all films were quantified using densitometry (Quantity
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One Quantification Program) created by Protein and DNA Imaging, (PDI, Boston, MA). As

internal controls, the array includes the sequences for GAPDH and ubiquitin. These genes are not

expected to be regulated by Cu thus permitting normalization of the films. Genes with a 1.5-fold

increase or decrease in spot intensity compared to the Cu-adequate/deficient condition were

identified as potentially regulated by Cu.

Immunocytochemistry

Immunocytochemistry was used to determine the localization and relative abundance of

p53 in its wild type and mutant conformation. HepG2 cells were plated on glass cover slips at

approximately 50% confluence in 6-well plates. After 24h cells were treated with 200 µM Cu for

18h. Cells were then rinsed with 1 mL phosphate buffered saline (PBS, pH 7.4) containing

calcium and magnesium (PBS+), and fixed for 10 min with 4% paraformaldehyde (PFA) in

PBS+ at room temperature. The cells were then rinsed 3X in PBS+. Care was taken between

washes not to dry out the cells. Cells were permeabilized with 0.2% Triton X-100 for 5 min,

followed by 3 washes using PBS without calcium and magnesium (PBS-). 10 mg/mL bovine

serum albumin (BSA) was added for 15 min to prevent non-specific antibody (Ab) binding. BSA

was removed and a mouse anti-human p53 monoclonal Ab, described in table 2-2 (1:250 in

BSA) was added. The samples were then incubated at room temperature in a humid chamber

overnight with gentle shaking. The following day, the primary Ab was washed off 3X with PBS-.

BSA was again applied for 15 min. A secondary goat anti-mouse IgG labeled with Cy3 (1:200)

was added and incubated for approximately 2 hours at 37°C. Nuclei were stained with 4,6-

diamidino-2-phenylindole (DAPI; 1:300; Sigma Chemicals) in distilled water in the dark for

15min at room temperature. After washing 3X with PBS-, coverslips were mounted onto

microscope slides using commercially prepared anti-fade mounting medium (Gel-Mount,

Biomedia). Cells from two separate experiments were examined for the presence of p53 in the

wild type and mutant conformations using a Nikon microscope equipped with epifluorescence.

Exposure times for all photographs were held constant to permit comparison of intensities.
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Table 2-2. Antibody Properties for Immunocytochemistry in HepG2 cells

Antigen Primary Ab Secondary Ab Ab number Company

p53 Mutant Monoclonal

mouse anti-human

IgG (1:200)

Cy3 conjugated

goat anti-mouse

IgG (1: 250)

p53 (Ab-3) Oncogene,

SanDiego, CA

p53 Wild type Monoclonal

mouse anti-human

IgG (1:200)

Cy3 conjugated

goat anti-mouse

IgG (1: 250)

p53 (Ab-4) Oncogene,

SanDiego, CA

Nuclear DNA DAPI (1:300) Sigma chemicals
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CHAPTER 3

RESULTS

Copper Deficiency

Effect of Copper Deficiency on p53 Transcriptional Activity. Luciferase activity was

used to monitor the ability of p53 to act as a DNA-binding transcription factor. The addition of

TEPA to cells prior to transfection with the reporter gene resulted in only a modest increase in

luciferase activity that did not reach statistical significance (Figure 3-1). However, co-

transfection with the reporter gene and the p53 expression construct resulted in a 5.5 fold

increase in luciferase activity (p≤0.001). The addition of TEPA to co-transfected cells did not

alter luciferase activity, suggesting that Cu deficiency does not alter p53 activity.

Genes Regulated by Cu Deficiency. Copper deficiency resulted in differential expression

of 27 known p53 responsive genes that met the standard 1.5-fold cut off (Table 3-1.). The

mRNA abundance for 9 genes was increased 1.7-15.8 fold by TEPA treatment. Using the same

selection criterion, 18 mRNAs were decreased below control levels (Table 3-1).
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Figure 3-1. Affect of Cu deficiency on the ability p53 to activate a luciferase reporter

gene with tandem p53 binding sites. Cu deficiency was induced in HepG2 cells with

50µM TEPA and then co-transfected with the reporter gene and the p53 expression

vector. Control cells were transfected with reporter gene only. Bars represent mean ± SD

luciferase activity (n=6 in two separate experiments).  * Significantly different from

control at p≤0.05.
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Table 3-1. TEPA-induced alteration in the expression of p53-responsive genes.

Gene

Increased

Expression Gene Product Function

15-LO 15.8 15 Lipooxygenase gene Metabolism of linoleic

and archedonic acid

AFP 14.1 Alpha-fetoprotein Cell proliferation/

growth

4F2AHC 10.2 Antigen heavy chain

β-Actin 8.4 Cell structure gene Cell structure

VEGF 7.2 Heparin-binding vascular

endothelial growth factor

Vasculization and

tumorgenesis

RB1 7.1 Retinoblastoma Susceptibility Tumor suppressor

PAI 1 5.6 Serine/ cysteine proteinase inhibitor Metastasis suppressor

genes

PTPA 3.1 Protein Phosphotase 2A Regulator of protein

phosphotase

α-Actin 1.7 α-Actin Cell structure

Gene

Decreased

Expression Gene Product Function

IGF BP6 0.07 Insulin-like growth factor binding

protein 6

Inhibits cell growth

PTHLH 0.13 Parathyroid hormone-like protein Proto-oncogene

RGS 14 0.13 Regulator of G-protein signaling 14 Growth and cell

survival

tyrkin 0.19 Tyrosine Kinase Inhibit apoptosis

Pro.Ox 0.20 p53 induced protein Unknown

TP53 INP1 0.23 Tumor protein p53 inducible

nuclear protein 1

Unknown

Hsp 70 0.26 Heat shock protein 70 Anti-apoptotic

p85 0.26 Cell cycle gene Pro-apoptotic

TGF - α 0.31 Transforming growth factor, alpha

1

Cell proliferation

REPRIMO 0.37 Candidate mediator of the p52-

dependant G2 arrest

Cell cycle arrest at G2

WIG 1 0.43 p53 target zinc finger protein Transcription factor?

P2RXL1 0.45 Purinergic receptor P2X-like 1 Receptor protein

Bax 0.53 Pro-apoptotic gene Pro-apoptotic

PUMA/ BBC3 0.59 Bcl-2 binding component Pro-apoptotic

p73 0.67 Tumor protein 73 Tumor suppressor

PRG1 0.67 Cell death gene Pro-apoptotic

TGF - β 0.67 Transforming growth factor, beta 1 Growth

Stat 3 0.67 Signal transducer & activator of

transcription 3

Transcription factor
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Copper Toxicity

Effect of Cu Toxicity on p53 Transcriptional Activity. Cu treatment did not significantly

alter luciferase activity compared to untreated control cells (Figure 3-2). However, when p53-

transfected cells were treated with Cu, luciferase activity was reduced to control levels,

suggesting that Cu toxicity severely impairs the ability of p53 to act as a DNA-binding

transcription factor (Figure 3-2).

Genes Regulated by Cu Toxicity. There were a total of 14 genes that were differentially

regulated by Cu toxicity (Table 3-2). Of these, 5 were up-regulated between 1.5 and 3.2-fold

above control. Nine genes were down-regulated after 18 h of Cu treatment (Table 3-2.).

p53 Conformation.  Examination of HepG2 nuclear morphology by DAPI staining

suggested that Cu-treatment results in apoptosis. Figure 3-3 shows that Cu treatment resulted in

nuclear shrinkage, and apparent nuclear blebbing.

Immunocytochemistry using antibodies specific for the wild-type and mutant

conformations of p53 showed that the abundance of p53 (both wild-type and mutant) was very

low in untreated control HepG2 cells (Figure 3-3.). As expected from previous work, Cu

treatment increased p53 that was in the wild type conformation. This protein was seen in both the

cytoplasm and nucleus of Cu-treated cells. Figure 3-3 shows that in addition to wild-type p53,

Cu treatment also resulted in a significant amount of p53 that was in a mutant conformation.

While it is clear that both wild type and mutant p53 is formed in the presence of Cu, figure 3-4

suggests that Cu-treatment may result in the formation of more wild type than mutant p53.

Furthermore, in cells immunostained with both antibodies (anti-wild type and anti-mutant) the

staining intensity was visibly higher than staining in cells labeled for wild type or mutant p53

alone.  This not only confirms the presence of significant amounts of both proteins (mutant and

wild-type) in Cu nuclei of Cu-treated cells (Figure 3-4.), but also indicates the specificity of the

antibodies for the different conformations.
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Figure 3-2. Affect of Cu toxicity on the ability p53 to activate a luciferase reporter gene

with tandem p53 binding sites. Cu toxicity was induced in HepG2 cells with 200 µM Cu

and then co-transfected with the reporter gene and the p53 expression vector. Control

cells were transfected with reporter gene only. Bars represent mean ± SD luciferase

activity (n=6 in two separate experiments).

* Significantly different from control at p≤0.05.
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Table 3-2. Copper-induced alterations in the expression of p53-responsive genes.

Gene

Increased

Expression Gene Product Function

15-LO 3.2 15 Lipooxygenase gene Metabolism of linoleic

and arachidonic acid

α-Actin 2.4 α-Actin Cell structure

RB1 1.9 Retinoblastoma susceptibility-1 Tumor suppressor

Gene

Decreased

Expression Gene Product Function

PIG 8 0.02 Etoposide-induced protein Apoptosis

GPX 0.09 Glutathione Peroxidase Antioxidant

MAP 4 0.15 Microtubule-associated protein Anti-apoptosis

Ker 15 0.34 Keratin 15 Unknown

LRDD/

PIDD

0.40 Leucine-rich & death domain

containing

Regulates cellular

growth/ pro-apoptotic

TGF - β 0.41 Transforming growth factor, beta 1 Pro-apoptotic

fos 0.52 c-fos Proto-oncogene

CDKN/

p14 ARF

0.56 Cyclin-dependant kinase inhibitor

2A (melanoma, p16, inhibits CDK4)

Tumor suppressor

LATS 2 0.67 Large tumor suppressor 2 Tumor suppressor
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Figure 3-3. Immunocytochemical localization of p53 in control and Cu-treated (200 µM for 18

hours) HepG2 cells. Photomicrographs are representative of images from n=6 dishes at 100 X

magnification. Cells were fixed with 3.7% formaldehyde and stained with 4’,6-diamidino-2-

phenylidole (DAPI).



21

Figure 3-4. Immunocytochemical localization of wild-type (wt) and mutant (mt) p53 in Cu-

treated (200 µM for 18 hours) HepG2 cells. Photomicrographs are representative of images from

dishes at a 20X magnification.
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CHAPTER 4

DISCUSSION

The tumor suppressor protein p53 acts as a DNA binding transcription factor to regulate a

multitude of genes involved in the regulation of the cell cycle and apoptosis (Morris et al., 2002;

Decraene et al., 2001). There is evidence that both Cu deficiency and Cu toxicity contribute to

the development of cancer (DiSilvestro et al., 1992; Obata et al., 1996; Tkechelashvili et al.,

1991). Furthermore, previous data have shown that Cu regulates p53 expression in both

hepatocytes (Narayanan et al., 2001; Obata et al., 1996) and neurons (VanLandingham et al.,

2002). Thus, the work described here examined the transcriptional activity of p53 under

conditions of both Cu deficiency and Cu toxicity in the human hepatoma cell line, HepG2.

Additionally, oligonucleotide arrays were used to determine the expression of p53-responsive

genes in HepG2 cells and the effect of Cu alterations.

Cu Deficiency

Copper Deficiency and Cancer. A low Cu diet has been shown to increase the

susceptibility of rats to colon cancer causing agents (DiSilvestro et al., 1992). In humans, a Cu

restricted diet caused an increase in fecal free radicals and induced cytotoxicity (Davis et al.,

2003). This increase in free radicals has been linked to the etiology of cancer because free

radicals can lead to DNA damage, protein destruction, and eventually tumor growth (Davis et al.,

2003). In vitro, Cu deficiency has been linked to the development of cancer in a variety of cell

lines. Part of this may be due to increased oxidative stress in Cu deficient cells. This may be due

to a reduction in the cytosolic form of superoxide dismutase (Cu, Zn-SOD) which requires 2

atoms of Cu for its catalytic activity. Cu,Zn-SOD activity was reduced in Cu-deficient

neuroblastoma cells (Rossi et al., 2001), erythrocytes (Sukalski et al., 1997), and HL-60 cells

(Johnson and Thomas, 1999). Cu-deficiency has lead to oxidative DNA damage in Jurkat T-
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lymphocytes (Pan et al., 2000). Perhaps Cu deficiency weakens the antioxidant defense system

of these cells making them more susceptible to DNA damage.

