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ABSTRACT
The influence of zinc status on the expression of p53, the human tumor suppressor
gene, as well as other proteins that may be involved in p53 stability were examined in
hepatoblastoma cells (HepG2) cells. Cells were cultured in the zinc-depleted and
supplemented media. Chelex 100 resin, a divalent ion-chelating resin, was used to deplete
zinc from fetal bovine serum (FBS). The Dulbecco's Modified Eagle Medium (DMEM)
with 10% chelexed FBS, containing 0.2 |imol/L and 0.4 jimol/L zinc added were termed
the zinc deficient ZD0.2 and ZD0.4 media, respectively. The other media consisted of the
zinc-normal (ZN), zinc-adequate (ZA), and zinc supplement (ZS) groups, contained 4,
16, and 32 |imol/L zinc, respectively. Cells growth was depressed only in ZD0.2 cells to
78 % of ZN cells. As compared to ZN cells, cellular zinc levels were reduced 67 % and
56 % in ZD0.2 and ZD0.4, respectively, but increased 84 % and 127 % in ZA and ZS
cells, respectively. Nuclear p53 levels were almost 100 % and 40 % higher in ZD0.2 and
ZD0.4 cells, respectively, than ZN cells. In contrast, p53 mRNA abundance was
increased 40 % in ZD0.4 cells and depressed 60 % in ZD0.2 cells as compared with ZN
cells. No differences in nuclear p53 protein and p53 mRNA levels were observed among
ZN, ZA, and ZS cells. Total cellular and nuclear p21 protein, a major downstream p53
target, as well as p21 mRNA levels were markedly reduced in ZD0.2 and ZD0.4 cells,
but were not altered in ZA and ZS cells, when compared to ZN cells. Mdm2 protein,
which modulates p53 nuclear export and degradation, was more than twofold higher in
the nuclear of ZD0.2 and ZD0.4 cells as compared to ZN cells. In contrast, Mdmix,
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known to bind Mdm2 and interfere with Mdm2-dependent p53 nuclear export, was
depressed in the cytoplasm but not in the nucleus of ZD0.2 and ZD0.4 cells as compared
with ZN cells. Moreover, c-Abl, capable of binding mdm2 and enhancing its nuclear
accumulation in a p53-independent manner, was not alter in the total but lower in the
nucleus of ZD0.2 and ZD0.4 cells than in ZN cells. However, the amount of Mdm2
bound to p53 was depressed and that bound to Mdmx and c-Abl were increased in ZD0.2
and ZD0.4 cells. In zinc deficiency, the reduced binding of Mdm2 to p53 may have
resulted from the observed enhanced phosphorylation of p53 at serine 15 and 392, and
Mdm2 tyrosine phosphorylation. Most importantly, the accumulation of nuclear p53 in
ZD0.2 and ZD0.4 may have resulted from the marked reduction in the nuclear p3(X), a
platform for bringing Mdm2, p53, and other factors together, for p53 nuclear export and
degradation.

12

CHAPTER ONE
INTRODUCTION
Marginal zinc deficiency may be a common nutritional problem in the United
States (Prasad et al., 1977; Prasad, 1993), and may be involved in the development of
tumors. Zinc deficiency was found to promote the induction of certain kinds of tumors by
known carcinogens (Fong et al., 1978). In addition, reduction of zinc status may promote
apoptosis in certain cell types (Fraker and Telford, 1997). Thus, alterations in zinc status
may modulate normal cell cycle and functions. Moreover, treatment of cells with
membrane permeable metal chelators was shown to impair in vitro binding of p53 protein
to response element in target gene promoter (Hainaut and Milner, 1993a). Therefore, the
transactivation of genes by the tumor suppressor p53 protein may be adversely affected
by severe zinc deficiency.
Cancer is a disease in which cells proliferate uncontrollably, and destroy
surrounding tissue. Oncogenes and tumor suppressors are the major families of genes
involved in cancer, and their activity or lack of activity can have detrimental effects on
cells. p53 has been observed to be altered in over 50% of human tumors. Lung cancer is
the most common type of tumor worldwide and is the leading cause of cancer death in the
United States. In the late 1980\s, adenocarcinoma became the most common lung cancer
in U.S. Surveillance, Epidemiology, and End Result (SEER) tumor registries (Travis et
al., 1995). In lung cancer, the leading cancer death in the U.S., about 60 % of human lung
cancer contains mutations in the p53 tumor suppressor gene (Hollstein et al., 1994;
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Hemandez-Boussard and Hainaut, 1998; Hainaut and Hollstein, 2000).
Atherosclerosis is the leading cause of death, and cancer is the second leading
cause in the Western World. The possible relationships between dietary deficiencies of
certain trace minerals and the risk of both diseases have received considerable attention.
Zinc is an essential component of bioraembranes and is essential for maintenance of
membrane structure and function. Evidence indicates that zinc can provide
antiatherogenic properties by preventing metabolic and physiologic derangements of the
vascular endothelium. Because of its role as antioxidant and membrane-stabilizing
properties, zinc seems to be crucial for the protection against cell-destabilizing agents
such as polyunsaturated lipids and inflammatory cytokines. Most importantly, zinc also
may be antiatherogenic by interfering with signaling pathways involved in apoptosis. The
requirements of the vascular endothelium for zinc have been shown to be elevated during
inflammatory conditions such as atherosclerosis, where apoptotic cell death is prevalent.
Zinc is vital to endothelial integrity and zinc deficiency causes a severe impairment of
endothelial barrier function (Hennig et al., 1992; Clair et al., 1995). Zinc is documented
to act as an antioxidant, to have membrane-stabilizing properties, and to block apoptotic
cell death. In zinc-deficient endothelial cells, barrier function was significantly reduced
when compared with controls. There is evidence that zinc has a unique role in
maintaining normal endothelial integrity (Hennig et al., 1992).
Zinc is a potent inhibitor of apoptosis (Treves et al., 1994; Shankar et al., 1998)
and zinc deficiency can induce apoptosis (Shankar et al., 1998). The subcellular
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mechanisms by which zinc influence apoptosis are not well understood and may occur at
multiple levels. Thus, zinc may be antiatherogenic by interfering with signaling pathways
involved in apoptosis. For example, the intracellular pathways leading to apoptotic cell
death can be modulated by selective manipulation of intracellular zinc in intact cells
(Treves et a!., 1994). Recent data indicated that part of the protective mechanisms of zinc
seem to be via inhibition of caspases, such as caspase-3. Thus, zinc ions can inhibit the
proteases that catalyze the conversion of the precursor of caspase-3 to the active form
(Perry et al., 1997; Aiuchi et al., 1998).
Accumulation of p53 is due to a dramatic enhancement of the stabilization of the
protein and thereby an increase in p53 half-life (8 hours in unstressed neuroblastoma
cells). This is due to an inefficient degradation of p53 rather than to increa.se synthesis.
The cytoplasmic p53 accumulation is also the hallmark of a concomitant defect in p53
function in response to genotoxic stress. Mutations in p53, which affect its conformations
typically, increase its half-life, in part by inhibiting degradation by the ubiquitin complex
(Maki et al., 1996; Haupt et al., 1997; Kubbutat et al., 1997; Midgley and Lane 1997).

In the present study, the effect of zinc status on the expression of p53 will be
determined by Western blot analysis. Identification of the Mdm2 protein that may target
degradation of wild type p53 promotes us to examine the influence of zinc status on the
expression of Mdm2 protein. Alteration in the conformation of p53 is an important
regulatory mechanism to stabilize p53. In addition, a change in p53 conformation may
disrupt Mdm2 binding and lead to its stabilization (Shieh et al., 1997, 1999; Dumaz and
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Meek, 1999; Unger et al., 1999a, b). Moreover, altered conformation of p53 may affect in
such a way that neither Mdm2 nor JNK can associate with p53 and thus no longer target
its degradation (Fuchs et al., 1998; Shieh et al., 1997). Therefore, the influence of zinc
deficiency in p53 conformation will be analyzed by immunoprecipitation with specific
monoclonal antibody.
In response to DNA damage and other cellular stresses, the levels of p53 are
greatly increased, and its ability to bind specific DNA sequences is activated (Ko and
Prives, 1996). p53 protein levels are regulated post-transcriptionally, thus the
accumulation of p53 following DNA damage results primarily from an increase p53
stability (Mosner et al., 1995). Moreover, posttranslation modifications of p53 by
phosphorylation have been shown to be implicated in its stability. Phosphorylation of p53
may induce conformation change in the N-terminus, disrupting Mdm2 binding and
leading to its enhanced stability (Shieh et al., 1997, 1999; Dumaz and Meek, 1999; linger
et al., 1999a, b). ATM has been implicated in serine 15 phosphorylation (Banin et al.,
1998; Nakagawa et al., 1999; Shieh et al., 2000; Siliciano et al., 1997), which is enhanced
by DNA damage (Nakagawa et al., 1999; Siliciano et al., 1997) and associated with
increased p53 transcriptional activities (Dumaz and Meek, 1999; Sakaguchi et al., 1998;
Shieh et al., 2000). Phosphorylation of p53 in serine 15 and 20 following genotoxic stress
(Canman et al, 1998; Meek, 1998; Shieh et al., 1997; Shieh et al., 1999; Siliciano et al.,
1997; Unger et al., 1999a,b) has been shown to impair interaction between p53 and
Mdm2, resulting in enhanced p53 accumulation (Prives, 1998; Shieh et al., 1999; Unger
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et al., 1999a). These data lead us to hypothesize that zinc status may affect
phosphorylation of p53 on serine 15 and serine 20, disrupting Mdm2 binding and leading
to its enhanced stability. Therefore the effect of zinc status on phosphorylation of p53 in
serine 15 and in serine 20 as will as Mdm2/p53 interaction will be examined in the study.
Furthermore, the influence of zinc status on the expression of p2l, Mdmx, c-Abl,
and p300 proteins will be examined. Taken together these data may help us to establish
the mechanisms by which zinc depletion induces the accumulation of p53.
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CHAPTER TWO
LITERATURE REVIEW