The finding that Cu deficiency leads to DNA damage has also been noted in a variety of

models. DNA damage was seen in Cu-deficient cattle compared to normo-cupremia (Picco et al.,

2001). Several studies have shown alterations in which DNA damage can lead to tumorigenesis

in Cu-deficient cell lines (Renault et al. 1998; Renault and Deschatrette, 1994,;1997) or tumor

growth (DiSilvestro et al., 1992). Interestingly, Renault et al (1998) reported that while the Cu

deficient cells were committed to cell death, they had partially inhibited apoptotic mechanisms.

This is consistent with previous data from our lab where Cu deficient HepG2 cells had induced

p53 mRNA, marking a commitment to cell death, but no apoptosis (Narayanan et al., 2000).

Effect of Copper Deficiency on p53 Activity. It has previously been shown that the

chelator TEPA reduces intracellular Cu levels without disrupting zinc (Narayanan et al., 2000).

Under these conditions, p53 mRNA is induced, and p53 protein, although apparently expressed

at lower levels than would be expected based on the mRNA, is translocated to the nucleus.

However, as explained in the previous paragraph, there is no evidence of apoptosis (Narayanan

et al., 2000). Dietary restriction has also been shown to increase p53 without inducing apoptosis

(Higami et al., 2000).

To test whether Cu deficiency inhibits the activity of p53, a reporter gene with multiple

p53 binding sites was used to test the activity of p53 with and without TEPA treatment. TEPA-

treatment resulted in an approximately 2-fold increase in the mean luciferase activity. While this

did not reach statistical significance, it certainly suggests a trend toward an increase. The lack of

a significant increase can be interpreted in several ways. First, this may suggest that there is only

minimal induction of p53 following Cu treatment. This would be consistent with previous work

showing an approximately 2-fold induction of p53 mRNA in LEC rat liver with Cu toxicity

(Obata et al., 1996). Furthermore, it is consistent with the degree of p53 mRNA induction after

treatment of HepG2 cells with Cu, approximately 2-fold (Narayanan et al., 2000).  However,

these data could also suggest that p53 is synthesized, but that its activity is inhibited by Cu

deficiency. This possibility is made less likely by the fact that TEPA treatment had no effect on

the reporter gene activity in cells co-transfected with the p53 gene and suggests that once

synthesized, p53 is able to function normally under conditions of Cu deficiency.
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Downstream genes regulated by p53 in Cu deficiency.

The next phase of this work then moved to an attempt to characterize whether p53-

responsive genes that are known to play a role in apoptosis are regulated in TEPA-treated cells.

We used an oligonucleotide array to test the expression of a group of known p53-responsive

genes under Cu deficient (TEPA-treated) and Cu adequate conditions. A variety of genes were

differentially expressed. The major variations are discussed in the following sections.

Bax. The most significant finding from the array study is that expression of the pro-

apoptotic gene Bax is decreased following TEPA treatment.  Normally, an increase in Bax is not

only correlated with apoptosis, but also with increases in p53 gene expression (De Lujan Alvarez

et al., 2002; Yin et al., 1997; McCurrah et al., 1997 and others). After p53 induces Bax, Bax gets

translocated to mitochondria, where it induces release of cytochrome c.  This, in turn, induces the

series of caspases that lead to apoptosis (Oh et al., 2003).

Treating cells with EGCG, a polyphenolic compound found in tea, showed significant

increases in p53, Bax and apoptosis (Kuo et al., 2003). Furthermore, severe hypoxia led to

increased cell death by increasing Bax (Bossenmeyer Pourie et al., 2002). Several

chemotherapeutic agents, such as cisplatin, have been shown to decrease cell proliferation,

increase cell accumulation at G1 phase, and up-regulate both p53 and Bax (Munehis et al.,

2002). This was also true in HepG2 cells treated with Resveratrol (Kuo et al., 200), and Aloe-

Emodin treatment of hepatocellular carcinoma cells (Kuo et al., 2002).

In contrast, low Bax levels make cells resistant to apoptosis (Oliver et al., 2002;

McCurrach et al., 1997) and susceptible to cancer. Mutations in Bax are seen in pancreatic

cancer (Ku et al., 2002), and UICC III tumors with increased Bax have a better prognosis

(Schelwiess et al., 2002). Thus, the finding that TEPA-treated cells have reduced Bax expression

may explain why these cells are not undergoing apoptosis. While these data may help to explain

the survival of HepG2 cells during Cu deficiency, the mechanism responsible for the down-

regulation of Bax in TEPA treated cells is not known. Down regulation of Bax could represent a

p53-independent mechanism of regulation. Thus, the effect of Cu deficiency on other regulators

of Bax expression needs to be explored.

Alpha-fetoprotein. After birth, transcription of alpha-fetoprotein (AFP) is turned off in

most adult cells, except in the liver where it is found in low amounts (Spivak et al., 1987). Its
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expression can be reactivated during liver regeneration or in certain carcinoma cells of hepatic

origin (Spivak et al., 1987) where it appears to play a role in proliferation (Wu et al., 2002). AFP

has previously been shown to be up-regulated in Cu deficiency. Both p53 and AFP are expressed

in germ cells (Wu et al., 2002), in hepatocarcinoma (Fu et al., 2003), in liver cancers (Cheng et

al., 2000), in HepG2 (wtp53), HuH-7 cells (mtp53) but not in Hep3B cells where there is a

deletion of p53 (Arima et al., 2002). AFP regulates growth and proliferation in HeLa cells by

increasing cAMP concentration, and this regulation was not seen when AFP was blocked (Li et

al., 2002).

The finding that AFP is up-regulated in TEPA-treated HepG2 cells is consistent with

previous data showing that Cu deficiency in pancreatic cells is marked by increased AFP

expression (Debeva et al., 1995). It is also interesting to note that AFP is a Cu-binding protein

(Anderson et al., 1987; Lau et al., 1989) and may play a role in intracellular Cu transport (Lau et

al, 1989). If this is true, an increase in AFP during Cu restriction may protect cells from

deficiency. There is also evidence to suggest that treatment with AFP can increase expression of

both mtp53 and mtp21 (Li et al., 2002). Thus, the finding that AFP increased in TEPA-treated

HepG2 cells suggests that future studies should include examination of mtp53 and its effects in

this cell type.

Vascular Endothelial Growth Factor.  The finding that the vascular endothelial growth

factor, VEGF, is up-regulated by TEPA in HepG2 cells is consistent with the bulk of the

literature supporting an association between increased p53 expression and increased VEGF

expression (Lee et al., 2002; Liu et al., 2002). In esophageal squamous carcinoma both these

genes were increased, while p53(-) and VEGF(-) cells had decreased levels of both genes (Liu et

al., 2002). Furthermore, inhibition of p53 degradation by hypoxia increased expression of VEGF

(Chio et al., 2003). VEGF has also been implicated as an angiogenesis-related marker (Qin et al.,

2002) and is over expressed in gliomas (Chinot, 1995). Increased NO-generation in tumor cells

may select mtp53 and contribute to tumor angiogenesis by up-regulating VEGF (Weiming et al.,

2002). This increase in VEGF in response to increase NO production, leads to increased

vascularization (blood vessel formation to replace damaged vessels), but also increased tumor

growth and invasiveness. VEGF was also increased in response to DNA damage induced by

Riddelliine, which led to cell cycle arrest in S phase and an increase in p53 expression(Nyska et

al., 2002). It was proposed that VEGF increased because Riddelliine increases endothelial
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damage, thrombi are released as a result, which leads to VEGF up-regulation. But only a certain

threshold of VEGF is needed to induce apoptosis in these cells. In contrast, in two animal models

of breast cancer Cu-deficiency has been shown to decrease expression of VEGF and other

growth factors (Pan et al., 2002). Furthermore, some studies found no association between

VEGF and p53 expression. For example, in hypoxia VEGF increased regardless of p53

expression (Horiuchi et al., 2002).

Plasminogen Activator 1. TEPA treatment increased Plasminogen Activator 1 (PAI 1).

While the significance of this regulation is not fully understood, p53 suppresses tumor metastasis

by up-regulating metastasis suppressor genes such as PAI1 and masprin (Zou et al., 2000).

Phosphotyrosyl Phosphatase Activator. Phosphotyrosyl Phosphatase Activator (PTPA)

has been shown to be a regulator of protein phosphotase 2A (Cayla et al., 1990), a major Ser/Thr

phosphatase implicated in cell cycle control, response to signaling, cell differentiation, and cell

transformation (Mumby et al., 1993). It has several p53 binding sites on its promoter region

(Janssens et al., 2000). Binding of p53 to the PTPA promoter appears to down-regulate PTPA in

a dose-dependent manner. Furthermore, HepG2 exposed to UV light accumulated p53 and down-

regulated PTPA (Janssens et al., 2000), while four mtp53 cells failed to repress PTPA promoter

activity. In a p53-negative cell line (Saos-2 cells) the PTPA activity increased much more than in

p53 positive cells lines (U2OS and HepG2 cells).  The finding that PTPA is up-regulated in

p53(+) HepG2 cells after Cu deficiency is curious and suggests that Cu may regulate PTPA

independently of p53.

Insulin-Like Growth Factor Binding Protein-6. Insulin-Like Growth Factor Binding

Protein-6 (IGF BP6) has been shown to inhibit cell growth through IGF-dependent and

independent mechanisms (Sueoka et al., 2000). Infection of NSCLC cells lines with IGFBP6

decreased cell number by activating programmed cell death, while injection of IGFBP6 into

NSCLC cells reduced cell size by 45% (Sueoka et al., 2000). Furthermore, retinoids (RA) inhibit

cell growth thru IGFBP6 as their mediator, human bronchial epithelial cells (HBE) treated with

RA showed an increase in IGFBP6 mRNA and protein levels (Sueoka et al., 2000). In the current

work, IGFBP6 was down-regulated in TEPA treated cells. This is consistent with the fact that

TEPA-treated cells were not undergoing apoptosis.

Regulator of G Protein Signaling (RGS 14). Several p53 binding sites have been found

on RGS14 promoter region indicating this gene can be regulated by p53 (Buckbinder et al.,
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1997). Through RGS14 regulation, p53 may cause cellular sensitivity to growth and/or survival,

using G protein-coupled receptor pathways. Treatment of RKO colon carcinoma cells with the

anticancer and DNA-damaging agent doxocubicin leads to induction of RGS14. RKO-E6 cells

with defective p53 signaling as a result of human papilloma-virus were unable to induce RGS14.

Mutant p53 is also capable of inducing RGS14 expression (Buckbinder et al., 1997). While this

gene is down-regulated in TEPA treated cells, there is evidence that RGS14 expression can be

regulated by both p53 dependent and independent pathways based on cell type, culture condition,

and tissue type.

Heat Shock Protein 70 (Hsp70). The heat shock family of proteins, of which Hsp 70 is a

member, are characterized as chaperone proteins. They are responsible for the localization of

regulatory proteins, and the mitogen-activated signal cascade (Hembrecht et al., 2000).

Moreover, Hsp70 assists in folding of proteins, recovery from stress by repairing proteins and

promoting cell survival (Jolly et al., 2000). It appears that both mt and wtp53 can interact with

Hsp70 (Henkler et al., 1995). Increases in Hsp70 in p53 positive cells inhibited UV-induced

apoptosis in HepG2 cells, while p53 deficient cells with increased Hsp70 showed no inhibition in

UV-induced apoptosis (Chen et al., 1999).  Cells with p53 antisense, showed increases in Hsp70

with no apoptosis (Chen et al., 1999). Hsp70 expression in WEH1-S cells resulted in increased

tumorigenesis and increased resistance to apoptosis (Jaattela et al., 1995). It appears that Hsp70

prevents apoptosis upstream of caspase 3 and downstream of cytochrome c, making it a strong

suppressor of apoptosis (Chun-Ying et al., 2000; Mosser et al., 2000). Furthermore, Hsp70

prevents cytochrome c/dATP mediated caspase activation and suppresses apoptosis by directly

associating with Apaf-1 (Beere et al., 2000).

Decreases in Hsp 70 expression increased apoptosis in a caspase-dependent pathway in

breast cancer cells and hsp70 -/- cells had increased cell death (Nylandsted et al., 2000). Hsp 70

anti-sense treatment inhibits the expression of Hsp70, which in turn inhibits cell proliferation and

induces apoptosis in tumor cells suggesting that Hsp70 is required for tumor cells to proliferate

and survive under normal conditions (Wei et al., 1995). Furthermore, Hsp 70 negative cells with

mtp53 still died (Nylansted et al., 2000).

Despite the fact that most data suggest a protective role for Hsp 70, there is evidence

showing that Hsp 70 can have both anti-apoptotic and pro-apoptotic effects. (Sapozhnikov et al.,
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2002; Levenson, unpublished data). This novel function would be consistent with the down

regulation seen in HepG2 cells treated with TEPA and warrants further investigation.

p85. Evidence in the literature indicates that p85 may be involved in cancer etiology

since it has been shown to be up-regulated in human lung cancers (Eymin et al., 2002). p85 also

plays a role in apoptosis, since in macrophages treated with Wortmannin (inhibitor of

phosphatidyllinositol kinase) showed increases in apoptosis as well as up-regulation of p85

(Chen et al., 2002). p85 acts as a signal transducer in the cellular response to oxidative stress

mediating cell death regulated by p53 (Yin et al., 1998). Disruption of p85 impairs cellular

apoptosis response (Yin et al., 1998). This is consistent with the finding that TEPA treatment

decreases p85 expression. Furthermore, increased expression of p53 (200%) and decreased p85

expression (90%) in L929 cells treated with hyaluronidase (Chang et al., 1998) also parallels

results shown in TEPA treated HepG2 cells.

Transforming Growth Factors. The transforming growth factors, TGF-α. and TGF-β

both play roles in cellular proliferation and apoptosis.  However, their exact mechanism of

regulation by p53 is not fully understood. TGF-α has been shown to have proliferative function

in response to increased p53 (Inoe et al., 2002, Tan et al., 1994; Wu et al., 2002). It has been

hypothesized that the proliferative response needed to replace damaged cells. While TGF-α has

been shown to be activated by wtp53, it can also be increased by mtp53 (Shin et al., 1993).

Furthermore, TGF-α activation increased p53, Bax and apoptosis, but did not affect cell cycle

(Teramoto et al., 1998). Activation of TGF-β induced apopotosis via similar p53-dependent

mechanisms (Yonish-Rouach et al., 1993; Loyer et al., 1996), but did not have an effect on the

cellular growth rate (Teramoto et al., 1998).

In contrast to these data, other work has shown p53 had no effect on TGF-α (Lennartsson

et al., 1999). Furthermore, dietary restriction increased p53 expression that resulted in no

increases in TGF-α, TGF-β or apoptosis (Higami et al., 2000). This is consistent with the

findings of the current study that show that TEPA treatment resulted in down-regulation of TGF-

α, and the expression of TGF-β was very close to the cut-off for down-regulation. It is

interesting to note that mtp53 can decrease both TGF-β and TGF-α (Kiss et al., 1997). While the

luciferase data reported here do not indicate that there is mtp53 in the presence of TEPA, the

findings of Kiss et al., suggest that future studies should examine TEPA-treated cells for the

presence of mtp53.
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REPRIMO. REPRIMO leads to cell cycle arrest at the G2 phase (Ye at al., 2002; Taylor

et al., 2001; Ohki et al., 2000). REPRIMO induction was only possible in p53+/+ cells and not in

p53 deficient cells (Ohki et al., 2000). Induction of p53 and REPRIMO in MEF cells decreased

cell proliferation, induced complete cell cycle arrest and eventually programmed cell death (Ohki

et al., 2000).

In TEPA-treated HepG2 cells REPRIMO expression is decreased. This is consistent with

the fact that TEPA-treated cells are not undergoing apoptosis. However, it is not clear why this

p53-stimulated gene is down-regulated.  Possibilities include 1) the disruption of REPRIMO

transcription by Cu deficiency, and 2) p53-independent mechanisms of REPRIMO regulation

during Cu deficiency.

WIG-1. WIG-1 is a p53 target zinc finger protein, and appears to be induced by p53 and

by DNA damage (Helborg et al., 2001). A p53 binding motif has been identified on the WIG1

promoter, and is very responsive to p53 induction (Margareta et al., 2002). Not all of WIG1

functions have been identified; those identified include inhibition of tumor cell growth and

inhibition of colony formation (Helborg et al., 2001). Wig1 down-regulation expression in

TEPA-treated HepG2 cells correlates well with other data showing that over-expression

promotes apoptosis (Tomasevic et al., 1999)

Copper Toxicity

Effect of Cu toxicity on p53 activity. Luciferase data show that treatment of HepG2 cells

with 200 µM Cu inhibits p53-mediated expression of the reporter gene used to monitor p53

activity. Previous work (Narayanan et al., 2001) has shown that Cu induces p53 expression.

Thus, the reporter gene data are not the result of reduced p53 expression. Rather, it appears that

Cu interferes with the ability of p53 to act as a DNA binding transcription factor. (Figure 3-2).

There are a number of possible explanations for these results. First, it is known that the

phosphorylation state of p53 regulates its function. Phosphorylation increases the activity of p53,

even in the absence of increases in protein expression (Choi et al  2002). Thus, it would be

interesting to explore the ability of Cu to prevent the phosphorylation of p53 in hepatocytes

using phosphorylation specific antibodies. Second, it appears that a reduction in p53 acetylation

is necessary for the ability of p53 to bind to DNA (Chao et al, 2000). The role of Cu on

acetylation also has not been tested, but poses an interesting avenue for future research.
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The third possibility is that Cu causes p53 mutations in HepG2 cells. Human mutations in

p53 have been shown to drastically alter its function. For example, mutant p53 (delta 62-91),

which lacks all five PXXP (where P represents proline and X represents any amino acid), can

induce cell cycle arrest but not apoptosis, while mutant p53 (gln22-ser23/delta 62-69), which

contains double point mutation in the activation domains as well as deletion of the proline rich

domain, has no activity. It is particularly interesting to note that mutations such as these have

very different effects on the ability of p53 to regulate the expression of specific genes. For

example, deletions of the proline-rich region reduced the ability of p53 to induce a variety of

genes including p21, p85, and PIG3. However, induction of BAX, PIG2, PIG7, and PIG8 was

unaffected (Zhu et al., 1999).

In vitro treatment of p53 cDNA with cupric chloride resulted in dose dependent

mutations a majority of which were point mutations (Yu et al, 2002). Data from WD patients

confirms that Cu can cause mutations in p53. WD patients had a higher frequency of G:C to T:A

transversions at codon 249 (P < 0.001), C:G to A:T transversions, and C:G to T:A transitions at

codon 250 (P < 0.001 and P < 0.005, respectively) even in non-cancerous tissue. Together these

data suggest that the alterations in luciferase activity reported here may be the result of Cu-

induced mutations in the p53 gene.

Another type of mutant that may be formed as a result of copper treatment is a

conformational mutant.  p53 depends on the coordination of a Zn atom for its wild-type

conformation (Hartwig et al., 2002; Verhaegh et al., 1998; Hainaut et al., 1995). A second type

of mutation that may occur in the presence of Cu is a conformational mutant. The presence of

zinc permits folding of p53 into a conformation that is able to bind specific DNA sequences and

regulate gene expression (Kernohan et al., 1996; Verhaegh et al., 1998; Meplan et al., 2000).

Removal of Zn from p53 would induce a conformational change inconsistent with DNA binding

activity. It has been shown that high Cu can bind to recombinant p53 and disrupt it ability to bind

to DNA in normal, wild type fashion (Hainaut et al., 1995). The ability of Cu to alter the DNA-

binding ability of p53 does not simply result from oxidative damage to the p53 protein as

antioxidants did not prevent the action of Cu (Hainaut et al., 1995). This suggests that Cu may be

displacing Zn from p53 (VanLandingham et al., 2002; Hartwig et al., 2002; O’Connor et al.,

1993). While Cu-p53 has not been crystallized, it is likely that the conformation of Cu-bound



31

p53 would differ from wild type p53 with Zn. Thus, Cu toxicity may result in the formation of a

conformational mutant in HepG2 cells.

Immunocytochemisty using antibodies for mutant (mt) and wild-type (wt) p53 supports

the hypothesis that Cu causes mutations in p53. In fact, in Cu-treated HepG2 cells both forms of

p53 were present. Unfortunately the currently available antibodies to p53 do not permit

measurement of mt and wt p53 by immunocytochemistry in the same cell. Development of a set

of antibodies that could be used in this manner (double label fluorescent immunocytochemistry)

would be helpful in understanding the mechanism that is responsible for the production of mt

p53 in Cu-treated HepG2 cells. The presence of both wt and mt p53 in the same cell would

indicate that the mutation was conformational, not genomic. If the mutation was genomic, we

would expect to find only mt p53 in that cell. Despite this limitation, our data suggest that the

mutation caused by Cu is largely conformational. Examination of figure 3-4 shows that every

cell nucleus is stained with wt or mt p53, suggesting the presence of both conformations in each

cell.

Downstream genes regulated by p53 in Cu toxicity.

15-Lipoxygenase. The finding that the 15-lipoxygenase gene (15-LO) is up-regulated

during Cu toxicity further supports the hypothesis that Cu causes a mutation in p53. Using a

temperature sensitive mtp53 (mutant when cells were grown at 39° C, and wild type at 32° C) it

was shown that expression of the15-LO gene is up-regulated by mtp53 (Kelavkar and Badr,

1999). 15-LO is responsible for the oxidative metabolism of linoleic and arachidonic acid to a

variety of metabolites including 12-S-hydroxyoctadecadienoic acid (HODE), lipoxins (LXs), and

15-S-hydroxyeicosatetraenoic acid (HETE), which are involved in anti-inflammatory

mechanisms (Kelavkar et al., 2000). 15-LO gene expression has been identified in human liver

and a variety of normal and cancerous cells including prostate, kidney, brain, spleen and lung

(Kelavkar et al 2000). To our knowledge this report represents the first finding of 15-LO

expression in human hepatoma cells.

The biological significance of 15-LO in cancer cells is not known (Kelavkar et al 2000).

Two reports suggest that HODE (the main metabolite of linoleic acid) inhibits cellular

proliferation (Liu et al., 1995) and induces apoptosis (Shureigi et al, 2000). However, by far the

weight of the literature suggests that HODE induces cellular proliferation (Ikawa et al., 1999;
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Kamitani et al., 1998; Reddy et al, 1997; and others). It appears that at low (normal) levels 15-

LO plays an anti-inflammatory role in tissue repair. However, when induced by mtp53 15-LO

levels are abnormally elevated inducing cellular proliferation (Kelavkar et al., 2000). This

suggests that while Cu toxicity clearly induces apoptosis in HepG2 cells, in vivo the formation of

Cu-induced mtp53 would cause the overexpression of 15-LO, the subsequent proliferation of

hepatocytes, and the development of cancer. It is also interesting to note that 15-LO was also

induced in TEPA-treated cells. This suggests the presence of mtp53 not only in Cu toxicity, but

in Cu deficiency as well. Thus, the possible role of both Cu toxicity and Cu deficiency in

abnormal cellular proliferation needs to be explored.

Alpha-actin. Actin filaments are essential components of the cytoskeleton and are

responsible for integrity of cell and membrane integrity. During apoptosis changes in the

cytoskeletal filaments result in nuclear and cytoplasmic blebbing and the formation of apoptotic

bodies (Zitterbart and Veselska, 2001). These morphological changes are clearly seen in Cu-

mediated apoptosis. Thus, the differential regulation of actin by copper may be part of the

process of apoptosis.