Zinc
Zinc History
Zinc (Zn) is an essential trace mineral, and it is the most widely used metal in
biology. Zinc was recognized as a distinct element in 1509. The nutritional essentialness
of zinc was demonstrated in the mouse and rats in 1934 and plants in 1869. In 1934, the
effects of zinc deficiency on loss of appetite and poor growth were demonstrated in rats
(Todd et al, 1934). Bccause zinc is ubiquitous in foodstuffs, naturally occurring zinc
deficiency was considered unlikely until 1955, when swine parakeratosis was shown to
be a zinc-deficient disease. A year later, a conditional zinc-deficicnt syndrome was
demonstrated in humans. In 1961, the endemic hypogonadism and dwarfism of rural Iran
was suggested to be resulted from zinc deficiency (Prasad et al., 1961). -Since 1963, zinc
deficiency has been known to be the cause of growth retardation and delayed sexual
development in men (Prasad et al., 1963).
Sources of Zinc
Zinc is typically associated with the protein fraction and /or nucleic acid fraction of
food. The zinc content of foods differs widely. However, the best nutritional sources of
zinc for humans are red meats (especially organ meats) and seafood (especially oysters
and mollusks). Poultry, pork, dairy products, whole grains (especially bran and germ),
and vegetables (leafy and root) are considered to be good sources of zinc (King et al.,
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1994). Zinc from meat is much more readily absorbed than that from plant sources.
Animal products such as meat provide about 70 % of zinc consumed by most people in
the United States (Welsh and Marston, 1982, National Research Council, 1989).
Increased bioavailability of zinc from animal products is believed to be due to the
interaction between zinc and products of protein digestion (amino acids such as histidine
and cysteine) (Sandstrom et al., 1985). The bioavailability of zinc is known to be affected
by many factors. Amino acids such as cysteine, lysine, histidine, and glycine enhance
zinc bioavailability. In contrast, the phytic acid (inositol polyphosphate) found in plant
food such as soybeans, cereals, and legumes can inhibit zinc bioavailability (Hempe and
Cousins, 1989, Simmer et al., 1987). Phytate actually chelates zinc and interferes with
zinc absorption due to the formation of insoluble complexes. However, in the presence of
high intraluminal calcium, phytate exerts its inhibitor^' effect on zinc (Ellis et al., 1987).
Other substrates shown to inhibit zinc absorption include oxalic acid (in spinach, chard,
berries, chocolate, tea, among others), polyphenols such as tannins (in tea), and fiber.
Moreover, some minerals (copper, iron, calcium, and cadmium) can inhibit zinc
bioavailability. Cadmium, for example, binds to sites that zinc would normally bind to
and disrupts zinc function (Simmer et al., 1987). The relationship between the divalent
cations is very complicated, however, is probably related to the fact that these cations
compete with one anther for binding ligands in the intestinal lumen or within the cell, and
for receptor sites in the enterocytes. Thus, animal products are considered to be the best
sources of zinc.
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Dietary Needs of Zinc:
An evaluation of the most reliable balance studies indicate that at least 12 mg/day
of zinc are required for healthy young men consuming a mixed U.S. diet. However, to
meet the requirement of practically all healthy persons, including persons who habitually
consume diets with low zinc bioavailability, the recommended allowance for adult men is
15 mg/day. The Recommended Dietary Allowances (RDA) for adult women, because of
their lower body weight, is 12 mg/day. (Sandstead, 1985). During pregnancy, zinc
requirements are 15 mg/day to cover the calculated need for the growth of the fetus and
placenta. A zinc requirement for lactating women during the first 6 months is set at 19
mg/day. For the next 6 months of lactation, the zinc requirement drops to 16 mg/day. The
RDA for infant under 6 months is 3 mg/day and 5 mg/day for older infants. For linear
growth, the requirement of zinc for children is 10 mg/day (National Research Council,
1989). Adult intakes estimated by the World Health Organization range from 8 to 16
mg/day. The adult RDA is based on the average absorption of zinc being 2.5 mg/day.
Physiological states that influence dietary requirment of zinc include age, growth,
pregnancy and lactation. In humans, plasma zinc concentrations are the highest in the
fetus, and the levels decline with gestation. Additional zinc is required during growth and
tissue repair, renal disea.se, alcoholism, and in many other diseases. The zinc
requirements that maintain zinc status can be determined either by balance studies or by
estimating endogenous zinc losses and translating the requirement for absorbed zinc into
a dietary requirement. To estimate zinc status of humans, serum or red blood cell
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metallothionein, as determined either by sensitive radiommunoassay or ELISA, are found
to be useful indexes (Foley et al., 1968). However, no ideal assays for zinc status have
been established that are accurate and reproducible.
Zinc Metabolism:
The normal adult human body contains about 2 to 3 g of zinc. Zinc is fairly
evenly distributed in all organs, tissues, fluids, and secretions of the body. With the
exception of some specialized tissues that may contain much higher levels, the
concentrations of zinc in most mammalian tissues are in the range of 10 to 100 ixg/g of
wet tissue (Hambidge et al., 1986). Zinc is mainly an interacellular ion, over 95% of the
total-body zinc are found within cells, and 60 to 80% of that in the cytosol.
Zinc available for absorption and transport comes not only from dietary sources,
but also from pancreatic and biliary secretions into the gastrointestinal tract. In humans,
the primary site for absorption of exogenous zinc is the proximal small bowel, either the
distal duodenum or proximal jejunum (Krcbs et al., 1998, Lee et al., 1989). Most of the
luminal zinc is absorbed from the proximal small intestine (King and Keen 1994), with
the duodenum absorbing the most (60%), followed by the jejunum (10%), and ileum
(30%) (Davies, 1980). There is a small amount of zinc absorbed from the stomach and
large intestine (Cousins, 1985). Zinc is thought to be absorbed into the enterocytes by a
carrier-mediated process, which may (Hempe and cousins, 1991) or may not require
energy (King and Keen, 1994; Disilvestro and Cousins, 1983). In the early phases of
absorption, zinc is absorbed by a carrier-mediated, saturable, and energy-dependent
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process (Solomons and Cousins, 1984). In contrast, zinc is absorbed more slowly and is
taken up passively in the later phase of absorption, (Stacey and Klassen, 1981). The
carrier-mediated zinc absorption is inversely related to the intracellular concentration of
intestinal metaJlothionein (Hoadley et al., 1988). This kind of absorption is increased in
zinc-deficient animals and decreased with high zinc intake, suggesting that zinc
absorption is regulated by a carrier system (Hoadley et al., 1987). Cysteine-rich intestinal
protein (CRIP), which binds absorbed zinc during transmucosal zinc transport, has been
identified (Hempe and Cousins, 1991). CRIP, a 77 amino acid polypeptide containing
seven cysteines and one histidene, has been postulated to function as a diffusible
intracellular zinc transport protein which binds zinc subsequent to uptake at the brush
border surface for movement through the enterocyte to the basolateral membrane (Hempe
and Cousins, 1992). At low doses of zinc, CRIP is the primary carrier, however at higher
doses, metallothioncin is the preferred carrier.
The gastrointestinal tract is the major site for the regulation of zinc homeostasis.
The mechanism involves adjustments in both zinc absorption and endogenous excretion
into feces (King et al., 2000, 2001).

Zinc uptake is enhanced by low zinc status,

suggesting that the total amount of zinc absorbed is homeostatically regulated (King and
Keen, 1994). The zinc absorption may be regulated by intestinal metallothioncin.
Metallothioncin is synthesized and concentrated in the liver, kidney, pancreas, and
intestine. In addition, metallothioncin is also synthesized in the spleen and heart with
high concentrations in the fetus and neonate.
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Metallothionein is a low molecular, non-specific cysteine-rich metalloprotein that
has affinity for zinc, copper, cadmium and other divalent cations. Metallothionein is
approximately 6,200 kDa in molecular weight and contains 30 % of its amino acids as
cysteine (Thiele, 1992). The human metallothionein proteins are a family of at least 17
gene products. They are closely related, contain 60-68 amino acids, of which 20 are
highly conserved cysteines. Metallothioneins contain a sulfur-based cluster of cysteine
thiolate groups and contain 7 g atoms of bivalent metal ions either as zinc and/or
cadmium per mole protein (Ostreicher and Cousins, 1985). Copper and mercury have
also been detected to bind to this protein. The primary structure of metallothionein. Class
I, is highly conserved, and occurs in mammalian organism. Class I contains four
subclasses: 11 and I are widely expressed. III is found mainly in the brain, and IV is found
in squamous epithelial tissue (Uchida et al., 1991). Metallothioneins, class U, occur in
unicellular eukaryotes, such as sea urchin, wheat, and yeast, whereas, metallothioneins,
class 111. occur in plants (Kagi and Schaffer, 1988).
Metallothioneins block the movement of zinc from the cell by binding to it and
regulating the flux of zinc between the intestinal lumen and portal circulation (Cousins,
1985). The synthesis of metallothioneins is induced when the intake of zinc is high. The
synthesis of thionein polypeptides that complex with zinc to form mtallothioneins is
stimulated by expanded zinc pools (Cousins, 1985). Mtallothioneins mainly serve as a
temporary storage for zinc, especially when zinc consumption is in excess. When other
tissues signal a need for zinc, metallothioneins release it from storage. In zinc deficiency,
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the amount of zinc released from the intestine increases while the mtallothionein
concentration remains low and depresses the amount of zinc bound.
The absorption and retention of zinc are known to be affected by many factors.
Approximately 20 to 40 % of zinc intake is absorbed depending on many factors such as
age, bodily needs, and growth stages. The absorption of zinc can be reduced by a number
of dietary components; ferrous iron, copper, cadmium, lead, fiber, plant protein, whole
grain products, cow's milk and chelators such as phytic acid and oxalic acid. When the
intake of zinc in the diet is low, folic acid and calcium can impair zinc absorption
(Becker and Hoekstra, 1971). Amino acids such as histidine, cysteine, lysine and glycine,
and certain chelators such as citrate, picolinate, and EDTA have been shown to enhance
mucosal uptake and absorption of zinc (Oestreicher and Cousins, 1982).
After absorption, zinc is then rapidly transported into the portal circulation
(Cousins, 1988). About 3 to 3.5 mg of zinc are normally circulating in the plasma at any
given moment. Zinc is distributed between two major fractions. About two-thirds (70 %)
of plasma zinc is loosely bound to albumin, readily taken up by tissues via unknown
mechanism, and most of the reminder (30 %) is tightly bound to other transporters,
including a-2 macroglobulin (Harris and Keen, 1989) and amino acids, specifically
cysteine and histidine (Evans and Winter, 1975). A two component model best explains
the elimination of absorbed zinc from body (Hambidge et al., 1986). Albumin transports
zinc via the portal vein to the liver where it is concentrated (Disilvestro and Cousins,
1983). Zinc binds to albumin by ligation to sulfur atoms (Zhou et al.. 1992) and albumin
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is normally in 30 to 40 molar excess as compared to zinc, thus competition for zinc to
bind to albumin is minimal. Transferrin acts also as transporter of zinc in portal plasma
circulation (Evans and Winter, 1975), however, zinc binds preferentially to albumin as
compared to transferrin.
Recently, several mammalian zinc cellular transporters have been cloned,
including ZnT-1, ZnT-2, ZnT-3, ZnT-4, and DCTl, however, their specific functions are
still unclear. All transporters have a multiple membrane-spanning region and are
histidine-rich (McMahon and Cousins, 1998). ZnT-1, identified by Palmiter and Findley
(1995), is regulated by dietary zinc intake and is found in high concentrations in the
kidney and small intestinal enterocytes. ZnT-2, described by Palmiter et al., (1996a), is an
exporter and may be involved in zinc efflux in the kidney, intestine, and testis. ZnT-3,
also identified by Palmiter et al., (1996b), is involved in zinc uptake in the brain. ZnT-4,
which is described by Huang and Gitschier, (1997) may be involved as a zinc exporter in
the brain and in mammary glands. Moreover, divalent cation transporter-1 (DCTl).
regulated by iron, may be involved in intestinal zinc uptake (McMahon and Cousins,
1998)
The liver takes up much of the zinc transported in the portal circulation, where
zinc interacts with metal loth ionein. About 30 to 40 % of zinc that enters the hepatic
venous supply are recycled back into the plasma by the liver (Aamdot et al., 1979). Zinc
can then either interact with different ligands or can be transported back to the liver.
Since zinc is taken up by the liver and eventually appears in other organs, such as kidneys
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and pancreas. The liver is the central location for zinc transport and distribution. In
humans, the initial rapid phase of zinc transportation has a half -life of 12.5 days, which
represent liver uptake and release. The slower phase has a half-life of about 300 days,
reflecting the rate of zinc turnover in various pools. Unlike other minerals, there is no
specific "store" for zinc. The liver metallothionein can be mobilized during increased
metabolic need, but the amount is limited (Richards and Cousins, 1976)
The pancreas, liver, kidney and spleen have the highest turnover rate for cellular
zinc. In contrast red blood cells and muscle tissue are the slowest (McKenney et al.,
1962). Kidney has a turnover of only 2 hours (Cousins and Lee-Ambrose, 1989), where
as other tissues such as bone marrow, skin, and thymus have a rapid rate of zinc turnover
as well (Dunn and Cousins, 1989). Zinc uptake by bones and the central nervous system
is slow and is not available for metabolic use.
The pancreas uses zinc to make some of its digestive enzymes, which are released
into the small intestine during food digestion. Entero-pancreatic circulation of zinc
involves the circulation of zinc from the pancreas to the small intestine and back to the
pancreas. The pancreas releases a zinc-binding ligand into the intestinal lumen. This zincbinding ligand is transported across the intestinal microvillus into the epithelial cells.
Where as zinc is transported to binding sites on the basolateral plasma membrane, where
albumin interacts with membrane to remove zinc from binding sites. After absorption,
zinc becomes involved in metabolism (Evans et al., 1975).
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Zinc is excreted via the feces, urine, semen, menstrual secretion, sloughed
epithelial tissues, hair, and sweat (2 to 3 mg) (Miller et a!., 1966; Robinson et al., 1973).
The major route for endogenous zinc excretion is through the gastrointestinal tract
(Hambidge et al., 1986). The losses of endogenous zinc in a normal man as compared to
a zinc-depleted man are listed in Table 1. Unabsorbed dietary zinc and endogenous zinc
are eliminated mainly through the feces (Miller et al., 1966; Robinson et al., 1973). The
amount endogenous zinc eliminated from the body ranges from < 1 mg to several mg
daily (Matseshe et al., 1980). Endogenous zinc losses are coming from pancreatic
secretion, biliary secretion, and old mucosal cells that are sloughed off at the tips of the
villi. Zinc is also eliminated through epithelial tissues sloughed off from the skin
(Hambidge et al., 1986). Small amount of zinc is excreted in the urine (500-800 |a.g/day)
except in diseases such as nephrosis, increased muscle catabolism, hepatic prophyria, and
cirrhosis (Prasad et al., 1965). An overview of the metabolism of zinc is shown in
Figure 1.

Zinc in the Body
The normal adult human body has about 2 to 3 g of zinc. Zinc is fairly evenly
present in all organs, tissues, fluids, and secretions of the body. The concentrations of
zinc in most mammalian tissues range from 10 to 100 jxg/g of wet tissue weight.
However, specialized tissues may contain much higher levels (Hambidge et al., 1986).
primarily an intracellular ion. Over 95 % of the total body zinc is found within cells, and
60 to 80 % of this zinc is found in cytosol. Most of this total body zinc is present in bone.
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Table 1. Losses of endogenous Zn in normal and Zn-depleted men.

Endogenous Losses (mg/day)
Route of loss

Normal

Feces

1.4

0.7

Urine

0.3

0.2

Integument

0.7

not determined

Semen (per ejaculation)

0.6

Source: Taylor et al., 1991; Baer and King,1984.

Depleted

0.3
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Figure 1. The metabolism of zinc
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skin, hair, nails, muscles, liver, pancreatic and retinal tissue, and also in male
reproductive organs (prostate), seminal fluid, and spermatozoa. The choroid of the eye
contains the highest concentration (274 |ig Zn/g). Sixty % of total body zinc is found in
skeletal muscle due to its large amount of tissue mass. Bone contains about 30 % of the
total body zinc, but this zinc is not available for other metabolic functions and is instead
stored. Interestingly, blood, hair, bone, and liver are very sensitive to changing dietary
zinc intakes, in contrast, brain, lung, muscle and heart tissue are less sensitive. Very small
amount of zinc is found in the blood (<0.5%). The erythrocytes contain 75- 88 % used for
the formation of carbonic anhydrase (Hove et al., 1940), an important metalloenzyme,
which functions in acid-base balance. The normal adult human plasma ranges from 70 to
100 jig/dl and 80 % of this zinc is bound to albumin, 18% to a-macroglobulin, and 2% to
other transporters such as transfemn, ceruloplasmin, histidine, and cystine (Parisi and
Valle, 1970). Intracellular zinc is contained mainly in the cytosolic and microsomal
fractions (60 to 80%), whereas. 10-20% is present in the nuclear fractions and 5% in
mitochondria fractions. The cytosolic zinc is usually bound to protein. A very small
amount of zinc is found in the cell membrane (Bartholemew et al., 1959; Saylor and
Leach, 1980; and Thiers and Vallee, 1957). The zinc contents of major organs in the
human body are shown in Table 2.
Physiologic Roles of Zinc
As a component of over 100 metalloenzymes, zinc is found in all tissues of the human
body (Galdes and Vallee, 1983). Zinc is a component of enzyme systems more than all
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Table 2.Approximate zinc content of major organs and tissue in a normal
health adult (70Kg).
Tissue Source

Zn Concentration
lig/g

51
Skeletal muscle
Bone
100
32
Skin
Liver
58
11
Brain
55
Kidneys
23
Heart
150
Hair
Blood Plasma
1
Source; King and Keen, 1994.

Total Zn Content
mM
24
12
2
2
0.6
0.3
0.15
<0.15
<0.15

g
1.53
0.77
0.16
0.13
0.04
0.02
0.01
<0.01
<0.01

% of body Zn
%

57
29
6
5
1.5
0.7
0.4
0.1
0.1
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other trace minerals combined, and it influences many fundamental processes of life. As
part of metalloenzymes, zinc provides structural integrity to the protein and/or it
functions as catalytic site for enzyme reactions (King et al., 1994; Hempe and Cousins,
1992). Zinc metalloenzymes participate in catalyzing over 50 biochemical reactions
involved with carbohydrate and energy metabolism, protein degradation and synthesis,
nucleic acid synthesis, heme biosynthesis, carbon dioxide transport, as well as many
other reactions. Zinc plays a major structural, regulatory, catalytic, and co-active role in
many enzymes. However, zinc normally has a catalytic role, with one zinc atom bound
per subunit of the enzyme. Zinc usually binds to four ligands, three of them are amino
acids, with histidine being the most frequent, followed by cysteine, glutamine and
aspartamine, and the forth ligand is usually a water molecule.
At least 70 enzymes (perhaps over 200 enzymes) from every enzyme class (Table
3) have been shown to require zinc (King et al., 1994; DiSivestro and Cousins, 1983).
Examples of zinc metalloenzymes are listed in Table 3. Carbonic anhydrase, involved in
acid-base balance, was the first zinc metalloenzyme discovered (Keilin and Mann, 1940).
Carbonic anhydrase has a very high affinity for zinc. Even with zinc deprivation,
catabolism of this enzyme apparently does not occur. Another example of a zincdependent enzyme is alkaline phosphatase. Zinc serves as a cofactor for alkaline
phosphatase, which transfer phosphate to bones. Alkaline phosphatase contains four zinc
ions per enzyme molecule; two of them are required for enzyme activity. Enzyme activity
declines with zinc deficiency (King et al., 1994). Zinc also serves as a structural
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Table 3. Zinc metailoenzymes
Aipa-mannosidase
Alcohol dehydrogenase
Alkaline phosphatases
Carbonic anhydrase
Carboxypeptidase
DNA polymerase
Glutamic acid dehydrogenase
Reverse transcriptase
RNA polymerase
Superoxide dismutase
Source: King and Keen, 1994
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component of alcohol dehydrorgenase, involved in the hepatic detoxification of alcohols.
Alcohol dehydrorgenase also contains four zinc ions per molecule of enzyme. Two of the
four are required for catalytic enzyme activity and two are required for structure and
protein conformation. In addition, zinc is a component of lactate and malate
dehydrogenases, which are necessary for energy production. Moreover, zinc is an
essential part of carboxypeptida.se, a digestive enzyme, which aids in protein digestion.
Zinc is bound tightly to carboxypeptidase A and is required for enzyme activity. The
activity of this enzyme decreases with zinc deficiency. Collagenase, involved in collagen
synthesis and degradation of skin and connective tissue, and gelatinases are zinc matrix
metalloproteinases, which hydrolyze components of extacellular matrix. Superoxide
dismutase (SOD), found in the cell's cytoplasm, requires up to two atoms cach of both
zinc and copper for function. Superoxide dismutase helps to protect cells from radicals
because of its ability to act as an oxidant and reductant (Wu and Wu, 1987). Furthermore,
free zinc is involved in retinal dehydrogenase, which is involved in vitamin A
metabolism.
Physiologic functions of zinc include cell or tissue growth, cell replication, bone
formation, skin integrity, cell-mediated immunity, and generalized host defense. The role
of zinc in tissue or cell is related to its function in the regulation of protein synthesis,
including its effect on polysome conformation as well as the synthesis and catabolism of
the nucleic acid (Prasad, 1981). Zinc is necessary for growth promotion and in the
initiation of DNA synthesis and progression from the G2 to the S phase (Falchuk et al..
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1975). Zinc is also involved in the synthesis and stabilization of nucleic acid (Prask and
Plocke, 1971) and in the function of ribosomal, messenger, and transfer RNA. The DNA
and RNA polymerase and deoxythymidine kinase, involved in nucleic acid synthesis, arc
zinc metalloenzymcs. Deoxythymidine kinase is necessary for the conservation or
salvaging of thymine, the pyrimidine unique to DNA. Catabolism of RNA seems to be
regulated by zinc due to the effect of zinc on ribonuclease activity, which increases with
zinc deficiency (Prasad, 1981). Moreover, deoxynucleotidyl transferase, nucleoside
phosphorylase, and reverse transcriptase require zinc. Zinc is a part of the enzyme, which
catalyze nucleotide phosphate ester formation, such as RNA polymerase I, II, III (Wu and
Wu, 1987). Furthermore, zinc can interact with nuclear proteins, which bind to promoter
sites of gene. Thus, zinc helps in the regulation of transcription. Specifically, zinc acts an
essential structural component of DNA-binding proteins that contain zinc fingers (Prasad,
1981).
Zinc has several other physiological functions in the overall health of humans as
listed in Table 4. Zinc plays several roles in the immune system such as thymic hormone
production and activity, lymphocyte function, natural killer function, antibody-dependent
cell-mediated cytotoxicity, neutrophil function, delayed hypersensitivity, and lymphokine
production (Fernandes et al., 1979a,b; Fraker et al., 1982; Iwata et al., 1979). In addition,

Table 4. Physiologic functions of zinc in mammals.
Cell growth
Cell replication
Sexual maturation
Fertility and reproduction
Night Vision
Immune defenses
Taste and appetite
Source: King and Keen, 1994
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zinc is essential for the development of male reproductive function and spermatogenesis
Specifically in the formation of testosterone by Leydig cell (Hambidge et al., 1986)
and its conversion to active dihydrotestosterone. Moreover, zinc has an effect on cell
membrane activity by stabilizing membrane structure and guarding against peroxidative
damage (Prasad, 1983). The influence of zinc on cell membranes may be due to its direct
influence on membrane protein's conformation and /or on protein to protein interactions.
It may influence the activity of many enzymes attached to plasma membranes, including
alkaline phosphatase, carbonic anhydrase, and superoxide dismutase, among others
(Bettger, 1993). These particular enzymes, which control the structures and function of
the membrane, are modulated by zinc (Prasad, 1983). Moreover, zinc itself may act to
stabilize membrane structure by stabilizing phosphiipids and thiol (SH) groups, which are
required to be maintained in the reduced state (Bettger, 1993), and to protect the
membrane against peroxidase damage by occupying sites on the membrane (King et al.,
1994). Zinc may stabilize membranes by enhancing associations between skeletal and
cytoskeletal proteins (Prasad, 1983).
"Zinc fingers" is a term used to indicate the configuration (shape) of the proteins
that look like fingers, and the presence of the mineral zinc bound to the proteins. The
fingerlike shape results from the twisting and coiling of the cysteine and histidine
residues in the protein segment. There are over 1200 individual types of zinc fingers, and
between 300 and 700 human genes encoding zinc finger containing proteins (Schwade
and Fairall, 1995) making up to an estimated 1 % of the human genome (Rhodes and
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Klug, 1993). TFmA, GAL4 protein and members of the steroid receptor super family
such as estrogen and glucocorticoids are example of zinc finger containing regulatory
proteins that function as transcription factors (Vallee and Falchuk, 1993)
Metallothionein (MT) genes have been found in several species and are expressed
in various tissues. Zinc plays a role in the function of MT, hormones, cytokines,
interferons, and phorbol esters by inducing metallothionein biosynthesis. MT functions in
stabilizing membranes, regulating zinc and copper metabolism, scavenging radical ions,
and regulating gene expression. Zinc is the sole metabolic component of the
metallothionein protein (Kagi and Schaffer, 1988). Metallothionein genes which have
been found in many species and are expressed in many tissues (Hamer, 1986), have been
studied extensively as a model for the understanding of the regulation of transcription by
metals. Three components have been found to be involved in the induction of
metallothionein gene expression (Cousins, 1994). The first component is the metal
responsive elements (MREs), which are found at multiple sites on the promoter upstream
from the transcription start site (Czypryn et al., 1992). MREs, cis-acting DNA sequences,
have a core sequence of TGCRCNC. The second component is a transacting metalregulated protein that binds to the MREs, which is induced by metal. Metal Transcription
Factor-1 (MTF-1), a protein which interacts with MREs is induced by metal such as zinc,
cadmium, and copper (Radtke et al., 1993). The third component is the metal.
Zinc Deficiency
For most nutrients, the development of deficiency is a relatively slow procedure.
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since an insufficient dietary intake rapidly initiates a mobilization of stores or functional
reserves. Thereafter, nutrient concentrations of tissues decrease and eventually lead to the
puncture of one or more specific functions of the nutrients. Deficiency usually involves a
decline in dietary intake, leading to depletion of tissue reservoirs that usually leads to
clinical symptoms. Although the body has the ability to re-adjust zinc absorption and
excretion relying on the homeostatic status, such ability is limited. Therefore, the
development of zinc deficiency is relatively rapid in response to continuous insufficient
dietary intake of zinc or elevated zinc loss or increased requirement of zinc. Numerous
manifestations of zinc deficiency in humans and experimental animals have been
identified. Major abnormalities observed in humans with severe zinc deficiency are
shown in Table 5.
Many dietary factors have been observed to increase the risk of zinc deficiency
including diets containing high phytate, oxalate, alcohol, copper, and phosphates. In
addition, there are other factors that may increase the risk of zinc deficiency including
pregnancy, growth periods, oral contraceptives, premenstrual symptoms, fasting or
starvation, serious illness or injury, stress, burns, acute and chronic infection, surgery,
alcoholism, diabetes, acquired immune deficiency syndrome (AIDS), malabsorption,
cirrhosis, renal disease, and diuretic therapy. Recently, the turnover of plasma zinc pools
has been shown to increase when dietary zinc intake is marginal during pregnancy (Lowe
et al., 1999). Since alcohol intake accelerates zinc excretion, alcoholic drinkers pose a
great risk for zinc deficiency. Because of the high concentrations of zinc excreted in

Table 5. Clinical manifestation of human zinc deficiency.

Growth retardation
Delayed sexual maturation
Hypogonadism and hypospermia
Alopecia
Skin lesions
Immune defects
Behavioral disturbances
Night blindness
Impaired taste (hypogeusia)
Impaired wound healing
Source: King and Keen, 1994
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sweat, endurance athletes have increased depletion of zinc from the body.
Growth retardation, originally observed in rat, is one of the major manifestations
observed in zinc deficiency (Todd et al., 1934). In humans, growth retardation may be so
severe that dwarfism has been shown in several areas of world (Halstead and Smith,
1970). Studies in Egypt and Iran, during the 1960s and early 1970s, indicated that zinc
deficiency is a major contributing factor of severe chronic growth retardation (Prasad et
al., 1963; Sandstead et al., 1976). Growth retardation is one of the primary symptoms of
zinc deficiency that includes loss of appetite, depressed food intake, and impaired food
utilization. In addition, growth retardation may be due to depressed activity of thymidine
kinase, as well as impaired DNA synthesis and cell division that ultimately cause loss of
cell growth. Zinc-deficient cells have been shown not to divide or differentiate due to
their arrest in the GO/Gl transition. Moreover, growth depression of hepatocytes from
zinc-deficient rats was observed to be due to an arrest in the G1 phase of the cell cycle
(Chesters et al., 1989). Early symptoms of zinc deficiency include anorexia. Elevated
concentrations of norepinephrine and alteration in its receptor function in the
hypothalamus of zinc-deficient animals have been suggested as the responsible
mechanism underlying the anorexia (Q-Dell et al., 1989). The cyclic feeding may
represent the adaptation of animals to the diet low in zinc (Clegg et al., 1989). Growth
and body weight gain will be impaired when zinc deficiency is prolonged. Loss of
appetite occurs rapidly following an introduction to a zinc-deticient diet. Food intake
elevates within one to two hours after zinc supplementation is given to zinc-deficient rats.
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Growth and body weight gain will be impaired when zinc deficiency is prolonged. Loss
of appetite occurs rapidly following an introduction to a zinc-deficient diet. Food intake
elevates within one to two hours after zinc supplementation is given to zinc-deficient rats
(Chesters and Quarterman, 1970). When food intake is low, muscle catabolism releases
zinc into the plasma pool for usage by hepatic and extraliepatic tissues (King and Keen,
1994). With a marginal deficiency in zinc, loss of appetite with reduce efficiency of food
utilization are hallmark symptoms as well as dermatitis, brittle hair, lethargy, and
diarrhea.