Retinoblastoma-1.  While p53 guards against instability and oncogene expression by

inducing both arrest of the cell cycle and apoptosis, the retinoblastoma protein regulates

apoptosis during development, and its loss results in deregulation of growth and apoptosis

(Hickman et al., 2002). pRB, the gene product of RB-1, is a tumor suppressor protein that plays

an important role in cell cycle and apoptosis by governing the passage of cells through G1 phase-

restriction point, promoting terminal differentiation and preventing cell cycle re-entry (Lai et al.,

2003). Thus loss of RB function can lead to cancer. In addition to the well known role of RB

mutations in retinoblastoma, loss of Rb protein expression has been correlated with lymph node

metastasis, and Rb-/p53+ cells had decreased survival when compared to Rb+/p53- cells

(Dosaka-Akita et al., 1996). The role of pRB is performed through interactions with p53 and

MDM2. p53 can control the phosphorylation status of pRB and regulate its activity, while both

p53 and pRB can interact with the oncogene MDM2. Furthermore, there is evidence that pRB

impairs certain functions of MDM2 during the process of forming trimeric complex with p53;

pRB overcomes the ability of MDM2 to inhibit p53-mediated apoptosis (Martin et al., 1995). In

prostate adenocarcinoma RB1 was methylated in 6% of the cancers (Konishi et al., 2002).
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Moreover, members of both pRB and p53 pathways have been found to be mutated in many

human cancers (Stewart et al., 2001)

We have shown that RB-1 is expressed in HepG2 cells. To our knowledge this is the first

report of RB-1 expression in any type of liver cell. We have also shown that RB-1 is up-

regulated by Cu toxicity in HepG2 cells. This is consistent with the fact that in addition to the

protein-protein interactions described above; RB-1 is also regulated at the transcriptional level by

p53 (Lange et al., 2001). Thus, it is likely that in Cu-treated cells the induction of p53 increases

RB-1 expression. This is part of the mechanism that triggers apoptosis.

PIG8 (EI24).  The PIG8 gene, also known as EI24, gene is located on chromosome

11q23, a region frequently altered in human cancers (Gentile et al., 2001). The most commonly

deleted chromosomal region in solid tumors, 11q23-q24, harbors both p53 and PIG8. In a

population of early onset breast cancer patients, 39% had a mutation in the PIG8 gene (Gentile et

al., 2001). PIG8, a p53-target gene, induces apoptosis when over-expressed and plays an

important role in the prevention of many cancers (Gu et al., 2000; Gentile et al., 2001).

Furthermore, M1tsp53 cells express high levels of p53 in the mutant conformation and actively

proliferate when grown at 37°C. However, when the cells are shifted to 32.5°C, the tsp53

proteins assume a wt conformation, and PIG8 mRNA is markedly induced causing these cells to

be rescued from p53-mediated cell death (Gu et al., 2000).

The finding that Cu-induced p53 reduced the expression of PIG8 is somewhat surprising.

This may be the result of the presence of mt p53 in the cells. Alternatively, given that PIG8 is in

close proximity to p53, both genes may have developed mutations as a result of Cu treatment.

Another reason why this gene may have been decreased in Cu toxicity could be due to the fact

that it is an early response gene (Gu et al., 2000) and the mRNA may have been degraded by the

time these cells were sampled.

Glutathione Peroxidase. Glutathione peroxidase (GPX), is an enzyme that participates in

the antioxidant process by converting hydrogen peroxide into water. This essential antioxidant

enzyme decreased in many cancers such as anaplastic carcinoma and papillary carcinomas

(Hasegawa et al., 2002). GPX, along with other antioxidant enzymes was significantly lowered

in cervical cancer patients as compared to normal subjects (Nalini et al., 2002). Furthermore,

GPX was decreased in prostate cancer cells (Suzuki et al., 2000). Decreased GPX provides the

cells with weak protection against free radicals and reactive oxygen species (ROS), further
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exacerbating DNA damage. In contrast, the administration of lycopene, a potent carotenoid and

strong antioxidant, significantly decreased the formation of lipid peroxides and enhanced the

activities of hepatic biotransformation enzymes such as GPX and reduced glutathione (GSH)

(Bhuvaneswari et al., 2002). Treatment with ascorbic acid, also an antioxidant in citrus fruits,

induced redifferentiation of human gastric cells, and increased the activities of superoxide

dismutase and GPX (Zheng et al., 2002).

The finding that GPX mRNA is down-regulated in Cu-treated cells is consistent with the

apoptosis observed in these cells.  Given the fact that Cu is a powerful oxidant, a reduction in

this enzyme during Cu toxicity would be expected to exacerbate Cu-induced DNA damage and

cell death.

Microtubule-associated protein 4. The transcriptional status of p53 determines the

sensitivity of cells to anti-microtubule drugs. This effect is mediated through the regulation of

the microtubule-associated protein, MAP4 (Zhang et al., 1999). UV light increased the

expression of wtp53 5-fold, but lead to a 5-7-fold decrease in expression of MAP4 5-7-fold. This

increased the sensitivity of mouse ductal epithelial carcinoma cells to the drug vinblastine.

Wtp53 induction by doxorubicin in C127 breast cancer cells repressed MAP4, and decreased

microtubule polymerization (Bash-Babula et al., 2002). However, mtp53 increased MAP4

expression (Zhang et al., 1999; Chao et al., 2000).

The finding that Cu toxicity decreased MAP4 expression supports the finding that Cu

induced wtp53 as well as mtp53 in these cells. If only mtp53 was expressed, an increase in

MAP4 would have been expected. The finding of decreased MAP4 is also consistent with

apoptosis in Cu-treated cells as over-expression of MAP4 in other cell types delayed p53-

dependent apoptosis (Murphy et al., 1996).

Leucine Rich Death Domain Containing Protein. The Leucine Rich Death Domain

Containing Protein (LRDD), also known as PIDD, is a novel death domain protein that

participates in death receptor signaling (Lin et al., 2000). PIDD is an effector of p53-dependent

apoptosis, since overexpression of PIDD inhibited cell growth in a p53-like manner by inducing

apoptosis. Furthermore, anti-sense mRNA inhibition of PIDD expression attenuated p53-

mediated apoptosis (Lin et al., 2000).

Despite the role of PIDD in apoptosis, we found that Cu treatment resulted in a reduction

in PIDD suggesting that it is not playing a significant role in Cu-mediated cell death. The role of
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mtp53 in the regulation of PIDD is not known and may account for the down-regulation of this

gene.

Transforming Growth Factor-Beta. The p53-mediated up-regulation of the

Transforming Growth Factor-Beta (TGF-ß) gene promotes apoptosis (Higami et al., 2002). On

the other hand some literature supports the idea that TGF-ß may also act through p53-

independent mechanisms. In this case, TGF-β induces p15, p27, p21 and RB

hypophosphorylation (Tavassoli et al., 2002). The finding that Cu treatment reduced TGF-β

mRNA abundance is consistent with a previous report that Cu (delivered as a tripeptide chelate)

reduced fibroblast TGF-β secretion (McDormack et al., 2001). While the significance of this

down-regulation is not known, it is interesting to note that hepatocellular carcinoma cells have

been shown to have high levels of TGF-β that are correlated not to the apoptotic state of the cell,

but rather to the differentiation state with increased differentiation resulting in lower levels of

TGF-β (Idobe et al., 2003).

Fos.  Fos is an early-immediate response gene. Its gene product, c-fos, is a transcription

factor that plays a role in the regulation of a wide variety of genes. It also function as a  proto-

oncogene and induces the development of cancer.  Under exposure of known carcinogens such

as cadmium, fos expression increased (Spruill et al., 2002). Furthermore, in situations of

increased stress, such UV exposure, the transcription of fos is increased while p53 is induced at

post-transcriptional level (Matsumoto et al., 1994). The opposite response is seen when glycolic

acid exerts an inhibitory effect on the UVB-induced skin tumor development by blocking the

UVB-induced apoptosis and cytotoxicity through inhibition of c-fos and p53 (Ahn et al., 2002).

In other studies, primary rat embryo fibroblast cells (REF) normally express mtp53. When

shifted to 32.5° C, the protein assumes a wt-like conformation. When these cells were

maintained at 37.5° C and then induced to resume proliferation upon re-addition of serum, c-fos

mRNA levels increased rapidly. However when such experiments were carried out at 32.5° C

induction of c-fos mRNA was less efficient (Ginsberg et al., 1991).

Our finding that fos expression is down-regulated in Cu-treated cells is consistent with an

increase in RB1 expression. RB1, which is increased in Cu toxicity, can reduce the

transcriptional activity of c-fos promoter (Ginsberg et al., 1991).

p14
ARF

. The tumor suppressor ARF plays an important role as an inhibitor of Mdm2-

mediated degradation of p53 (Menendez et al., 2003). By binding Mdm2 p14 prevents p53
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degradation by Mdm2. Interestingly, both mt and wtp14Arf can bind to Mdm2 and increases

levels of p53. Expression of this gene is decreased in gastric cancers (Tsujimoto et al., 2002).

Furthermore, p14
ARF

 was inactivated in 73% of glioblastomas (Ghumenti et al., 2003). Some

studies show inverse correlation between p14
ARF 

and p53 in NSCLC cells (Park et al., 2003;

Vonlanthen et al., 1998). In cell lung carcinoma TP53 was mutated in at least 87% of cell lines,

14 of 27 cell lines with mutant TP53 also had inactivated TP14
ARF

 whereas the remaining 13 cell

lines had wild-type TP14
ARF 

(Park et al., 2003). Other studies have shown that p14
ARF

 is directly

correlated to p53 in the same cell type (Sanchez-Cespedes et al., 1998). Mice with Rb+/-

genotype survived 276 days while Rb+/-; p14
ARF 

mice survived
 
168 days (Tsai et al., 2002).

The significance of the decrease in the expression of this gene is not known. However, it

is interesting to note that loss of p14
ARF 

has been shown to increase cellular
 
proliferation (Tsai et

al., 2002). Thus, this may, in part, help explain the role of Cu in proliferative cancers.

Conclusions and Future Studies:

In summary, the present work has identified a number of p53-responsive genes that are

putatively regulated by Cu deficiency and toxicity. Future studies should include:

1. Confirmation of mRNA regulation by Northern analysis or other measures of mRNA

abundance,

2. Examination of the protein levels and localization for each regulated gene in Cu deficiency

and toxicity using immunocyotchemistry,

3. Examination of the in vivo effects of alterations of Cu on these genes and their protein

products,

4. Identification of the threshold of responsiveness by doing dose response curves for individual

genes,

5. Determine if TEPA treatment results in the formation of mtp53,

6. Crystallization of p53 in presence of Cu and elucidation of its 3-dimensional structure.

7. Test phosphorylation and acetylation of p53 in TEPA-treated and Cu-treated cells.



37

SELECTED BIBLIOGRAPHY

Ahn, K.S., Park, K.S., Jung, K.M., Jung, H.K., Lee, S.H., Chung, S.Y., Yang, K.H., Yun, Y.P., Pyo,

H.B., Park, Y.K., Yun Y.W., Kim, D.J., Park, S.M., and Hong, J.T. (2002). Inhibitory effect of

glycolic acid on ultraviolet B-induced c-fos expression, AP-1 activation and p 53-p21 response

in a human keratinocyte cell line. Cancer Lett. 186: 125-135.

Ando, K., Higami, Y., Tsuchiya, T., Kanematsu, T., Shimokawa, I. (2002). Impact of aging and life-long

calorie restriction on expression of apoptosis-related genes in make F344 rat liver. Microsc. Res.

Tech. 59: 293-300.

Andersson, L., Sulkowski, E., and Porath, J. (1987). Facile resolution of alpha-fetoproteins and serum

albumins by immobilized metal affinity chromatography.

Cancer Res. 47: 3624-3626.

Arima, T., Nakao, K., Nakata, K., Ishikawa, H., Ichikawa, T., Hamasaki, K., Ishii, N., and Eguchi, K.

(2002). Transactivation of human alpha-fetoprotein gene by X-gene product of hepatitis B virus

in human hepatoma cells. Int. J. Mol. Med. 9: 397-400.