Mild

zinc

deficiency

symptoms

include

neurosensory

change,

hyperammonemia, decrease lean body mass, and decreased serum testosterone level.
Severe zinc deficiency is characterized by more serious symptoms such as growth
retardation, immunological abnormalities, altered reproductive performance and
hypogonadism, night blindness and corneal opacities, defective collagen synthesis
leading to skeletal abnormalities, thymus gland atrophy, alopecia, impaired wound
healing, and sometimes dwarfism (King and Keen, 1994).
Immune deficiencies have been observed in zinc deficiency. DNA and RNA
polymerase are zinc enzymes, and the stabilization of polysomes also requires zinc. In
zinc deficiency, both nucleic acid and protein syntheses are impaired, leading to a
reduction in cell division. Thus, a reduction in cell division, which is expected, may
impair the normal functions of the immune system. In addition, zinc deficiency also
impairs the assembly of the mitotic spindle, that is necessary for cell division, through its
influence on microtuble polymerization (Clegg et al, 1989). A reduction in cell division
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rate may contribute to some of the influences of zinc deficiency on the immune system,
in which a deficient animal is often characterized by a small thymus gland, atrophy of
lymphoid tissue, and spleen, with resultant reductions in capacity for T- and Blymphocyte production (Keen and Gershwin, 1990). Morever, zinc deficiency induces a
variety of immune defects including the reduction of thymic hormone production and
activity, impaired function of lymphocytes, and natural killer cells (Prasad, 1995). In
addition,

an

impaired

antibody-dependent

cell-mediated

cytotoxicity,

altered

immunologic ontogeny, and defective lymphokine have been observed in zinc deficiency
(Keen and Gershwin, 1990).
Delayed sexual maturation, hypogonadism, and hypospermia are observed in zinc
deficiency. Hypogonadism was shown in Iran and Egypt among-deficient young men
(Prasad et al., 1961; Prasad et al., 1963). The testes are decreased in size with atrophy of
the seminiferous epithelium. Testicular dysfunction impairs spermatogenesis. With zinc
deficient rats, zinc content of the testes, and weight of the testes were significantly lower
compared with controls. Moreover, zinc plays an important role in the function of
pituitary-gonadal axis and influences the output of testosterone (Lei et al., 1975).
Furthennore, the primary defect underlying the influence of zinc deficiency on testicular
function may involve impaired Leydig cell function with a secondary effect on the
pituitary-gonadal axis (McClain et al., 1984).
Night blindness is often observed in zinc deficiency. Many enzymes, including
retinal dehydrogenase, lysosomal enzyme a-mannosidase of the retinal pigment
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epithelium, ciliary body carbonic anhydrase, the corneal collagenases, and leucine
aminopeptidase, that are important for the normal vision and structures in retina, are all
zinc enzymes. The high content of zinc in the retina reflects the large number of these
enzymes and their activity (Vallee and Falchuk, 1993). Night blindness in zinc deficiency
is also associated with a reduction in retinal dehydrogenase, a zinc-containing enzyme,
which converts retinol (vitamin A alcohol) to retinal (vitamin A aldehyde) for normal
vision. Night blindness observed in zinc deficiency has been suggested to be related to a
decrease in the activity of retinal dehydrogenase. Furthermore, the synthesis of retinalbinding protein, the carrier of vitamin A in the blood, is depressed in zinc deficiency.
This leads to the impairment of hepatic retinal mobilization and ultimately vision. In
some species, the retina-choroid complex has the highest quantities of zinc and zinc
mctalloenzymes in the body.
Zinc deficiency may lead to impaired wound healing. Cells cannot proliferate and
differentiate to form new tissue because cell division is decreased in zinc deficiency.
When proliferation does not occur, the wounds cannot heal, because the skin required
constant renewal activity, especially when injured. Morever, the activity of lysyl oxidase,
a zinc metalloenzyme, which is responsible for normal collagen synthesis, is decreased
with zinc deficiency, causing impaired collagen synthesis. Thus, this impairment affects
proper wound healing (Fernandez-Madrid et al., 1973).
Severe zinc deficiency has been observed in a certain rare human autosomal
recessive disease termed acrodermatitis enteropatica (AE). Impaired intestinal uptake and
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transfer of zinc have been observed in AE patients (Danbolt and Closs, 1942). With
severe zinc deficiency, iron accumulates in several tissues (Rogers et al., 1987) and leads
to the generation of reactive oxygen specics (ROS) via electron transfer reactions. ROS
may cause oxidative damage to protein and DNA in the rat's testes. This damage is
enhanced by zinc deficiency and an iron accumulation.
Population with Zinc Deficiency:
The zinc nutrient of the U.S. population was reviewed 20 years ago, and factorial
estimates of human zinc requirements were measured (Sandstead, 1985a, b).
Subsequently, the World Health Organization (WHO) established provisional estimates
of human zinc requirements (WHO Expert Committee, 1973). A comparison of reported
dietary levels of zinc with the WHO published provisional estimates suggested that the
groups at risk of zinc deficiency are those who consumed cereal-based diet with little or
no meat. A comparison of estimates of human zinc requirements with reported dietary
intakes of zinc for people in the U. S and other industrialized countries indicated that
some select diets provide inadequate zinc for optimal health. Certain segments of the U.S.
population do not consume adequate amount of zinc required for optimal retention, thus
leading to a marginal deficiency. Premenopausal women seem to be at particular risk. In
the U.S, many women consume dietary zinc levels that are substantially below the 12-mg
recommended by the RDA. A recent study found 60 % of women aged 19-50 yr consume
less than 9 mg. Morevcr. a committee of the Food and Nutrition Board estimated that the
zinc requirement for premenopausal women, at 20% bioavailability, is 10 mg/day
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(Sandstead, 1995). Taken together, many premenopausal women in the U.S are at risk of
zinc deficiency.
Children are another group at risk of zinc deficiency. USDA food -consumption
studies found that the average zinc intake of children in U.S is 7.5 mg, suggesting that
many are at risk of zinc deficiency if their zinc intake is low (Sandstead, 1995).
According to a study performed by the center on Hunger, Poverty and Nutrition at Tufts
University School of Nutrition, zinc is significantly low in millions of children's diets in
the U.S. More than 50% of poor children and 30% of non-poor children age 1-5 yr get
less than 70% of RDA.

Infants, premature infants (Dauncey et al., 1977),

institutionalized individuals, patients receiving total parental nutrition (Arlette and
Johnston, 1981; Kay and Tasman-Jones, 1975), patients suffering from sickle cell disease
(Prasad et al., 1977; Kazimiercazk et al., 1978), and those who living on low income diets
(Sandstead, 1973) are groups at the highest risk. Morever, marginal zinc deficiency may
occur during pregnancy (Sandstead, 1973) and prolonged lactation (Krebs et al., 1985).
Data from other countries suggest that zinc deficiency is common among poor children in
countries where children consume cereal-based diets with little or no red meat (Beaton et
al., 1992).
Because of their rapid linear growth and repair, as well as enhanced synthesis of
zinc containing proteins, children have a high zinc demand. In zinc deficient
malnourished Jamaican children who were recovering from severe malnutrition, a milkbased diet was shown to decrease their zinc absorption (Golden and Golden, 1979). In
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certain segments of U.S. population, the prevalence of marginal zinc deficiency is high
(Hambidge and Walravens, 1978; Sandstead, 1973; Prasad, 1979). In 1985, Hambidge et
al., studied young children from low income Denver families and found mild, long-term
growth limiting zinc deficiency. The levels of zinc in the plasma and hair samples as well
as weight-for-height percentiles were decreased in these children. However, when zinc
was supplemented to the children, weight-for-height percentiles normalized, and the
levels of zinc in hair, and height velocity were increased (Hambidge et al., 1985;
Walravens et al., 1992)
Males retain up to 750 ^g/day of zinc to maintain the lean body mass and total
body zinc, especially between the ages of 11 and 17. In contrast, females retain zinc for
the lean body mass and total body zinc up to 20 years of age (Sandstead, 1973). The
largest retention occurs during puberty. Once the lean body mass stabilizes, zinc retention
declines.
Zinc Toxicity
Excessive zinc intake can cause toxicity, however, zinc is the least toxic of the
trace elements. An acute toxicity with 225 to 450 mg zinc (1 to 2 g zinc sulfate) can
cause metallic taste, nausea, vomiting, epigastric pain, abdominal cramps, and bloody
diarrhea (King and Keen, 1994; Fosmire, 1990). Chronic toxicity includes gastric
problems, hypocupremia, and decreased HDL cholesterol. A chronic effect occur at >150
mg zinc/day. Moreover, high doses of zinc may alter absorption of other essential
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minerals such as copper and iron. With chronic zinc toxicity, copper deficiency and
anemia may occur with a decreased immune function (Chandra, 1984).

Cancer
Cancer
Cancer is a disease in which cells proliferate uncontrollably, and destroy
surrounding tissues. Oncogenes and tumor suppressor genes are the major gene families
involved in cancer. Their activity or lack of activity can have detrimental effects on cells.
Cancer is the second leading cause of the death in the western world. In U. S., there arc
over two million new cases of cancer each year, with 500,000 dying from these
malignancies. Furthermore, 25 % of males and 20 % of females born in the U.S. in 1985
have been projected to eventually die of cancer (Seidman et al., 1985), In 1994, there
were 172,000 new cases of lung cancer diagnosed in the U. S. (Ruddon, 1995). The four
major types of cancer are lung, colon, breast, and prostate, which account for greater than
50 % of all cancer deaths (Boring et al., 1994). The mortality rates in certain cancers,
including lung cancer, brain cancer, melanomas, non-Hodgkins lymphoma, multiple
myeloma and leukemia, are increasing. Certain Cancers, including stomach, lung,
pancreas, liver, and esophagus, are more difficult to diagnose early and .survival rates are
less than 20% (Ruddon, 1995). There are four major types of bronchogenic carcinomas,
which include squamous epithelial cell, adenocarcinoma, large cell, and small cell
cancers. Cancers of the lung and bronchus represent 90% of all respiratory tract cancer
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(Faber. 1991). A high frequency of abnormalities in p53 and RB, tumor suppressor genes,
was shown to be associated with lung cancer (Ruddon, 1995). p53 alterations were
observed to occur in over 50% of lung carcinomas with 80% that occur in conserved
regions, many being "hotspot" mutations. There are many nonrandom chromosomal
abnormalities in lung cancer cells, which include 3p, 9p, and 17p (Testa, 1996). Over
1000 p53 mutations have been observed in lung tumors (Hemandez-Boussard and
Hainaut, 1998). p53 is mutated in 50-80% of lung cancer cases from smokers (Hainaut
and Hollstein, 2000).
Cancer Characteristics
Most human cancers are derived from epithelial cells which terminally
differentiate (Green et al., 1997), in addition, the majority of human lung cancers evolve
from the bronchial epithelium (Aucrbach et al., 1961). With cigarette smoking, epithelials
elevate in cell number, lose their cilia, and possess atypical cells (Auerbach et al., 1961).
Cancer is the uncontrolled proliferation of cells, tumorigenic or neoplastic in
nature, that invades and destroys adjaccnt tissue and can metastasize. Metastazation occur
when cells break away from the parent mass, enter into the lymphatic or vascular
circulations and spreading to other sites throughout the body, where they establish
secondary tumors (Ruddon, 1995). Affected tissues appear to have multiple extensions
that reach out to other adjacent tissues. Cancer is a broad term for over 100 distinct
disorders. Tumor cells are descendants of a single cell in which a mutation has occurred
and have proliferative advantages, demonstrating clonality. Cells transformed by various
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factors are capable of clonality and causing the formation of tumors in host animals.
Cancer cells vary greatly from normal cells and they have a loss of growth
control. When grown in vitro, they tend to pile atop of one another, as opposed to
growing in a monolayer, as normal cells do. Cancer cells can easily be grown in
suspension due to their loss of adhesiveness. They require very little sera containing
essential growth factors and nutrients necessary for normal growth functions. Tumor cells
stay mobile even when in contact with other cells and they do not employ contact
inhibition. They have a decreased tendency to form gap junctions with one another, thus
communication between cells that normally occurs is lost. In addition, cancer cells have
disorganized cytoskeleton and abnormal plasma membrane with tumor-associated
antigens, which induce the formation of antibodies directed against the cells. Moreover,
cancer cells tend to be more anaplastic, or less differentiated and grow more rapidly. The
shape and size of tumor cells are more abnormal, the nucleus and nucleoli are larger and
the nucleus/cytoplasmic ratio is higher as compared to normal cells.
Cancer is a disease of abnormal gene expression that can occur through
mechanisms involving DNA damage as well as abnormal gene transcription and
translation. Cancer is a multi-step process, which encompasses over 100 diseases, which
differ by age of onset, rate of growth, diagnostic detectability, invasiveness and
metastasis, and response to treatment (Ruddon et al., 1995).
There are two main genes families, oncogenes and tumor suppressor genes that
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often play a major role in carcinogenesis. Oncogenes encode proteins, which promote the
loss of growth control and the conversion of a cell to a malignant state. There are 65
genes, which are currently known as oncogenes (Savage, 1998). In normal cells,
oncogenes occur as precursors termed protooncogenes that encourage growth. These
protooncogenes can mutate, and become carcinogenic and cause cells to multiply
excessively. Oncogenes can be altered by gene amplification, point mutation,
incorporation into retroviruses, or translocation to new chromosomal sites. Tumor
suppressor genes can aid in the prevention of cell becoming cancerous. Tumor suppressor
genes inhibit growth, whereas oncogenes encourage it (Weinberg, 1996). The function of
tumor suppressor genes is to prevent cells from undergoing uncontrolled growth. Tumor
suppressor genes normally inhibit the expression of cell growth and promoting proteins,
aiding in restraining cell growth, which ultimately prevents cells from becoming
malignant. However, tumor suppressor genes may contribute to cancer when they are
mutated and become inactive. Major oncogenes and tumor suppressor genes are listed in
Table 6.

Factors Influencing Cancer
Many factors are known to be carcinogens. Alcohol is a risk factor for liver cancer due to
the cirrhosis damage induced by alcohol (Doll and Peto, 1981). Cigarette smoking
contributes about 25-40 % of all cancer deaths (Boring et al., 1994). Tobacco use is
implicated in cancers of the mouth, larynx, pharynx, esophagus, bladder, and kidney.
There is a direct correlation between cigarette smoking and lung cancer. Diets are
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Table 6. Examples of oncogenes and tumor suppressor genes
Examples of Oncogenes
Growth Factors:
c-fps
c-sis
Growth Factor Receptors:
c-fms
c-crbA

Colony-stimulating factor-1 (CSFl)
PDGF
CSF-1 Receptor
Thyroid hormone receptor

Protein Kinase;
c-abl
Signal Transducers:
Ras

GTP-GDP

Nuclear Factors:
c-jun
c-fos
c-myc

heterodimerizes with c-fos to form AP-1
heterodimerizes with c-jun to form AP-1
binds to DNA with MAX protein and induces S phase

Examples of Tumor Suppressor Gene
p53
Rb
APC
DCC
NFl
WT-1
Source: Savage, 1998.

52

involved in the development of many types of cancer. A diet high in fat, protein and
meat, and decreased fiber elevates the risk of colon cancer (Givannucci et al., 1992).
Moreover, the cooking and preparation of foods, which include smoked or pickled foods,
nitrates, polycyclic hydrocarbons (broiled meats), and food preservatives can elevate the
risk of cancer as well. Radiation (UV and IR), industrial chemicals, herbicides, as well as
air and water pollutants may influence the development of cancer (Safai et al., 1992).
Zinc and Cancer
Epidemiological studies have reported dietary zinc deficiency as a factor strongly
associated with an increased incidence of esophageal carcinoma in men (Barch, 1989). In
addition, the concentrations of tissue copper, zinc, and copper/zinc ratio are modified in a
number of malignancies. For example, serum copper/zinc ratio is significantly increased
in human pancreatic cancer from 1.40 to 2.70 (Ebadi and Swanson, 1988). Moreover,
metallothionein and copper concentrations in lung tumor tissue were observed to be
significantly increased as compared with non-malignant lung tissue (Hart et al., 1993).
Furthermore, serum zinc levels were shown to be low and urinary zinc excretion to be
high in patients with bronchogenic carcinoma (Voyatzglou et al., 1982). Similarly, serum
zinc and copper levels were significantly reduced and increased, respectively, in patients
with bronchial carcinoma as compared to controls (El-Ahamady et al., 1995).
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Atherosclerosis
Atherosclerosis
Atherosclerosis is the primary cause of heart attacks, vascular disease, and
strokes, as well as the leading cause of death in the Western World (Ross, 1993).
Moreover, it is responsible for over 50% of all mortality in the U. S., Europe and Japan
(WHO, 1985). The major participants in atherosclerosis include endothelium cells,
smooth muscle cells, macrophages, and cardiovascular lipoproteins (Ryan, 1989).
Vascular endothelium cells provide an antithrombotic and anti-inflammatory barrier for
the normal vessel wall. Dysfunctions of the vascular endothelium can promote the
development of atherosclerosis (Bombeli et al., 1997). The endothelium has several
functions, which is important for the maintenance of cardiovascular homeostasis (Ryan,
1989) the endothelial cell wall in the protection of atherosclerosis. Without
cardiovascular homeostasis, endothelial dysfunction, and barrier dismption will
ultimately, enhance atherosclerosis (Levine et al., 1983).
Endothelial Cells, Apoptosis and Atherosclerosis
Apoptosis is the physiological process of programmed cell death in which
unwanted cells are eliminated during normal biological processes and development.
There is evidence suggesting that apoptosis is also involved in the regulation of aortic
intimal thickening during atherosclerosis (Bochaton-Piallat et al., 1995). In fact, apoptotic
cell death is common in atherosclerotic plaques (Cai et al., 1997), which show a dense
macrophage infiltration, indicating that the vascular tissue can become susceptible to
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apoptosis. There appears to be evidence that additional factors, including macrophages
and lipid-derived factors, are necessary to complete the cell death pathway (Kockx et al.,
1998). Apoptotic endothelial cells have been detected on the luminal surface of
atherosclerotic coronary vessels, but not in normal coronary vessels (Alvarez et al.,
1997), which suggest a link between endothelial cell apoptosis and the pathology of
atherosclerosis. Elevated endothelial cell turnover, mediated through accelerated
apoptosis, is very likely to alter the function of the endothelial cells and thus enhance
atherosclerosis (Bombeli et al., 1997). Furthermore, apoptotic human endothelial cells
have

been

observed

to

become

procoagulant

by

increased

expression

of

phosphatidylserine and the loss of anticoagulant membrane properties. Injury to the
arterial endothelial cell is a key in the initiation and progression of atherosclerosis. With
developing atherosclerosis, there is chronic endothelial injury, with increases in
permeability of other sells such as monocytes, platelets, and lymphocytes. Oxidized
LDLs have been shown to initiate apoptosis in several vascular cells, including
endothelial cells (Bjorkerud and Bjorkerud, 1996; Liu et al., 1998; Sata and Walsh,
1998). The cellular lipid environment can greatly affect the endothelial inflammatory
response (Hening et al., 1996a,b; Young et al., 1998).
Zinc and Atherosclerosis
Zinc is an essential component of biomembranes and it is necessary for the
maintenance of membrane structure and functions. Evidence indicates that zinc can
provide

antiatherogenic

properties

by

preventing

metabolic

and

physiologic
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derangements of the vascular endothelium (Hennig et al., 1999). Zinc is required for
normal cellular repair processes. Because atherosclerosis is believed to begin with
endothelial cell injury or dysfunction, a low zinc concentration in the plasma or vascular
tissues may be involved in either initiation of cell injury, potentiation of oxidative stress
and inflammatory response, or inadequate protection against apoptosis. Most importantly,
zinc also may be antiatherogenic by interfering with signaling pathways, which are
involved in apoptosis. Available data indicate that zinc requirements of the vascular
endothelium arc increased during inflammatory conditions such as atherosclerosis, where
apopotic cell death is prevalent (Hennig et al., 1996a, b).
The involvement of zinc in the pathogenesis of atherosclerosis is not clear. A
decline in the zinc/copper ratio was shown in the plasma of atherosclerotic men (Iskra et
al., 1993), and serum zinc concentrations were significantly declined in rats with
experimental atherosclerosis (Vlad et al., 1993). In addition, serum zinc concentrations
appear to decrease with age, especially in patients with atherosclerosis (Uza and Vlaicu,
1989). In atherosclerosis patients, abnormally low levels of zinc in the plasma and serum
(Halsted and Smith, 1970; Netsky et al., 1969; Volkov, 1963) and the aorta (Volkov,
1963) have been observed, indicating that zinc metabolism may be disrupted during the
development of atherosclerosis. Interestingly, high levels of zinc have been found in
fibrous atherosclerotic plaques (Mendis, 1989) that may indicate a protective role for zinc
in the atherosclerotic plaques. Zinc has been observed to protect against atherosclerosis
because of its inhibition of tumor necrosis factor (TNF) induced damage to endothelial
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cells (Hennig et al, 1993) as well as its inhibitory effects in the oxidation of LDL
particles (Wilkins and Leake, 1994), an important factor in plaque formation and
endothelial injury. Zinc may be vital to endothelial cells because of its role in cell
integrity, stabilization of membrane, and endothelial barrier defense (Hennig et al., 1999).
In zinc-deficient endothelial cells, barrier function was significantly depressed, and when
zinc was added, cell integrity was restored (Hennig et al., 1992)