Avramis, I.A., Christodoulopoulos, G., Suzuki, A., Laung, W.E., Gonzalez-Gomez, I., McNamara, G.,

Sausville, E.A., and Avramiz, V.I. (2002). In vitro, and in vivo evaluations of the tyrosine kinase

inhibitor NSC 680410 against human leukemia and glioblastoma cell lines. Cancer Chemother.

Pharmacol. 50: 479-489.

Bhanoori, M., Yellaturu, C.R., Ghosh, S.K., Hassid, A., Jennings, L.K., and Rao, G.N. (2003). Thiol

alkylation inhibits the mitogenic effects of platelet-derived growth factor and renders it

proapoptotic via activation of STATs and p53 and induction of expression of caspase1 and p21

(waf1/cip1). Oncogene. 22: 117-130.

Baker, S.J., Markowitz, S., Rearon, E.R., Willson, J.K., and Vogelstein, B. (1990) Suppression of the

human colorectal carcinoma cell growth by wild-type p53. Sci. 249: 912-915.

Bash-Babula, J., Toppmeyer, D., Labassi, M., Reidy, J., Orlick, M., Senzon, R., Alli, E., Kearney, T.,

August, D., Shih, W., Yang, J.M., and Hait, W.N. (2002). A phase I/ pilot study of sequential

doxorubicin/ vinorelbine: effects on p53 and microtubule-associated protein 4. Clin. Cancer Res.

8: 1057-1064.

Beere, H.M., Wolf, B.B., Cain, K., Mosser, D.D., Mahboubi, A., Kuwana, T., Tailor, P., Morimoto, R.I.,

Cohen, G.M., and Green, D.R. (2000). Heat-shock protein 70 inhibits apoptosis by preventing

recruitment of procaspase-9 to the apaf-1 apoptosome. Nature Cell. Biol. 2: 469-475.



38

Bergsland, E.K. (2001). Molecular mechanisms underlying the development of hepatocellular

carcinoma. Semin. Oncol. 28: 521-531.

Bhuvaneswari, V., Velmurugan, B., and Nagini, S. (2002). Induction of glutathione-dependent hepatic

biotransformation enzymes by lycopene in the hamster cheek pouch carcinogenesis model. J.

Biochem. Mol. Biol. Biophys. 6: 257-260.

Bossenmeyer-Pourie, C., Lievre, S., Grojean, S., Koziel, V., Pillot, T., and Daval, J.L. (2002).

Sequential expression patterns of apoptosis and cell cycle related proteins in neuronal response

to severe or mild transient hypoxia. Neurosci. 114: 869-882.

Buckbinder, L., Velasco-Miguel, S., Chen, Y., Xu, N., Talbott, R., Gelbert, L., Gao, J., Siezinger, B.R.,

Gutkind, J. S., and Kley, N. (1997). The p53 tumor suppressor targets a novel regulator of G

protein signaling. Proc. Natl. Acad. Sci. 94: 7868-7872.

Cayla, X., Goris, J., Hermann, J., Hendrix, P., Ozon, R., and Merlevede, W. (1990). Isolation and

characterization of a tyrosyl phosphatase activator from rabbit skeletal muscle and xenopus

laevis oocytes. Biochem. 29: 658-667.

Chang, N.S., Carey, G., Pratt, N., Chu, E., and Ou, M. (1998). p53 overexpression and down-regulation

of inter-alpha-inhibitor are associated with hyaluronidase enhancement of TNF cytotoxicity in

L929 fibroblasts. Cancer Lett. 131: 45-54.

Chao, S., Saito, S., Kang, J., Anderson, C.W., Appella, E., and Xu, Y. (2000). p53 transcriptional

activity is essential for p53-dependent apoptosis following DNA damage. EMBO. J. 19: 4967-

4975.

Chen, Y.C., Lin-Shiau, S.Y., and Lin, J.K. (1999). Involvement of heat-shock protein 70 and p53 protein

in attenuation of UVC-induced apoptosis by thermal stress in hepatocellular carcinoma cells.

Photochem. Photobiol. 70: 78-86.

Chen, Y.Q., Zhou, Y.Q., and Wang, M.H. (2002). Activation of the RON receptor tyrosine kinase

protects murine macrophages from apoptotic death induced by bacterial lipoplysaccharide. J.

Leukoc. Biol. 71: 359-366.

Chen, Y.C., Oliner, J.D., Zhan, Q., Fornace, A., Vogelstein, B., and Kastan, M.B. (1994). Interaction

between p53 and MDM2 in a mammalian cell cycle checkpoint pathway. Cell Biol. 91: 2684-

2688.

Cheng, J., Leng, X., and Peng, J. (2000). Construction of a hepatoma-targeting vector of adeno-

associated virus containing human alpha-fetoprotein promoter and wild p53 gene in gene therapy

of liver cancer. Zhonghua. Yi. Xue. Za. Zhi. 80: 461-463.

Chinot, O. (1995). Biographical profiles of malignant gliomas. Pathol. Bio. (Paris). 43: 224-232.



39

Choi, K.S., Bae, M.K., Jeong, J.W., Moon, H.E., and Kim, K.W. (2003). Hypoxia-induced angiogenesis

during carcinogenesis. J. Biochem. Mol. Biol. 31: 120-127.

Choi, Y.H., Kim, M.J., Lee, S.Y., Lee, Y.N., Chi, G.Y., Eom, H.S., Kim, N.D., and Choi, B.T. (2002).

Phosphorylation of p53, induction of Bax and activation of caspases during beta-lapachone-

mediated apoptosis in human prostate epithelial cells. Int. J. Oncol. 21: 1293-1299.

Dabeva, M.D., Hurston, E., and Sharitz, D.A. (1995). Transcription factor and liver-specific mRNA

expression in facultative epithelial progenitor cells of liver and pancreas.

Am. J. Pathol. 147: 1633-1648.

Dam, K., Seidler, F.J., and Slotkin, T.A. (2003). Transcriptional biomarkers distinguish between

vulnerable periods for developmental neurotoxicity of chlorpyrifos: implications for

toxicogenomics. Brain Res. Bull. 59: 261-265.

Davis, C.D. (2003). Low dietary copper increases fecal free radical production, fecal water alkaline

phosphatase activity and cytotoxicity in healthy men. J. Nutr. 133: 522-527.

Decraene, D., Agostinis, P., Pupe, A., Haes, P., and Garmyn, M. (2001). Acute response of human skin

to solar radiation: regulation and function of the p53 protein. J. Photochem. Photobiol. Biol. 63:

78-83.

De Lujan Alvarez, M., Cerliani, J.P., Monti, J., Carnovale, C., Ronco, M.T., Pisani, G., Lugano, M.C.,

and Carrillo, M.C. (2002). The in vivo apoptotic effect of interferon alfa-2b on rat preneoplastic

liver involves Bax protein. Hepatology. 35: 824-833.

DiSilvestro, R.A., Greenson, J.K., and Liao, Z. (1992). Effects of low copper intake on

dimethylhydrazine-induced colon cancer in rats. Soc. Expt. Biol. Med. 201: 94-97.

Dosaka-Akita, H., Hu, S.X., Fujino, M., Harada, M., Kinoshita, I, Xu, H.J., Kuzumaki, N., Kawakami,

Y., and Benedict, W.F. (1997). Altered retinoblastoma protein expression in nonsmall cell lung

cancer. Cancer. 79: 1329-1337.

El-Deiry, W.S., Tokino, T., Velculescu, V.U., Levy D.B., Parsons, R., Trent, J.M., Lind, D., Mercer,

W.E., Kinzler, K.W., and Vogelstein, B. (1993). WAF1, a potential mediator of p53 tumor

suppression. Cell. 19: 817-825.

Eymin, B., Gazzeri, S., Brambilla, C., and Brambilla, E. (2002). Mdm2 overexpression and p14 (ARF)

inactivation are two mutually exclusive events in primary human lung tumors. Oncogene. 21:

2750-2761.

Fesus, L., Davies, P.J., and Piacentini, M. (1991). Apoptosis: molecular mechanisms in programmed cell

death. Eur. J. Cell. Bio. 56, 170-177.

Fu, Y., Deng, W.G., Li, Y.L., and Sugiyama, T. (2003). Quantitative analysis of p53 and related genes

mRNA in rat hepatocarcinogenesis induced by 3’-Me-DAB. Ai. Zhang. 22: 35-41.



40

Gao, C.F., Ren, S., Zhang, L., Nakajima, T., Ichinose S., Hara, T., Koike, K., and Tsuchida, N. (2001).

Caspase-dependent cytosolic release of Cytochrome c and membrane translocation of BAX in

p53–induced apoptosis. Exp. Cell. Res. 265: 145-151.

Gentile, M., Ahnstrom, N., Schon, F., and Wingren, S. (2001). Candidate tumor suppressor genes at

11q23-q24 in breast cancer: evidence of alterations in PIG8, a gene involved in p53-induced

apoptosis. Oncogene. 20: 7753-7760.

Ghimenti, C., Fiano, V., Chiado-Piat, L., Chio, A., Cavalla, P., and Schiffer, D. (2003). Deregulation of

the p14ARF/Mdm2/p53 pathway and G1/S transition in two glioblastoma sets. J. Neurooncol.

61: 95-102.

Ginsberg, D., Mechta, F., Yaniv, M., and Oren, M. (1991). Wild-type p53 can down-modulate the

activity of various promoters. Proc. Natl. Acad. Sci. 88: 9979-9983.

Gould, S., Sidaway, J., Sansom, N., Betton, G., and Orton, T. (2001). Phenobarbitone-induced liver

response in wild type and in p53 deficient mice.Toxicol. Lett. 122: 131-40.

Gu, Z., Flemington, C., Chittenden, T., and Zambetti, G. (2000). Ei24, and p53 response gene in growth

suppression and apoptosis. Mol. Cell. Biol. 20: 233-241.

Gu, Z., Gilbert, D.J., Valentine, V.A., Jenkins, N.A., Copeland, N.G., and Zambetti, G.P. (2000). The

p53-inducible gene EI24/PIG8 localizes to human chromosome 11q23 and the proximal region

of mouse chromosome 9. Cytogenet. Cell. Genet. 89: 230-233.

Hainaut,P., Butcher, S., and Milner, J. (1995). Temperature sensitivity for conformation is an intrinsic

property of wild-type p53. Br. J. Cancer. 71: 227-231.

Hainaut, P., Rolley, N., and Davies, M., and Milner, J. (1995). Modulations of copper of p53

conformation and sequence-specific DNA binding: role of Cu (II)/ Cu (I) redox mechanisms.

Oncogene. 10: 27-32.

Hartwig, A., Asmuss, M., Blessing, H., Hoffmann, S., Jahnke, G., Khandelwal, S., Pelzer, A., and

Burkle, A. (2002). Interference by toxic metal ions with zinc-dependent proteins involved in

maintaining genomic stability. Food Chem. Toxicol. 40: 1179-1184.

Hasegawa, Y., Takano, T., Miyauchi, A., Matsuzuka, F., Yoshida, H., Kuma, K., and Amino, N. (2002).

Decreased expression of glutathione peroxidase mRNA in thyroid anaplastic carcinoma. Cancer

Lett. 182: 69-74.

Heidenreich, A., Kuczyk, M., and Albers, P. (1998). Molecular pathogenesis and prognostic factors in

testicular tumor. Urologe A. 37: 593-608.



41

Hellborg, F., Qian, W., Mendez-Vidal, C., Asker, C., Kost-Alimova, M., Wilhelm, M., Imreh, S., and

Wiman, K.G. (2001). Human wig-1, a p53 target gene that encodes a growth inhibitory zinc

finger protein. Oncogene. 20: 5466-5474.

Helmbrecht, K., Zeise, E., and Rensing, L. (2000). Chaperones in cell cycle regulation and mitogenic

signal transduction: a review. Cell. Prolif. 33: 341-365.

Henkler, F., Waseem, N., Golding, M.H., Alison, M.R., and Koshy, R. (1995). Mutant p53 but not

hepatitis B virus X protein is present in hepatitis B virus-related human hepatocellular

carcinoma. Cancer. Res. 55: 6084-6091.

Hickman, E.S., Moroni, M.C., and Helin, K. (2002). The role of p53 and pRB in apoptosis and cancer.

Current Opinion Genet. Develop. 12: 60-66.

Higami, Y., Shimokawa, I., Ando, K., Tanaka, K., and Tsuchiya, T. (2000). Dietary restriction reduces

hepatocyte proliferation and enhances p53 expression but does not increase apoptosis in normal

rats during development. Cell. Tissue. Res. 299: 363-369.

Holmila, R., Fouguet, C., Cadranel, J., Zalcman, G., and Soussi, T. (2003). Splice mutations in the p53

gene: case report and review of the literature. Hum. Mutat. 21: 101-102.

Horiuchi, A., Imai, T., Shimizu, M., Oka, K., Wang, C., Nikaido, T., and Konishi, I. (2002). Hypoxia-

induced changes in the expression of VEGF, HIF-1 alpha and cell cycle-related molecules in

ovarian cancer cells. Anticancer. Res. 22: 2697-2702.

Hussain, S.P., Raja, K., Amstad, P.A., Sawyer, M., Trudel L.J., Wogan, G.N., Hofseth L.J., Shields,

P.G., Billiar, T.R., Trautwein, C., Hohler, T., Galle, P.R., Phillips, D.H., Markin, R., Marrogi,

A.J., and Harris, C.C. (2000). Increased p53 mutation load in nontumorous human liver of

Wilson disease and hemochromatosis: oxyradical overload diseases. Proc. Natl. Acad. Sci. 97:

12770-12775.

Ide, H., Yeldandi, V., Reddy, J.K., and Rao, M.S. (1994). Increased expression of sulfated glycoprotein-

2 and DNA fragmentation in the pancreas of copper-deficient rats. Toxicol. Appl. Pharmacol.

126: 174-177.

Idobe, Y., Murawaki, Y., Kitamura, Y., and Kawasaki, H. (2003). Expression of transforming growth

factor-beta 1 in hepatocellular carcinoma in comparison with the non-tumor tissue.

Hepatogastroenterology. 50: 54-59.

Ikawa, H., Kamitani, H., Calvo, B.F., Foley, J.F., and Eling, T.E. (1999). Expression of 15-

lipoxygenase-1 in human colorectal cancer. Cancer Res. 59: 360-366.

Inoue, Y., Tomiya, T., Yanase, M., Arai, M., Ikeda, H., Tejima, K., Ogata, I., Kimura, S., Omata, M.,

and Fujiwara, K. (2002). p53 may positively regulate hepatocytes proliferation in rats.

Hepatology. 36: 336-344.



42

Jaattela, M. (1995). Over-expression of hsp70 confers tumorigenicity to mouse fibrosarcoma cells. Int. J.

Cancer. 60: 689-693.

Jaattela, M., Wissing, D., Kokholm, K., Kallunki, T., and Egeblad, M. (1998). Hsp70 exerts its anti-

apoptotic function downstream of caspase-3-like proteases. EMBO. J. 17: 6124-6134.

Janssens, V., Van Hoof, C., De Baere, I., Merlevede, W., and Goris, J. (1999). Functional analysis of the

promoter region of the human phosphotyrosine phosphotase activator gene: Yin Yang 1 is

essential for core promoter activity. Biochem. J. 344: 755-763.

Janssens, V., Van Hoof, C., De Baere, I., Merlevede, W., and Goris, J. (2000). The phosphotyrosyl

phosphotase activator gene is a novel p53 target gene. J. Biochem. Chem. 275: 29486-20485.

Johnson, W.T., and Thomas, A.C. (1999). Coppere deprivation potentiates oxidative stress in HL-60 cell

mitochondria. Proc. Soc. Exp. Biol. Med. 221: 147-152.

Jolly, C and Morimoto, R.I. (2000). Role of the heat shock response and molecular chaperones in

oncogenesis and cell death. J. Natl. Cancer. Inst. 92: 239-240

Kaelin, G.W. (1999). The emerging p53 gene family. J. Nat. Cancer Inst. 91, 594-598.

Kamitani, H., Geller, M., and Eling, T. (1998). Expression of 15-lipoxygenase by human colorectal

carcinoma Caco-2 cells during apoptosis and cell differentiation. J. Biol. Chem. 273: 21569-

21577.

Karpinich, N.O., Tafani, M., Rothman, R.J., Russo, M.A., and Farber, J.L. The course of etoposide-

induced apoptosis from damage to DNA and p53 activation to mitochondrial release of

cytochrome c. J. Biol. Chem. (epub ahead of print).

Kastan, M.B., Onyekwere, O., Sidransky, D., Vogelstein, B., and Craig, R.W. (1991). Participation of

p53 protein in the cellular response to DNA damage. Cancer Res. 51: 6304-6311.

Kastan, M.B., Zhan, Q., el Deiry, W.S., Carrier, F., Jacks, T., Walsh, W.V., Plunkett, B.S., Vogelstein,

B., and Fornace, A.J. (1992). A mammalian cell cycle checkpoint pathway utilizing p53 and

GADD45 is defective in ataxia-telangiectasia. Cell. 71: 587-597.

Kelavkar, U.P., and Badr, K.F. (1999). Effects of mutant p53 expression on human 15-lipoxygenase-

promoter activity and murine 12/15-lipoxygenase-gene expression: evidence that 15-

lipoxygeanse is a mutator gene. Proc. Natl. Acad. Sci. 96: 4378-4383.

Kelavkar, U.P., Cohen, C., Kamitani, H., Eling, T.E., and Badr, K.F. (2000). Concordant induction of

15-lipoxygenase-1 and mutant p53 expression in human prostate adenocarcinoma: correlation

with Gleason staging. Carcinogenesis. 21: 1777-1787.



43

Kelavkar, U.P., Nixon, J.B., Cohen, C., Dillenay, D., Eling, T.E., and Badr, K.F. (2001). Overexpression

of 15-lipoxygenase-1 in PC-3 human prostate cancer cells increases tumorgenesis.

Carcinogenesis. 22: 1765-1773.

Kernohan, N.M., Hupp, T.R., and Lane, D.P. (1996). Modification of an N-terminal regulatory domain

of T antigen restores p53-T antigen complex formation in the absence of an essential metal ion

cofactor. J. Biol. Chem. 27: 4954-4960.

Kim, R., Tanabe, K., Emi, M., Uchida, Y., Inoue, H., and Toge, T. Inducing cancer cell death by

targeting transcription factors. Anticancer Drugs. 14: 3-11.

Kiss, A., Wang, N.J., Xie, J.P., and Thorgeirsson, S.S. (1997). Analysis of transforming growth factor

(TGF)-alpha/epidermal growth factor receptor, hepatocyte growth Factor/c-met,TGF-beta

receptor type II, and p53 expression in human hepatocellular carcinomas. Clin. Cancer Res. 3:

1059-1066.

Kobayashi, T., Nakata, T., and Kuzumaki, T. (2002). Effect of falvoniods on cell cycle progression in

prostate cancer cells. Cancer Lett. 176: 17-23.

Konishi, N., Nakamura, M., Kishi, M., Nishimine, N., Ishida, E., and Shimada, K. (2002). DNA

hypermethylation status of multiple genes in prostate adenocarcinoma. Jpn. J. Cancer Res. 93:

767-773.

Ku, J.L., Yoon, K.A., Kim, W.H., Jang, Y., Suh, K.S., Kim, S.W., Park, Y.H., and Park, J.G. (2002).

Establishment and characterization of four human pancreatic carcinoma cell lines. Genetic

alterations in the TGFBR2 gene but not in the MADH4 gene. Cell. Tissue. Res. 308: 205-214.

Kuo, P.L., Lin, T.C., and Lin, C.C. (2002). The antiproliferative activity of aloe-emodin is through p53-

dependent and p21-dependent apoptotic pathway in human hepatoma cell lines. Life Sci. 71:

1879-1892.

Kuo, P.L., Chiang, L.C., and Lin, C.C. (2002). Resveratol-induced apoptosis is mediated by p53-

dependent pathway in HepG2 cells. Life Sci. 72: 23-34.

Kuo, P.L., and Lin, C.C. (2003). Green tea constituent (-)-epigallocatechin-3-gallate inhibits HepG2 cell

proliferation and induces apoptosis through p53-dependent and fas-mediated pathways. J.

Biomed. Sci. 10: 219-227.

Lai, H., Ma, F., and Lai, S. (2003). Identification of the novel role of pRB in eye cancer. J. Cell.

Biochem. 88: 121-127.

Lange, D., Ference, T., Niewiadomska, H., Wloch, J., Turska, M., Burkacka, J., Kula, D., Lewinski, A.,

and Jarzab, B. (2001). Prognostic significance of selected oncogene and suppressor gene

expression in follicular thyroid carcinoma. Wiad Lek. 54 Suppl 1: 72-78.



44

Lau, S.J., Laussac, J.P., and Sarkar, B. (1989). Synthesis and copper (II)-binding properties of the N-

terminal peptide of human alpha-fetoprotein. Biochem. J. 257: 745-750.

Lee, J., Prohaska, J.R., and Thiele, D.J. (2001) Essential role for mammalian copper transporter Ctr 1 in

copper homeostasis and embryonic development. PNAS. 98: 6842-6847.

Lee, J.S., Kim, H.S., Jung, J.J., Kim, Y.B., Lee, M.C., and Park, C.S. (2002). Expression of vascular

endothelial growth factor in invasive ductal carcinoma of the breast and the relation to

angiogenesis and p53 and HER-2/neu protein expression. Appl. Immunohistochem. Mol.

Morphol. 10: 289-295.

Lennartsson, P., Stenius, U., and Hogberg, J. (1999). p53 expression and TGF-alpha-induced replication

of hepatocytes isolated from rats exposed to the carcinogen diethylnitrosamine. Cell Biol

Toxicol. 15: 31-39.

Levenson, C. W. (1998). Mechanisms of copper conservation in organs. Am. J. Clin. Nutr. 67: 978S-

981S.

Li, C.Y., Lee, J.S., Ko, Y.G., Kim, J.I., and Seo, J.S. (2000). Heat shock protein 70 inhibits apoptosis

downstream of Cytochrome c release and upstream of caspase-3 activation. J. Biol. Chem. 275:

25665-25671.

Li, M.S., Li, P.F., Li, G., and Du, G.G. (2002). Enhancement of proliferation of HeLa cells by the alpha-

fetoprotein. Sheng Wu Hua Xue Yu Sheng Wu Wu Li Xue Bao (Shanghai). 34:769-774.

Lichtlen, P., Wang, Y., Belser, T., Georgiev, O., Certa, U., Sack, R., and Schaffner, W. (2001). Target

gene search for the metal-responsive transcription factor MTF-1.

Nucleic. Acids Res. 29: 1514-1523.

Lin, Y., Ma, W., and Benchimol, S. (2000). Pidd, a new death-domain-containing protein, is induced by

p53 and promotes apoptosis. Nat. Genet. 26: 122-127.

Liu, D.B., Chen, K.N., Cao, X.Z., and Wang, T. (2002). Expression of p53 and vascular endothelial

growth factor in esophageal squamous cell carcinoma and their clinical significance. Ai. Zhang.

21: 989-993.

Liu, B., Khan, W.A., Hannun, Y.A., Timar, J., Taylor, J.D., Lundy, S., Butovich, I., and Honn, K.V.

(1995). 12(S)-hydroxyeicosatetraenoic acid and 13(S)-hydroxyoctadecadienoic acid regulation of

protein kinase C-α- in melanoma cells: role of receptor-mediated hydrolysis of inositol

phospholipids. Proc. Natl. Acad. Sci. 92: 9323-9327.

Loyer, P., Ilyin, G., Cariou, S., Glaise, D., Corlu, A., and Guguen-Guillouzo, C. (1996). Progression

through G1 and S phases of adult rat hepatocytes.

Prog. Cell Cycle Res. 2: 37-47.



45

Maeda, T., Hanna, A.N., Sim, A.B., Chua, P.P., Chong, M.T., and Tron, V.A. (2002). GADD45

regulates G2/M arrest, DNA repair, and cell death in kerainocytes following ultraviolet exposure.