Tumor Suppressor Gene p53
p53 Tumor Suppressor Gene
The p53 tumor suppressor gene is one of the most frequently mutated genes in
human cancer. Loss of p53 function due to mutation contributes to the development of
many of the major malignancies that arc leading causes of cancer related deaths
worldwide (Hollstein et al., 1994). The p53 gene has been termed the "guardian of the
genome" (Lane, 1992). p53 is a transcription factor that can regulate many of the
downstream genes by the activation or repression of target genes. Many cellular functions
are mediated by p53. They include the induction of cell cycle arrest or apoptosis in
response to DNA damage, genetic recombination, DNA repair, and the preservation of
genetic stability (Donehower et al., 1996). Historically, p53 was discovered in 1970 by
virtue of its association with and stabilization by large T antigen in SV-40 transformed
cells (Lane and Crawford, 1979; DeLeo et al 1979). At first, p53 was thought to be an
oncogene, which increased DNA synthesis and cell proliferation. p53 was shown to
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cooperate with ras in transforming cells (Parada et al., 1984), but was later discovered
that only mutant p53 protein cooperates with ras in tumorigenesis (Hinds et al., 1989).
Finally, p53 was found to be a tumor suppressor gene and was named molecule of the
year in 1993.
Structure of p53
The human p53 protein, composed of 393 amino acids, can be divided into
several structural and functional domains, many of which contribute to the ability of p53
to function as a transcription factor (Levine, 1997; Haffner and Oren, 1995). Major
domains are: the N-terminus transactivation domain (1-44); a proline-rich domain (6294); a sequence specific DNA binding domain (110-292); tetramerization domain (325363); and a C-tenninus domain (363-393). The N-terminus domain contains the
transactivation domain and has multiple functions in sensing signals related to DNA
damage and in controlling the degradation of the p53 (Hainaut and Hollstein, 2000;
Arrowsmith and Morin, 1996). The N-terminus acidic domain interacts with transcription
activating domain factors of the basal transcription complex. TFIID and murine double
minute 2 (Mdm2) (Chen et al., 1993a; Truant et al., 1993). The proline rich domain,
which may serve as a binding site for other proteins, has been identified between the
transactivation domain and the DNA binding domain (Walker and Levine, 1996). The
DNA binding domain is made of two ^-sheets supporting two loops and a loop-sheethelix motif forming the DNA-binding surface. The two loops, L2 and L3. are connected
by a zinc atom coordinated with three cysteines (residues 176, 238, and 242) and one
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histidine (residue 179) (Cho et al., 1994). This structure, however, differs from the
classical "zinc finger protein" of many transcription factors and has not been found
equivalent in other proteins (Kaelin, 1998). The DNA binding region allows p53 to bind
as a tetramer to DNA sequence. This tetramer consists of four copies of a pentamer
PuPuPuC (A/T) oriented in alternating directions (Hainaut and Hollestin, 2000). The
majority of p53 mutations seen in humans and animals cluster in this domain. The Cterniinus of p53 contains the nuclear localization signals and the capacity to oligomerize
to form tetramers, which promote efficient DNA binding and transcriptional activity
(Shaulsky et al, 1991; Wang et al, 1994). The oligomerization or tetramerization domain
of four p53 molecules results in the formation of a 220 kDa tetramer (Arrowsmith and
Morin, 1996). The C-tenninal region, composed of basic residues, serves as a docking
site for heat shock protein 70 (hsp70) (Hainaut and Milner, 1992), helicases ERCC2/XPD
and ERCC3/XPB (Wang et al., 1994; 1996). The C-terminal region is capable of binding
single-stranded DNA and can allosterically inhibit sequence-specific binding (Hupp et
al., 1995; Jayaraman and Prives, 1995).
In vitro, the DN A binding domain of p53 shows a high degree of conformational
variation. There are many conformation forms, which react specically with monoclonal
antibodies. The human wild type form rcacts with antibody PAbl620 that binds to a
denaturation-sensitive epitope within the DNA binding surface (Milner et al., 1987).
Whereas the mutant form reacts with antibody PAb240, recognizing a primary epitope
which is cryptic in the wild type form (Stephen and Lane, 1992). This form owes its
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name to the fact that many common cancer mutants were found to be negative with
PAB1620 and positive with PAb240 (Gannon et al., 1990). However, this is not a general
rule. Many mutated p53 found in cancer patients retain reactivity with Pabl620. These
two forms have been established as the folded (Pabl620+) and unfolded (Pab240+) forms
of the protein (Ory et ai., 1994).
Stabilization and Degradation of p53
In most normal cells the p53 protein is expressed at very low levels. The wild type
p53 has a short half life (only 20-30 min). Accumulations of p53 protein occur following
DNA damage (Maltzman and Czyzyk, 1984) and other types of stress such as growth
arrest (Zhan et al., 1993 ), hypoxia (Graeber et al., 1994), ribonucleotide depletion (Linke
et al., 1996), UV irradiation, or oxidation. The stability of the p53 protein is enhanced to
allow cells to mount an effective cellular stress response, and to keep normal function of
this molecule in check.
An important pathway for the degradation of intracellular proteins is the
ubiquitin-proteasome pathway in which ubiquitin molecules are attached to proteins
which are subsequently degraded by the 26S proteasomal complex (Ciechanover et al.,
1994). p53 levels are largely regulated by interaction with the murine double minute 2
(Mdm2), which inhibits p53 stabilization and activation (Haupt et al.. 1997; Kubbutat et
al., 1997). Mdm2 protein, consisted of 491 amino acids, was first discovered in a mouse
tumor cell line. Mdm2 was shown to be amplified and contained in murine double minute
(Fakharzadeh et al., 1991). p53 is maintained at low levels through continuous
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degradation mainly directed by Mdm2. In undamaged cells, Mdm2 is responsible for
enhanced p53 turnover (Bottger et al., 1997, 1999). Mdm2 has several conserved
structure motifs that are likely important for its biological activities (Fakharzadeh et al.,
1991). In addition to the N-terminal p53-binding domain, Mdm2 has a central acidic
domain containing the nuclear export signal and a putative localization signal (Boddy et
al., 1994).
Mdm2, a negative regulator of p53, binds p53 at the amino-terminal transcription
domain at residues 13 to 29, and inhibits the transcriptional activity of p53 on its target
genes (Freedman and Levine, 1998). Mdm2 normally has a short half-life and is degraded
by ubiquitin-dependent proteolysis (Maki et al., 1996). The Mdm2 control of p53
stability involves the shuttling of p53 from the nucleus to the proieasome in the
cytoplasm where both are degraded (Roth et al., 1998; Freedman and Levine, 1998). In
vitro, Mdm2 acts as E3 ubiquitin ligase (Honda et al., 1997) and this ubiquitination
probably takes place in the nucleus on the large p300/CBP which serves as a scaffolding
(Grossman et al., 1998).
Mdm2-binding site of the mutated p53 may not allow Mdm2 to bind and
contribute to its resistance for degradation by Mdm2 (Haupt et al., 1997; Kubbutat et al.,
1997). Mdmx with a strong homolgy to Mdm2 within the zinc and RING finger domains,
is capable of inhibiting Mdm2-mediated p53 degradation and enhancing subsequent
accumulation of p53. The interaction of these proteins inhibits the degradation of Mdm2
as well as Mdm-2 mediated turnover of p53 (Sharp et al., 1999). The mechanism by
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which Mdmx modulates Mdm2 and p53 stability remains unclear. Mdmx may inhibit
Mdm2 degradation by blocking a site on Mdm2, which is important for E3 ligase
function. p53 can also be degraded by human papillomavirus (HPV) E6 via
ubiquitination because E6 acts as the E3 ligase (Scheffner, 1998). The stimulation of p53
and Mdm2 degradation is shown in Figure 2. Alternatively, Mdmx may inhibit
nucleocytoplasmic shuttling of Mdm2 (Weber et al., 1999). Recently, a link between
Mdm2 and another human tumor suppressor protein, pl4 ARF (pi9ARF in mouse), has
been identified. The pl4ARF protein that binds to the C-terminal region of Mdm2 can
inhibit Mdm2-mediated p53 degradation, without disrupting the p53-Mdm2 complex,
probably by inhibiting the E3 ubiquitin ligase activity of Mdm2. An important
consequence of complex formation with pl4ARF is an abrogation of the ability of Mdni2
to be involved in p53 degradation and to inhibit the trans-activation function of p53
(Pomerantz et al., 1998; Zhang et al., 1998; Weber et al., 1999). In addition, pl9 ARF, a
gene product of INK4, normally induces G1 arrest in a pl6-dependent p53-dependent
manner (Quelle et al., 1995). Moreover, pl9ARF inhibits cell growth by interacting with
Mdm2 (Pomerantz et al., 1998; Zhang 1998).
Jun-N (amino)-terminal kinase (JNK) appears to be the principal regulator of p53
ubiquitination and degradation. Mdm2 and JNK represent two independent pathways for
targeting p53 stability (Fuchs et al., 1998). JNK targeting ubiquitination occurs in a
Phosphorylation-dependent manner as phosphorylated form of c-Jun and ATF2 were
found to be protected against JNK-targeted ubiquitination (Fuchs et al., 1996,1997).
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FIGURE 2. The stimulation of p53 and Mdm2 degradation.
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phosphorylation of p53 at theronine 81 by JNK has been shown to be in response to DNA
damage and stress-inducing agents (Buschmann et al., 2001). Mutation of this site or
over-expression of a JNK site-specific phosphataes, MKP5, has been reported to reduce
p53-mediated activation of transcriptional activity, growth inhibition and apoptosis.
Forced expression of MKP5 was demonstrated to reduce ThrSl phosphprylation while
reducing p53 transcriptional activity and p53-mediated apoptosis (Buschmann et al.,
2001)
More than a dozen phosphorylation sites have been identified on p53. Within the
C-terminus, the phosphorylation of human p53 at amino acids 315, 378, 389, and 392,
enhances specific DNA-binding activity of p53 in vitro (Hupp et al., 1992; Takenaka et
al., 1995). Several additional phosphorylation sites with unknown function have been
mapped at the N-terminus, including Ser 6, 9, 15, 20, 33, 37, and 46 and Thr 18 and 55
(Dumaz and Meek, 1999; Gatti et al., 2000; Giaccia et al., 1998; Khanna et al., 1998;
Meek, 1998).
Post-translational modification by phosphorylation is thought to be an important
mechanism regulating p53 function. p53 is phosphorylated by many protein kinases,
including casein kinase 1 (Milne et al., 1992), casein kina.se 2 (Herrmann et al., 1991;
Meek et al., 1990), c yd in-dependent kinase (Addison et al., 1990; Bischoff et al., 1990;
Milner et al., 1990; Price et al., 1995), DNA activated kinase (Lees-Miller et al., 1992),
mitogen-activated protein kinase (Milne et al., 1994), c-Jun N-terminal kinase (Milne et
al., 1995), protein kinase C (Baudier et al, 1992; Takenaka et al., 1995), SV40 large T
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antigen-activated kinase (Muller et al.,1993; Mulier and Scheidtmann, 1995) , and Raf-1
(Jamal and Ziff, 1995). p53 is also phosphorylated by ataxia telangiectasia mutated
(ATM) protein and phosphoinositide-3-kinase (PIK) related family. ATM has been
implicated in Ser 15 phosphorylation (Banin et al., 1998; Nakagawa et al., 1999; Shieh et
al., 2000; Siliciano et al., 1997), which is enhanced by DNA damage (Nakagawa et al.,
1999; Siliciano et al., 1997) and is associated with enhanced p53 transcriptional activities
(Dumaz and Meek, 1999; Sakaguchi et al., 1998; Shieh et al., 2000). ATM
dephosphorylates serine 37, creating a consensus-binding site for a signal transduction
protein 14-3-3c». This elevates the ability of p53 to bind to DNA (Waterman et al., 1998).
Moreover, CBP/p300 family acetylates five conserved lysine residues on p53, which
neutralizes the negative regulation exerted by the C-terminus. This acetylation also
activates the DNA binding activity (Gu and Roeder, 1997).
Accumulation of nuclear p53 occurs within a few hours after damage and can be
detected for 20 days thereafter (Chiarugi et al., 1999). The nuclear localization signal
(NLS) is a conserved sequence, which is located at the carboxy terminus of the p53
protein (Chiarugi et al., 1998). As a result of increased protein stability and nuclear
accumulation, cell growth is inhibited at specific checkpoints in the cell cycle allowing
for DNA to repair itself, or for induction of apoptosis. The p53 signaling pathway of
DNA damage is shown in figure 3.
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Figure 3. The p53-signalmg pathway of DNA damage.
Asurvival with mutations

DNA damage

p53
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Repair

Functions of p53
The major function of p53 is in transcriptional activation (Crook et al., 1994;
Pietenpol et al., 1994). Numerous p53 response genes including p21^^'^'''"^'^"', Gadd45,
Mdm2, and IGFBP3 contain p53-binding sites or responsive elements. Activation of p53
induces or inhibits the expression of numerous genes including p2l'*^'^''''^ "'"', Gadd45,
Mdm2, and IGFBP3 (EI-Deiry, 1998; Zhao et al., 2000), which mediate arrest of
mammalian cells at one of two major cell cycle checkpoints, in G1 near the border of S
pha.se, or in G2 before mitosis, or induce other responses including apoptosis. Arrest of
cell cycle progression is thought to provide time for the repair of DNA damage. Recent
data suggest that p53 modulates DNA repair processes (Smith et al., 2000; Dasika et al..
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1999). p53 has been shown to induce cell cycle arrest at the G1 phase (Kastan ct al.,
1992). Growth arrest and apoptosis, which are induced by p53, protect tissues from
accumulating excessive mutations. Induction of p53, by radiation-induced DNA damage,
transcriptionally activates p21 to produce the CDK inhibitor, depressing eye line A/cdk2
activities (Dulic et al., 1994). p21, a cyclin-dependent kinase inhibitor, which is the major
downstream target of p53 induces G1 arrest. Lung and colon cancer cell lines undergo
growth suppression when p2I is overexpressed (El-Deiry et al., 1993). p21 blocks
cycline/cdk complexes at the Gl/S transition and repress the activation of the E2F family
of transcription factors (Del Sal et al., 1996). When the tumor suppressor gene,
retinoblastoma (Rb), is active in a hypophosphrylated state, it inhibits cell proliferation at
the GO to G1 phase. In hypophosphrylated state, Rb sequesters E2F factors, thus prevents
them to stimulate the cellular transition from G1 to S (Meikrantz and Schlegel, 1992).
The cell cycle arrests at G1 and p53-induced apoptosis are inhibited when
hypophosphrylated Rb accumulates (Haupt et al., 1995). pl6 (gene product of IKK4a)
can inhibit the phosphorylation of Rb. Viruses such as simian virus 40 (SV40) large
tumor antigen and adenovirus El can bind Rb, which allows E2F to be released, and free
for induction of cell proliferation (Levine, 1994).
Gadd45, a growth arrest and DNA damage inducible gene, which is also activated
by p53, is considered to be a DNA repair gene. Gadd45 gene is up-regulated in cells with
DNA damage resulting in the G1 phase arrest. A p53 consensus sequence was found in
intronic sequences of Gadd45 (Kastan et al., 1992). Gadd45 binds to proliferating cell
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nuclear signal (PCNA) and stimulates excision repair, and prevents the celPs entry into S
phase (Smith et al., 1994). Once G1 arrest occurs, cells are permitted time for DNA to
repair itself before replication occurs. Moreover, p53 can arrest cells in G2, producing a
block in the mitosis phase (Agarwal et al., 1995). Other genes that arrest cells in G2
include p21 (Bunz et al., 1998), Gadd45 (Zhan et al., 1999), and 14-3-30 (Hermeking et
al., 1997). p53 can also stimulate apoptosis in response to DNA damage, hypoxia, serum
stimulation, or overexpression of oncogenes (Caninan and Kastan, 1997).
Another function of p53 is in transcriptional repression of a number of target
genes, including bcl-2, c-fos, c-jun, and IL-6. These genes are without p53 binding sites
in their promoters but containing TATA box (Mack et al., 1993). By inhibiting these
genes, which axe involved in cellular proliferation and cell survival, cells cannot replicate
and cell cycle arrest is further confirmed. p53 seems to inhibit these promoters by
complexing TEA and depress initiation of transcription. In addition, p53 may complex
with CCAAT binding factor, which activates the heat shock protein (hsp) promoter to
down-regulate the hsp70 gene (Agoff et al., 1993).
p53 can promote apoptosis by up-regulating key inititors in the apoptotic cell
death pathway. p53 up-regulates the expression of death receptors, such as Fas (OwenSchaub et al., 1995), which belongs to the tumor necrosis factor (TNF) receptor family.
Fas receptors contain cysteine-rich extra cellular domains and an intracellular death
domain. After the binding of Fas receptor to Fas ligand, the receptors trimerize and
recruit adaptor protein FADD, which contains the death effector domain (DEDs). DEDs
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recruits caspasee-8 that is then activated and turns on downstream caspases initiating an
apoptotic signal. p53 elevates Fas levels transcriptionally and by transcriptionindependent mechanisms (Owen-Schuab et al., 1995). However, Fas is not needed for
p53-depenent apoptosis (Fuchs et al., 1997). In addation, p53 can promote apoptosis by
up-regulating bax and down-regulating bcI-2 (Miyashita et al., 1994). Bax, which is a
pro-apoptotic member of the bcl-2 family of proteins, promotes the release of cytochrome
c from the mitochondria resulting in an activation of downstream caspases and apoptosis.
The expression of bax is up-regulating through DNA-binding response element within
the bax promoter ((Miyashita and Reed, 1995). Bcl-2 can repress apoptosis and repress
the activation of p53 target genes (Chiou et al, 1994; Wang et al., 1993). p53 can downregulate presenilin-l (PSl), which is a member of a gene family involved in the
inhibition of apoptosis.
Moreover, p53 has been observed to enhance the expression of genes, termed the
p53-iduced genes (PIGs) that respond to oxidative stress (Polyak et al., 1997), which
produce reactive oxygen species causing an alteration in the mitochondrial membrane
and release of apoptotic regulators. p53 up-regulates the subunit of phosphatidyl-3-OH
kinase (PI3K), termed p85, which may stimulate apoptosis induced by oxidative stress
(Yin et al., 1998).
p53 is involved in replication, transcription and repair either by repression or
stimulation of many target genes. Several ccllular genes are transcriptionally regulated by
p53, which may act as both an activator and a repressor. p53 modulates the activity of
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several target genes, which encode transcription factors, by binding to TATA boxbinding protein (TBP) and TBP factors, TAFn40 and TAFII60 (Chen et al., 1993; Famer
et al., 1996a,b). In addition. p53 can bind to helicases hERCC2/XPD, hERCC3/XPB, and
CSB, which are involved in nucleotide excision repair (Wang et al., 1995). Moreover,
p53 has also been shown to have 3'-to-5' exonuclease activity that performs a
proofreading function (Huang, 1998) and stimulates the activity of topoisomerase I
(Gobert et al., 1996). Selected genes regulated by p53 are shown in Table 7.
p53 and Zinc
The central portion of the p53 protein contains the DNA-binding domain.
Structures of the central domain show that zinc plays an important role in p53
architecture. Zinc is necessary for binding activity (Pavletich et al., 1993). This domain
composes of an array of two beta-sheets, which support a loop/helix structure directly
involved in DNA binding. These loops are bridged together by the tetrahedral
coordination of a divalent zinc atom on three cysteine residues (176, 238. and 242) and
one histidine residue (179) (O'Halloran, 1993) in one of the large loops and the loopsheet-helix that bind to major groove of DNA (Cho et al.. 1994). This structure is unique
to p53 and shows a high degree of flexibility. The exposure of recombinant p53 to metal
chelators has been shown to disrupt the structure of the DNA-binding domain and
annihilate the capacity of p53 to bind specifically to DNA in vitio (Hainaut and Milner,
1993a, b; Pavletich et al., 1993). When wild type p53 is exposed to 1,10-phenathroline
(OP), a non-specific zinc chelator. p53 adopts a mutant conformation. The conversion is
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Table.7 Gene transcriptionally regulated by p53
Activated