J. Invest. Dermatol. 119: 22-26.

Manenti, G., De Gregorio, L., Pilotti, S., Falvella, F.S., Incarbone, M., Ravagnani, F., Pierotti, M.A., and

Dragani, T.A. (1997). Association of chromosome 12p genetic polymorphisms with lung

adenocarcinoma risk and prognosis. Carcinogenesis. 18: 1917-1920.

Manenti, G., Peissel, B., Gariboldi, M., Falvella, F.S., Zaffaroni, D., Allaria, B., Pazzaglia, S., Rebessi,

S., Covelli, V., Saran, A., and Dragani, T.A. (200). A cancer modifier role for parathyroid

hormone-related protein. Oncogene. 19: 5324-5328.

Manju, V., Kalaivani Sailaja, J., and Nalini, N. (2002). Circulating lipid peroxidation and antioxidant

status in cervical cancer patients: a case-control study. Clin. Biochem. 35: 621-625.

Matsumoto, H., and Ohnishi, T. (1994). Induction of gene expression of cancer-related genes by

environmental stresses. Biol. Sci. Space. 8: 94-102.

McCormack, M.C., Nowak, K.C., and Koch, R.J. (2001). The effect of copper tripeptide and tretinoin on

growth factor production in a serum-free fibroblast model. Arch. Facial. Plast. Surg. 3: 28-32.

McCurrah, M.E., Connor, T.M., Knudson, C.M., Korsmeyer, S.J., and Lowe, S.W. (1997). Bax

deficiency promotes drug resistance and oncogenic transformation by attenuating p53-dependent

apoptosis. Proc. Natl. Acad. Sci. 94: 2345-2349.

Menedez, S., Khan, Z., Coomber, D.G., Lane, D.P., Higgins, M., Koufali, M.M., and Lain, S. (2003).

Oligomerisation of the human ARF tumor suppressor and its response to oxidative stress. J. Biol.

Chem. (in press).

Meplan, C., Richard, M.J., and Hainaut, P. (2000). Metalloregulation of the tumor suppressor protein

p53: zinc mediates the renaturation of p53 after exposure to metal chelator in vitro and in intact

cells. Oncogene. 19: 5227-5236.

Mercer, J.F. (1998). Menkes syndrome and animal models.  Am. J. Clin. Nutr. 67: 1022S-1028S.

Mosser, D.D., Caron, A.W., Bourget, L., Meriin, A.B., Sherman, M.Y., Morimoto, R.I., and Massie, B.

(2000). The chaperone function of hsp70 is required for protection against stress-induced

apoptosis. Mil. Cell. Biol. 20: 7146-7159.

Morris, S.M. (2002). A role for p53 in frequency and mechanism of mutation. Mutat. Res. 511: 45-62.

Morris, H., Hepburn, P., and Wynford-Thomas, D. (2002). Sequential extension of proliferative lifespan

in human fibroblasts induced by over-expression of CDK4 or 6 and loss of p53 function.

Oncogene. 21: 4277-4288.



46

Mumby, M.C., and Walter, G. (1993). Protein serine/ threonine phosphatases: structure, regulation, and

functions in cell growth. Physiol. Rev. 73: 673-699.

Murphy, M., Hinman, A., and Levine, A.J. (1996). Wild-type p53 negatively regulates the expression of

a microtubule-associated protein. Genes Dev. 10: 2971-2980.

Narayanan, V.S., Fitch, C.A., and Levenson, C.W. (2001). Tumor suppressor protein p53 mRNA and

sub-cellular localization are altered by changes in cellular copper in human HepG2 cells. J. Nutr.

131: 1427-1432.

Nigro, J.M., Baker, S.J., Preisinger, A.C., Jessup, J.M., Hostetter, R., Cleary, K., Bigner, S.H.,

Davidson, N., Baylin, S., Devilee, P., Glover, T., Collins, F.S., Weston, A., Modali, R., Harris,

C.C. and Vogelstein, B. (1989). Mutations in the p53 gene occur in diverse human tumor types.

Nature. 342: 705-708.

Nylandsted, J., Rohde, M., Brand, K., Bastholm, L., Elling, F., and Jaattela, M. (2000). Selective

depletion of heat shock protein (Hsp70) activates a tumor-specific death program that is

independent of caspases and bypasses Bcl-2. PNAS. 97: 7871-7876.

Nyska, A., Moomaw, C.R., Foley, J.F., Maronpot, R.R., Malarkey, D.E., Cummings, C.A., Peddada, S.,

Moyer, C.F., Allen, D.G., Travlos, G., and Chan, P.C. (2002). The hepatic endothelial

carcinogen riddelliine induces endothelial apoptosis, mitosis, S phase, and p53 and hepatocytic

vascular endothelial growth factor expression after short-term exposure. Toxicol. Appl.

Pharmacol. 184: 153-164.

Obata, H., Sawada, N., Isomura, H., and Mori, M. (1996). Abnormal accumulation of copper in LEC rat

liver induces expression of p53 and nuclear matrix-bound p21
waf 1/ cip1

. Carcinogenesis. 17: 2157-

2161.

O’Connor, T.R., Graves, R.J., De Marcia, G., Castaing, B., and Laval, J. (1993). Fpg protein of

escherichia coli is a zinc finger protein whose cysteine residues have a structural and/ or

functional role.  J. Biol. Chem. 268: 9062-9070.

Oh, S.H., Yun, K.J., Nan, J.X., Sohn, D.H., and Lee, B.H. (2003). Changes in expression and

immunolocalization of protein associated with toxic bile salts-induced apoptosis in rat

hepatocytes. Arch. Toxicol. 77: 110-115.

Ohki, R., Nemoto, J., Murasawa, H., Oda, E., Inazawa, J., Tanaka, N., and Taniguchi. T. (2000).

Reprimo, a new candidate mediator of the p53-mediated cell cycle arrest at the G2 phase. J. Biol.

Chem. 275: 22627-22630.

Oliver, L., Cordel, S., Barbieux, I., LeCabellee, M.T., Meflah, K., Gregiore, M., and Vallette, F.M.

(2002). Resistance to apoptosis is increased during metastatic dissemination of colon cancer.

Clin. Exp. Metastasis. 19: 175-180.



47

Ongusaha, P.P., Kim, J.I., Fang, L., Wong, T.W., Yancopoulos, G.D., Aaronson, S.A., and Lee, S.W.

(2003). p53 induction and activation of DDR1 kinase counteract p53-mediated apoptosis and

influence p53 regulation through a positive feedback loop. ENBO. J. 22: 1289-1301.

Qin, L.X., and Tang, Z.Y. (2002). The prognostic molecular markers in hepatocellular carcinoma. World

J. Gastroenterol. 8: 385-392.

Qureshi, K.N., Griffiths, T.R., Robinson, M.C., Path, F.R., Marsh, C., Roberts, J.T., Lunec, J., Neal,

D.E., and Mellon, J.K. (2001). Combine p21
WAF/CIP1

 and p53 over expression predict improved

survival in muscle-invasive bladder cancer treated by radical radiotherapy. Int. J. Radiation

Oncology Biol. 52: 1234-1240.

Pan, Q., Kleer, C.G., Van Golen, K.L., Irani, J., Bottema, K.M., Bias, C., De Carvalho, M., Mesri, E.A.,

Robins, D.M., Dick, R.D., Brewer, G.J., and Merajver, S.D. (2002). Copper deficiency induced

by tetrathiomolybdate suppresses tumor growth and angiogenesis. Cancer Res. 62: 4854-4859.

Pan, Y.J., and Loo, G. (2000). Effect of copper deficiency on oxidative DNA damage in Jurkat T-

lymphocytes. Free Radical Biol. Med. 28: 824-830.

Park, M.J., Shimizu, K., Nakano, T., Park, Y.B., Kohno, T., Tani, M., and Yokoto, J. Pathogenetic and

biologic significance of TP14
ARF

 alterations in nonsmall cell lung carcinoma. Cancer

Gene.Cytogenetics. 141: 5-13.

Picco, S.J., DeLuca, J.C., Mattioli, g., and Dulout, F.N. (2001). DNA damage induced by copper

deficiency in cattle assessed by the Comet assay. Mut. Res. 498; 1-6.

Poruchynsky, M.S., Giannakakou, P., Ward, Y., Bulinski, J.C., Telford, W.G., Robey, R.W., and Fojo,

T. (2001). Accompanying protein alterations in malignant cells with a microtubule-polymerizing

drug-resistance phenotype and a primary resistance mechanism. Biochem. Pharmacol. 62: 1469-

1480.

Qin, L.X., Tang, Z.Y., Ma, Z.C., Wu, Z.Q., Zhou, X.D., Ye, Q.H., Ji, Y., Huang, L.W., Kia, H.L., Sun,

H.C., and Wang, L. (2002). p53 immunohistochemical scoring: an independent prognostic

marker for patients after hepatocellular carcinoma resection. World J. Gastroenterol. 8: 459-463.

Reddy, N., Everhart, A., Eling, T., and Glasgow, W. (1997). Characterization of a 15-lipoxygenase in

human breast carcinoma BT-20 cells: stimulation of 13-HODE formation by TGFα/ EGF.

Biochem. Biophys. Res. Commun. 231: 111-116.

Renault, E., and Deschatrette, J. (1994). Inductive effect of copper deficiency on the reversion of

dedifferentiated rat hepatoma cells and on gene amplification. J. Cell Sci. 107: 3251-3258.

Renault, E., and Deschatrette, J. (1997). Alterations of rat hepatoma cell genomes induced by copper

deficiency. Nutr. Cancer. 29; 242-247.



48

Renault, E., Sarrazin, S., and Deschatrette, J. (1998). Evidence for interactions between rat hepatoma

cell apoptosis and differentiation. Biochem. Genet. 36: 1-13.

Ronison, I.B. (2002). Oncogene functions of tumor suppressor p21
 WAF/CIP1

: association with cell

senescence and tumor-promoting activities of stromal fibroblasts. Cancer Lett. 179: 1-14.

Rossi, L., De Martino, A., Marchese, E., Piccirilli, S., Rotilio, G., and Ciriolo, R. (2001).

Neurodegeneration in the animal model of Menkes’ disease involves Bcl-2-linked apoptosis.

Neurosci. 103: 181-188.

Rossi, L., Marchese, E., Lombardi, M.F., Rotilio, G., and Ciriolo, M.R. (2001). Increased susceptibility

of copper-deficient neuroblastoma cells to oxidative stress-mediated apoptosis. Free. Radic. Biol.

Med. 30: 1177-1187.

Rutherford, J., Chu, C.E., Duddym P.M., Charlton, R.S., Chumas, P., Taylor, G.R., Lu, X., Barnes,

D.M., and Camplejohn, R.S. (2002). Investigations on a clinically and functionally unusual and

novel germline p53 mutation. Br. J. Cancer. 86: 1592-1596.

Rutkoski, N.J, and Levenson, C.W. (2000). Self-selection of copper-containing diets by copper deficient

and overloaded rats. Physiol. Behav. 71: 117-121.

Sagripanti, J., Goering, P. L., and Lamanna, A. (1991). Interaction of copper with DNA and antagonism

by other metals. Toxicol. Appl. Pharm. 110: 477-485.

Schelwies, K., Sturm, I., Grabowski, P., Scherubl, H., Schindler, I., Hermann, S., Stein, H., Buhr, H.J.,

Riecken, E.O., Zeitz, M., Dorken, B., and Daniel, P.T. (2002). Analysis of p53/bax in primary

colorectal carcinoma: low bax protein expression in a negative prognostic factor in UICC stage

tumors. Intl. J. Cancer. 99: 589-596.

Schwartz, D., and Rotter, V. (1998). p53-dependent cell cycle control: response to genotoxic stress.

Semin. Cancer Biol. 8: 325-326.

Shin, T.H., Paterson, A.J., and Kudlow, J.E. (1995). p53 stimulates transcription from human

transforming growth factor α promoter: a potential growth-stimulatory role for p53. Mol. Cell.

Biol. 15: 4694-4701.

Spruill, M.D., Song, B., Whong, W.Z., and Ong, T. (2002). Proto-oncogene amplification and

overexpression in cadmium-induced cell transformation. J. Toxicol. Env. Health. 65: 2131-2144.

Stewart, C.L., Soria, A.M., and Hamel, P.A. (2001). Integration of the pRB and p53 cell cycle control

pathways. Neurooncol. 51: 183-204.