Repressed

bax

bcl-2

Fas

c-myc

Cyclin G

c-fos

Gadd45

FGF

IGF-BP3

hdp70

MCK

E.-6

Mdni2

PCNA

p21

TK

throbospondin

MDRl

Source: Velculescu and El-Deiry, 1996
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shown to be reversible when ZnC12 is added back. Exposure to EDTA or EGTA, which
are metal chelating agents, altered the wild-type conformation of p53 in a does-dependent
manner. Moreover, treatment with an organic mercurial reagent, CMPS, which targets
cysteine residues and displaces bound zinc ion on cysteine residues, p53 wild type was
again converted to mutant form (Hainaut and Milner, 1993b).
Metal chelation results in the formation of disulphide-linked p53 complexes,
suggesting that removal of the zinc atom favours oxidation of cysteines residues within
the DNA-binding domain. The cysteines residues within the DNA-binding domain are
critical for DNA binding. Modulation of the wild-type of p53 conformation can be altered
by oxidation-reduction reactions and cysteines pay an important role in these reactions. In
addition, thiol-antioxidants stabilize the structure and enhance the binding of p53 to DNA
(Hainaut and Milner, 1993a,b). Site directed mutagenesis of the 11 cysteines within the
DNA-binding domain has confirmed the important role of the zinc-binding cysteines, but
also demonstrated that other residues are also important in controlling the redoxsensitivity of protein-DNA interaction (Rainwater et al., 1995). When a reductant, 1,4dithio-l-threitol (DTT), is added to p53, it folds into its wild-type conformation and
enhances DNA binding activity (Hainaut, et al., 1995), indicating that conformation and
activity are highly affected by redox state. DNA binding is decreased when cysteines arc
replaced with serines at 173, 235, or 239. These three cysteines have been observed to
bind to zinc (Cho et al, 1994). Moreover, cysteines are also important for formation of
zinc fingers essential for DNA binding (Evans and Hollenberg, 1988). In anther
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experiment, p53 was pretreated with 1,10 OP, and there was a marked decrease in the
ability for p53 to bind to DNA. Moreover, p53 isolated in Chelex-treated solutions could
not bind DNA, however, those in non-Chelex could bind, due to the presence of zinc
(Pavletich et al., 1993). Interestingly, 1,10 OP has been shown to induce p53
transactivation activity, DNA binding, and expression of p21 and Mdm2. However, this
chelator did not influence the expression of bax, Gadd45 or PCNA. The influence of 1,10
OP on p53 activity was not due to elevated protein, but instead was due to elevated
transcriptional activity. However, this chelator did not promote a high amount of
apoptosis in murine tumor cells (Sun et al 1997).
N, N, N', N' tetrakis (2-pyridymethyl) ethylenediamine (TPEN, a membrane
permeable chelator) induced

accumulation of p53 in a form unable to bind DNA. This

effect was annihilated when cells were exposed to TPEN plus zinc, indicating that
neutralisation of the chelators inactivated its inhibitory effect (Verhaegh et al., 1998).
Using conformation-specific antibodies, the inhibitory influence of TPEN was shown to
be correlated with a change in p53 protein conformation, similar to the one observed in
recombinant p53 exposed to metal chelators in vitro. Taken together, these data indicate
that chelation of zinc inactivates p53 in intact cells (Meplan and Hainaut, 1999). Removal
of TPEN from the culture medium, allowed p53 to fold back in the native conformation
and restored DNA-binding activity. The presence of zinc ions is needed for the refolding
of p53 in the culture medium. When culture medium containing TPEN was replaced by a
metal-free medium. p53 remained inactive. However, addition of trace amounts of zinc
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ions to this metal-free medium was sufficient to fully restore p53 activity. As TPEN
induced p53 to accumulate, removal TPEN caused a dramatic increase in DNA-bindlng
activity correlated with increased transcription of target genes such as p21"'^-' and
transient cell-cycle arrest at the Gl/S border (Meplan and Hainaut, 1999). TPEN has been
shown to induce p53 to accumulate in its mutant form and depressed its DNA-binding
activity in MCF-7 cells (Verhaegh et al,, 1998). These data suggest that zinc plays an
important role in p53 function.
p53 Mutations and its Role in Carcinogenesis
In all types of cancer, the transcription of p53 gene is frequently altered by
mutation. These mutations are in more than 85 % of the cases of the missense type
(Hollstein et al.. 1994a, b, 1996). p53 is one of the most frequently mutated genes in
tumors (Vogelstein, 1990). In tumors, p53 mutations may enhance further tumorigenesis
due to the lack DNA repair, checkpoint control, or apoptosis (Vogelstein, 1990; Hainaut
and Hollstein, 2000). Most of the p53 mutations occur in the DNA binding domain. The
residues, which are most frequently mutated in cancer, are found in the core domain of
the protein that contains the sequence-specific DNA binding activity. Furthermore,
almost 50 % of all mutations occur in the L2 or L3 domain, which interacts extensively to
provide DNA contacts and contains a tightly bound zinc atom essential for DNA binding
(Hollstein et al., 1994a, b). These mutations in the binding domain disrupt transcriptional
activation that is extremely relevant to normal function of p53. Over-expression of p53 is
strongly associated with the presence of the mutation in gene (Lane, 1994). Most
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mutations occur at residues 175, 248, 249, 273, and 282, 273, and 282, which are
required for direct contact with DNA (Cho et al, 1994).
With Li-Fraumeni cancer syndrome which is characterized by a familial
predisposition for breast cancer, sarcomas, leukemias, as well as brain and adrenocortical
tumors, half of the families carry one of the mutant p53 allele in somatic cells (Maikin et
al., 1990). p53 mutations have been shown in many cancers. Interestingly, p53 mutation
frequencies are found to be greater than 50% in lung and colon carcinomas (Velculescu
and El-Deiry, 1996). Furthermore, p53 mutations also occur in esophageal (45%),
ovarian (44%), pancreatic (44%), skin (44%), stomach (41%), head and neck (37%),
bladder (34%), sarcoma (31%), prostate (30%), hepatocellular (29%), brain (25%),
adrenal (23%), breast (22%), endometrial (22%), mesothelioma! (22%), renal (19%),
thyroid (13%), melanoma (9%), and cervical cancers (7%) (Velculescu and El-Deiry,
1996).
p53 and Lung Cancer
Lung cancer is the most common type of tumor worldwide and is also the leading
cause of cancer death in the U.S. (Travis et al., 1995). Lung tumor has been observed to
have genetic abberations with the p53 gene, which include point mutations, insertions,
deletions and loss of heterozygosity (Greenblatt et al., 1994). About 60 % of human lung
cancer contains mutation in the p53 tumor suppressor gene (Hollstein et al., 1994a, b).
These mutations are characterized by several hotspots, corresponding to DNA binding
domain of p53. In patients with non-small cell lung cancer (NSCLC) who smoke, 28%
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have p53 mutations and 67% have overcxpression of p53 protein (Liloglon et al., 1997).
p53 gene in lung cancer has been observed to be mutated and abnormally expressed in
early and late clinical stages (Dosaka-Akita et al., 1994). Morever, 45% of tumors from
smokers have abnormal p53 expression, whereas tumors from non-smokers do not
contain abnormality in p53 expression (Dosaka-Akita et al., 1994). In all types of human
lung cancer, the p53 gene is often mutated or inactivated, and expression of p53 mRNA
is decreased as compared to normal lung cells (Takaliashi et al., 1989)
p53 and Atherosclerosis
Accumulations of wild-type p53 have been observed in human atherosclerotic
tissues (lacopetta et al., 1995). This elevated p53 may mediate apoptosis in
atherosclerotic tissue (Isner et al., 1995). In human atheromatous plaques, p53
accumulation occurs as well as apoptosis (Ihling et al., 1998). In coronary restenosis, an
aggressive fonn of atherosclerosis, there is an elevated accumulation of p53 in the lesion
(Speir, 1994). Moreover, in mice with null p53, atherosclerosis risk was elevated due to
increased cell proliferation as opposed to p53-induced apoptosis (Guevara et al., 1999).
The expression of p53 and apoptosis have been shown to be enhanced in macrophages
treated with oxidized LDL, indicating that oxidative stress is capable of inducing cell
death via p53-dependent pathway in these cells (Kinscherf et al., 1998) In addition, p53
can regulate apoptosis in vascular smooth muscle cells (VSMC), another player of
atherosclerosis (Bennett et al., 1995). Moreover, VSMCs derived from human plaques
appear to have an elevated sensitivity to p53-mediated apoptosis (Bennett et al., 1997).

76

Apoptosis
Apoptosis is the physiological process of programmed cell death in which
unwanted cells are eliminated during normal biological processes and development. In
1972, Kerr et al., described two forms of cell death, which may occur in the absence of
pathological manifestations, necrosis and apoptosis. The term apoptosis, which is derived
from the Greek word "falling off', is used to describe a process in which a cell actively
participates in its own destructive processes. Apoptosis is characterized by certain
morphological features. These include changes in the plasma membrane such as loss of
membrane asymmetry and attachment, a condensation of the cytoplasm and nucleus, and
intemucleosomal cleavage of DNA. In the final stages, the dying cells become
fragmented into "apoptotic bodies" which are rapidly eliminated by phagocytic cells
without eliciting significant inflammatory damage to surrounding cells. Necrosis, which
typically occurs as a result of cell injury. Necrotic cell death begins with swelling of the
cell and mitochondrial contents, followed by rupture of the cell membrane (Majno and
Joris, 1995).
Apoptosis is not only an important part of development (Clarke, 1990) and
normal biological homeostasis, but also contributes to diseases such as AIDS, auto
immune disea.se. neurodegenerative disorders, ischemic strokes, cancer, atherosclerosis
and malnutrition (Fraker and Telford, 1997).
Apoptosis is characterized by shrinkage of the cell and condensation of
cytoplasm, without changing the organelles (Wyllie et al., 1981). In addition, no lysis or
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inflammation occurs. Zeiosis occurs in which plasma membrane become blobbed
(Godman et al., 1975), and the chromatin clumps. Moreover, with apoptosis, the
synthesis of RNA and protein are reduced (MacDonald and Cidlowski, 1981). The
nucleus shrinks and the chromatin condenses into crescents along the nuclear envelope.
Because the chromatin condenses, the nucleus collap.ses and breaks into spheres, and the
DNA fragments into a ladder-1ike pattern of 180 to 200 basepair double-strand breaks
between nucleosomes (Yuan and Horvitz, 1990). Then, the cells fragment into apoptotic
bodies and maintain their osmotic gradients and intracellular contents. These bodies are
phagocytosed and digested by neighboring cells and macrophages (Cohen, 1993).
BcI-2 Family Involved in Apoptosis
Apoptosis is critical for modeling tissues and maintaining homeostasis in
multicellular organism (Kerr et al., 1972). Many regulators are involved within the
apoptosis cell death pathway. Bcl-2 family and the ICE family of cysteine protease called
caspases are some of the most important regulators. Bcl-2 (B-cell lymphoma/leukemia 2)
was the first intracellular regulator identified (Vaux et al., 1988).