Strand, S., Hofmann, W.J., Grambihler, A., Hug, H., Volkmann, M., Otto, G., Wesch, H., Mariani, S.,

Hack, V., Stremmel, w., Krammer, P.H., and Galle, P.H. (1998) Hepatic failure and liver damage

in acute Wilson’s disease involve CD95 (APO-1/Fas) mediated apoptosis. Nat. Med. 4: 588-593.



49

Strausak, D., Mercer, J.B., Dieter, H.H., Stremmel, W., and Malthaup, G. (2001). Copper in disorders

with neurological symptoms: Alzheimer’s, Menkes, and Wilson disease. Brain Res. Bull. 55:

175-185.

Strobel, T., Swanson, L., Korsmeyer, S., and Cannistra, S.A. (1997). Radiation-induced apoptosis is not

enhanced by expression of either p53 or bax is SW626 ovarian cancer cells. Oncogene. 14: 2753-

2758.

Sueoka, N., Lee, H.Y., Walsh, G.L., Fang, B., Ji, L., Roth, J.A., LaPushin, R., Hong, W.K., Cohen, P.,

and Kurie, J.M. (2000). Insulin-like growth factor binding protein-6 inhibits the growth of

human bronchial epithelial cells and increases in abundance with all-trans-retinoic acid

treatment. Am. J. Respir. Cell. Mol. Biol. 23: 297-303.

Sueoka, N., Lee, H.Y., Wiehle, S., Cristiano, R.J., Fang, B., Ji, L., Roth, J.A., Hong, W.K., Cohen, P.,

and Kurie, J.M. (2000). Insulin-like growth factor binding protein-6 activates programmed cell

death in non-small cell lung cancer cells. Oncogene. 19: 4432-4436.

Sukalski, K.A., LaBerge, T.P., and Johnson, W.T. (1997). In vivo oxidative modification of erythrocyte

membrane proteins in copper deficiency. Free. Radic. Biol. Med. 22: 835-842.

Suzuki, Y., Kondo, Y., Himeno, S., Nemoto, K., Akimoto, M., and Imura, N. (2000). Role of

antioxidant systems in human androgen-dependent prostate cancer cells. Prostate. 43: 144-149.

Tabor, E. (1994). Tumor suppressor genes, growth factor genes, and oncogenes in hepatitis B virus-

associated hepatocellular carcinoma. J. Med. Virol. 42: 357-365.

Tan, T.B., Marino, P.A., Padmanabhan, R., Hampton, L.L., Hanley-Hyde, J.M., and Thorgeirsson, S.S.

(1994). Constitutive over-expression of transforming growth factor-alpha in rat liver epithelial

cells leads to increased cell cycling without transformation. In Vitro. Cell. Dev. Biol. Anim. 30:

615-621.

Tasheva, E.S. (2002). Analysis of the promoter region of human mimecan gene. Biochem. Biophys.

Acta. 1575: 123-129.

Tavassoli, M., Soltaninia, J., Rudnicka, J., Mashanyare, D., Johnson, N., and Gaken, J. (2002).

Tamoxifen inhibits the growth of head and neck cancer cells and sensitizes these cells to

cisplantin-induced apoptosis: role of TGF-beta 1. Carcinogenesis. 23: 1569-1575.

Taylor, W.R., and Stark, G.R. (2001). Regulation of the G2/M transition by p53. Oncogene. 20: 1803-

1815.

Teramoto, T., Kiss, A., and Thorgeirsson, S.S. (1998). Induction of p53 and Bax during TGF-beta 1

initiated apoptosis in rat liver epithelial cells. Biochem. Biophys. Res. Commun. 251: 56-60.

Tkeshelashvili, L. K., McBride, T., Spence, K., and Loeb, L. A. (1991). Mutation spectrum of copper-

induced DNA damage. J. Bio. Chem. 266:  6401-6406.



50

Tomasevic, G., Shamloo, M., Israeli, D., and Wieloch, T. (1999). Activation of p53 and its target genes

p21(WAF1/Cip1) and PAG608/Wig-1 in ischemic preconditioning. Brain. Res. Mol. Brain. Res.

70: 304-313.

Tsai, K.Y., MacPherson, D., Rubinson, D.A., Nikitin, A.Y., Bronson, R., Mercer, K.L., Crowley, and

Jacks, T. (2002). ARF mutation accelerates pituitary tumor development in Rb+/- mice. PNAS.

99: 16865-16870.

Tsujimoto, H., Hagiwara, A., Sugihara, H., Hattori, T., and Yamagishi, H. (2002). Promoter

methylations of p16INK4a and p14ARF genes in early and advanced gastric cancer. Correlations

of the modes of their occurrence with histologic type. Pathol. Res. Pract. 198: 785-794.

Ueno, M., Nonaka, S., Yamazaki, R., Deguchi, N., and Murai, M. (2002). SN-38 induces cell cycle

arrest and apoptosis in human testicular cancer. Euro. Urol. 42: 390-397.

Vanlandingham, J, W., Fitch, C.A., and Levenson, C.W. (2002). Zinc inhibits the nuclear translocation

of the tumor suppressor protein p53 and protects cultured human neurons from copper induced

neurotoxicity. NeuroMolec. Med. 1: 171-182.

Varley, J.M., Attwooll, C., White, G., McGown, G., Thorncroft, M., Kelsey, A.M., Gereaves, M., Boyle,

J., and Birch, J.M. (1999). Characterization of germline TP53 splicing mutations and their

genetic and functional analysis. Oncogene. 20: 2647-2654.

Verhaegh, G.W., Parat, M.O., Richard, M.J., and Hainaut, P. (1998). Modulation of p53 protein

conformation and DNA-binding activity by intracellular chelation of zinc. Mol. Carcinogenesis.

21: 205-214.

Ye, Z., and Parry, J.M. (2002). Identification of polymorphisms in the human Reprimo gene using

public EST data. Teratog. Carcinog. Mutagen. 22: 485-493.

Verhaegh, G. W., Richard, M. J., and Hainaut, P. (1997). Regulation of p53 by metal ions and by

antioxidants: Dithiocarbamate down-regulates p53 DNA-binding activity by increasing the

intracellular level of copper. Mol. Cell. Bio. 17: 5699-5703.

Yin, Y., Terauchi, Y., Solomon, G.G., Aizawa, S., Rangarajan, P.N., Yazaki, Y., Kadowaki, T., and

Barrett, J.C. (1998). Involvement of p85 in p53-dependent apoptotic response to oxidative stress.

Nature. 391: 707-710.

Yu, D., Berlin, J.A., Penning, T.M., and Field, J. (2002). Reactive oxygen species generated by PAH o-

quinones cause change-in-function mutations in p53. Chem. Res. Toxicol. 15: 832-842.

Webster, R.P., Gawde, M.D., and Bhattacharya, R.K. (1996). Modulation by dietary copper of aflatoxin

B1-induced activity of DNA repair enzymes poly (ADP-ribose) polymerase, DNA polymerase

beta and DNA ligase. In Vivo. 10: 533-536.



51

Wei, Y.Q., Zhao, X., Kariya, Y., Teshigawara, K., and Uchida, A. (1995). Inhibition of proliferation and

induction of apoptosis by abrogation of heat-shock protein (HSP) 70 expression in tumor cells.

Cancer Immunol. Immunother. 40: 73-78.

Wilhelm, M.T., Mendez-Vidal, C., and Wiman, K.G. (2002). Identification of functional p53-binding

motifs in the mouse wig-1 promoter. FEBS Lett. 524: 69-72.

Wu, J., Chen, Y., and Li, T. (2002). Expression of Fas, p53 and AFP in development of human fetal

germ cells in vitro. Zygote. 10: 333-340.

Wu, M., Putti, T.C., and Bhuiya, T.A. (2002). Comparative study in the expression of p53, EGFR, TGF-

beta, and cyclin D1 in verrucous carcinoma, verrucous hyperplasia, and squamous cell

carcinoma of head and neck region. Appl. Imminohistochem. Mol. Morphol. 10: 351-356.

Xu, W., Liu, L.Z., Loizidou, M., Ahmed, M., and Charles, I.G. (2002). The role of nitric oxide in cancer.

Cell Res. 12: 311-320.

Yin, C., Knudson, C.M., Korsmeyer, S.J., and Van Dyke, T. (1997). Bax suppresses tumorgenesis and

stimulates apoptosis in vivo. Nature. 385: 637-640.

Yonish-Rouach, E., Resnitzky, D., Lotem, J., Sachs, L., Kimchi, A., and Oren M. (1991). Wild-type p53

induces apoptosis of myeloid leukemia cells that is inhibited by interleaukin-6. Nature. 353: 345-

347.

Yonish-Rouach, E., Grunwald, D., Wilder, S., Kimchi, A., May, E., Lawrence, J.J., May, P., and Oren,

M. (1993). P53 mediated cell death: relationship to cell cycle control. Mol. Cell. Biol. 13: 1415-

1423.

Yu D., Berlin, J.A., Penning, T.M., and Field, J. (2002). Reactive oxygen species generated by PAH o-

quinones cause change-in-function mutations in p53. Chem. Res.Toxicol. 15: 832-842.

Zhang, C.C., Yang, J.M., Bash-Babula, J., White, E., Murphy, M., Levine, A.J., and Hait, W.N. (1999).

DNA damage increases sensitivity to vinca alkaloids and decreases sensitivity to taxanes though

p53-dependent repression of microtubule-associated protein 4. Cancer Res. 59: 3663-3670.

Zhang, C.C., Yang, J.M., White, E., Murphy, M., Levine, A., and Hait, W.N. (1998). The role of MAP4

expression in the sensitivity in the sensitivity to paclitaxel and resistance to vinca alkaloids in

p53 mutant cells. Oncogene. 16: 1617-1624.

Zhang, Z., Huang, C., Li, J., and Shi, X. (2002). Vandate-induced cell growth arrest in p53-dependent

through activation of p21 in C141 cells. J. Inorg. Biochem. 89: 142-148.

Zheng, Q.S., Sun, X.L., and Wang, C.H. (2002). Redifferentiation of human gastric cancer cells induced

by ascorbic acid and sodium selenite. Biomed. Environ. Sci. 15: 223-232.



52

Zhu, J., Jiang, J., Zhou, W., and Chen, X. (1999). Differential regulation of cellular target genes by p53

devoid of the PXXP motifs with impaired apoptotic activity. Oncogene. 18: 2149-2155.

Zitterbart, K., and Veselska, R. (2001). Effect of retinoic acid on the actin cytoskeleton in HL-60 cells.

Neoplasma. 48: 456-461.

Zou, Z., Gao, C., Nagaich, A.K., Connell, T., Saito, S., Moul, J.W., Seth, P., Appella, E., and Srivastava,

S. (2000). p53 regulates the expression of the tumor suppressor gene maspin. J. Biol. Chem. 275:

6051-6054.

Zupanska, A., and Kaminska, B. (2002). The diversity of o53 mutations among human brain tumors and

their functional consequences. Neurochem. Inter. 40: 637-645.



53

BIOGHRAPHICAL SKETCH

Nadine Tassabehji was born in Beirut, Lebanon in 1978. During the war her family

traveled to Saudi Arabia where she grew up. At the age of 15 years, she went to Malvern Girls’

College in Worcestershire, UK where she did her A-levels. For her undergraduate studies,

Nadine attended the American University of Beirut where she was actively involved in many

activities such as the Environment club and was also member of the Student Representative

Committee. Upon completion of her Bachelor degree in Dietetics and Food Technology, Nadine

decided to attend graduate school at Florida State University where she did her Masters in

Nutrition and worked in Dr. Cathy Levenson’s lab on her thesis research project. At FSU she had

the opportunity to teach HUN1201 science of nutrition course for the spring semester of 2003.

Nadine hopes to continue now with her PhD. at FSU under the guidance of Dr. Cathy

Levenson. She hopes to continue being part of the research community and being involved in

teaching by continuing in academia.


	The Florida State University
	DigiNole Commons
	6-1-2003

	The Effect Of Copper Deficiency and Toxicity on the Tumor Suppressor Protein p53
	Nadine Tassabehji
	Recommended Citation