At high levels, bcl-2

promotes cell survival under diverse cytotoxic conditions (Sentman et aL, 1991; Strasser
et al., 1991). Bcl-2. along with other cellular homologues, such as bcl2-xL (Boise et al.,
1993), bcl-w (Gibson et al 1996), and mcl-1 enhance cell survival and inhibit apoptosis
(Boise et al., 1993; Vaux et al., 1988). Other bcl-2 family members that induce apoptosis
include bax, bak, bcl-xS, bik, bid, and bad (Oltvai et al., 1993; Chittenden et al., 1995;
Boise et al., 1993). The bcl-2 family of protein is shown in Table 8. The bcl-2 family is

Table 8. Bel family of proteins

Pro-survival

Pro-apoptosis

Bcl-2

Bax

Bcl-xL

Bak

Bcl-w

Bok

mcl-1

Bik

A1

Blk

NR-13

Hrk

0RF16

Bid

BHRFl

Bad
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mainly located in the cytoplasm, however, it can be localized in cytosolic organelles such
as the mitochondria, endoplasmic reticulum, and nuclear membrane (Krajewki et al.,
1993). All bcl-2 family members contain a hydrophobic C-terminal transmembrane
sequence that targets the transport of proteins to the mitochondria (Nguyen et al., 1993).
Members of the bcl-2 family share homology in four conserved domains, including BHl,
BH2, BH3, and BH4 (bcl-2 homology) (Farrow and Brown, 1996). These domains are
involved in heterodimer and homodimer formation, allowing the family members to
interact with other family members. Bcl-2 and bcl-xL have all four domains (Yin et al.,
1994; Chittenden et al., 1995), whereas the pro-apoptotic bax, bak, and bok lack a
recognizable BH4 domain but contain BHl, BH2 and BH3. Other apoptotic stimulators
bid, bad, and bik contain only a BH3 domain (Sattler et al., 1997). In particular, BHl and
BH2 are essential for their dimerization with bax for the suppression of apoptosis (Yin et
al., 1994; Chittenden et al., 1995). The BH3-containing proteins act as intracellular
ligands for membrane bound bcl-2, bcl-xL. and bax (Sattler et al., 1997). The bcl-2
family members, such as bax or bcl-2, become active and functional after binding to the
BH3-contaning ligands. The Bcl-2 protein contains 239 amino acids, and bax protein
contains 218 amino acids. If bax is in excess relative to bcl-2, cell death is promoted
(Korsmeyer et al., 1993). In contrast, if bcl-2 is in excess relative to bax, cell survival
prevails (Oltvai et al., 1993). Therefore, the protein ratio of bcl-2 to bax determines the
response to a death signal, and is often used as an indicator of apoptosis. With DNA
damage, p53 stimulates cell cycle arrest and apoptosis. p53 has been shown to induce
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bax, thus stimulating apoptosis, and can inhibit bcl-2 (Miyashita et al., 1994). The
stimulation of bax is modulated at transcriptional level by p53 because the bax promoter
has four p53-binding sites (Miyashita and Reed, 1995).
Caspase Family Involved in Apoptosis
Caspases are a family of cysteine proteases, which are activated during
programmed cell death (Salvesen, 1997). Cysteine proteases are synthesized as
proenzymes that are proteolytically cleaved into active heterodimers (Thornberry et al.,
1997a, b). These proteases are synthesized as inactive precursors with four domains. The
amino-terminus pro-domain is consisted of 20 kD large subunils, a lOkD small subunit,
and a linker region, which is between the large and small subunits flanked by aspartate
residues (Nicholson and Thornberry, 1997). For caspases to be active, there is an absolute
requirement for cleavage of the aspartic acid residues between large and small subunits.
After cleavage, the large and small subunits assemble to form an active enzyme complex,
which is composed of two hetercxlimers that interact via two subunits to form a tetramer
with two catalytic sites (Walker et al., 1994; Wilson et al., 1994). To generate their active
forms for subsequent functioning in a proteolytic amplification cascade, caspases can
activate themselves and other procaspases. In addition, some caspases can cleave specific
substrates involved in the maintenance of ccll structure and integrity.
Caspases can be classified according to their substrate specificities, which are
largely determined by the amino acids preceding aspartic acid residues at the cleavage
site (Thornberry et al., 1997b). In mammals, caspases are divided into three families: the
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ICE sub family (caspases-1, -4, -5, and -11), CED-3/CPP32 subfamily (caspases-3, -6, 7, -8, -9 and 10), and ICH-1/Nedd2 (caspases-2). Caspase- 1 is known as intcrleukin-l(3converting enzyme-1 and was the first caspase identified in mammals (Thornberry et al.,
1992). However, ICE sub family members (caspases-1, -4, -5, and -11) are not involved
in apoptosis and are instead involved in cytokine processing during inflammation
(Kumar, 1999). Disruption of caspases -1 or -11 has been shown to have no effect on
apoptosis in vivo (Kuida et al., 1995; Li et a!., 1995; Bergeson et al., 1998; Wang et al.,
1998). There are two types of caspases that are involved in apoptosis: the upstream
initiators (2, 8, 9, and 10) and the downstream effectors (3, 6, 7, 12, and 13). Initiator
caspases contain along pro-domains and contain structural proteins, which contain
specific domains, such as death effector domains (DED) or caspase-recruitment domains
(CARD). These domains allow caspases to associate with regulatory molecules, which
aid in their activation (Boldin et al., 1996; Muzio et al., 1998; Hofmann et al., 1997).
The caspascs that are involved in cell death, including 2, 3, 6, 8, 9, and 10, are
specific for apoptotic cell death (not necrosis or lysis). Their cleavage is required for the
execution of apoptosis (Nicholson and Thornberry, 1997; Kumar, 1999). The ablation of
caspase 3, 8, or 9 has profound influence on apoptosis (Kuida et al., 1996; Woo et al.,
1998; Hakem et al., 1998; Varfolomeer et al., 1998) and their influence occur early in
apoptosis. Caspases are involved in apoptosis by association with death receptors such as
Fas or tumor necrosis factor receptor-l (TNFR-1) (Medema et al., 1997). Caspase-10 also
interacts with death receptors and is specifically activated by interacting with Fas and
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TNFR-1 (Vincenz and Dixit, 1997). Caspase-2 also interacts with receptor-interaction
protein associated ICE-like death domain (RAIDD) as well as receptor-interaction protein
(RIP), a protein that binds with TNFR-1 through the adaptor protein TRADD (Duan and
Dixit, 1997). Caspase 2 is critical in developmental processes requiring apoptosis (Kumar
et al., 1992). Thus, caspases 2, 8, and 10, which contain a long pro-domain can be
recruited through the adaptor to become activated by interaction with death receptors.
Once they become activated, they can activate downstream caspases, such as caspase-3.
Caspase-3, -6, -7, and -9, which lack a long pro-domain, are not activated by
recruitment to the death complex. These caspases, cleaved by initiator, are responsible for
the cleavage of many proteins involved in structural alterations in apoptotic cells
(Nicholson and Thorn berry, 1997; Cryns and Yuan, 1998). Once they are activated, these
executioner caspases can act rapidly to amplify the death signal by activating other
caspases.
Caspase-3, a 277 amino acid protein, is widely distributed with high expression in
cell lines of the lymphocytic origin (Nicholson et al., 1995). Caspase-3, cloned by three
groups (Tewari et al., 1995; Ferenandes-Alnemri et al., 1994; Nicholson et al., 1995), is a
potent executioner of apoptosis. To generate an active heterodimer of 17 kDa and 12 kDa
subunits, caspase-3 is activated by the cleavage of the 32-kDa procaspases at Asp-28-Ser29 and Asp-175-Ser-176 (Nicholson et al., 1995). Caspase-3 prefers a DXXD-like
substrate and an aspartic residue is required at the PI and P4 sites (Lazebnik et al., 1994).
Caspase-3 can cleave p21, which is an important regulator in cell repair. p21, an inhibitor
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of cyclin-dependent kinase, allows cells to arrest at the G1 phase of the cell cycle in
response to damage. Once p21 is cleaved by caspase-3, cell cycle arrest does not occur,
and cells undergo apoptosis as apposed to repair (Zhang et al., 1999). In addition,
caspase-3 also cleaves DNA repair proteins such as the Ul-70kD involved in splicing of
RNA and DNA-PKcs which are essential for DNA double-strand break repair. Moreover,
caspase-3 also cleaves protein kinase C to its active form during apoptosis, as well as the
cell cycle regulator protein, Rb, and the sterol regulatory element binding proteins,
SREBP-1 and-2.
Poly (ADP-ribose) polymerase (PARP) is the target of caspase-3 cleavage during
apoptosis (Tewari et al., 1995; Lazebnik et al., 1994). PARP is an enzyme involved in
genome surveillance and DNA repair (Satoh and linddahl, 1992). The cleavage of PARP
by caspase-3 results in the separation of two zinc fmger DNA-binding motifs (24 kDa)
from the C-terminal catalytic domain (89 kDa) (Nicholson et al., 1995). Once cleaved by
caspas-3, PARP is inactivated. Thus, instead of being repaired, the DNA is susceptible to
fragmentation by specific enzymes.
Mice, lacking caspase-3, have diminished cell death in the developing brain
(Kuida et al., 1996; Woo et al., 1998). In addition, cells from mice deficient in caspase-3
show stimulus-specific defect in apoptosis, including delayed kinetics, incomplete
chromatin condensation, and the absence of DNA fragmentation (Woo et al., 1998).
Similarly, MCF-7 cells, which do not express caspa.se-3, also do not undergo DNA
fragmentation during cell death (Janieke et al., 1996). The absence of DNA
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fragmentation in cells may be due to the failure to cleave, ICAD/DFF45, the
endonuclease inhibitor (Liu et al., 1997). Cleavage of TCAD by caspase-3 releases the
nuclease CAD, which enters the nucleus to produce DNA fragmentation (Sakahira et al.,
1998; Enari et al., 1998). Caspase-3 cleaves ICAD at two sites: Asp-117 at the Nterminus and Asp-224 at the C-terminus, which are essential and sufficient for CAD
activation (Sakahira et al., 1998).
Caspase-9, cloned by two groups (Srinivasula et al., 1996; Duan et al., 1996), has
been shown to induce apoptosis when activated by dexamethasone, chemotherapeutic
agents and gamma-irradiation, but not by death receptor stimuli (Kuida et al., 1998;
Hakem et al., 1998). Once procaspase-9 interacts with Apaf-1 (Li et al., 1997),
procaspase-9 is cleaved into its active 17kDa and lOkDa subunits at Asp-130 and Asp330 (Duan et al., 1996). In mice deficient in Apaf-1, the caspase-9 activator, apoptosis
does not occur but developmental cell death occurs (Cecconi et al., 1998). Thus, the
activation of caspase-9 by Apaf-1 is a major regulatory mechanism to induce apoptosis.
Once caspase-9 is activated, it can activate caspase-3 to induce apoptosis (Li et al., 1997).
Caspases can also cleave proteins resulting in cell surface alteration and
cytoskeletal reorganization. For example, during apoptosis caspase-6 can cleave nuclear
lamins (Lazebnik et al., 1995), which contain a rigid stmcture that supports the nuclear
membrane and organizes chromatin. Lamins are filament proteins, which form the
lamina. Once caspase-6 cleaves the lamins, the lamina collapses and contributes to
chromatin condensation in apoptosis. Moreover, caspase-6 can also cleave caspase-3 for
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the final execution of apoptosis. Furthermore, caspase-6 cleaves actin and actinregulatory proteins (Mashima et al., 1997; Brockstcdt et al., 1998) that are involved in
cell structure. Other caspase substrates such as bcl-2, bcl-xL and Akt/protein kina.se B
normally function to prevent apoptosis, and the cleavage of these proteins appears to
inactivate their survival function (Cheng et al., 1997; Clem et al., 1998; Widmann et al.,
1998). In addition, the cleavage fragments of bcl-2 and bcl-xL are potently pro-apoptotic
molecules (Cheng et al., 1997; Clem et al., 1998). Cell death induced by resulting
fragments of bcl-2 and bcl-xL is blocked by caspase inhibitors, which indicate a potential
positive feedback loop that ensure cell death.
There are caspase inhibitors such as Cowpox virus cytokine response modifier
(CrrnA) that is a potent inhibitor of caspase-8 (Nicholson and Thornberry, 1997; Cyrns
and Yuan, 1998) and baculovirus p35 protein that is a broader inhibitor of caspases
(Bump et al., 1995). In addition, apoptosis regulator with CARD (ARC) associates with
and inhibits several initiator caspases such as caspase-9 (Koseki ct al., 1998). Inhibitors
of apoptosis (lAPs), a family of caspase inhibitors, is known to repress apoptosis and
inhibit caspase-3 and -7 (Deveaux et al., 1997; Roy et al 1997).
Apoptosis and Zinc
The influence of zinc on apoptosis is a well known phenomenon (Sunderman et
al., 1996). In both in vitro and in vivo models, zinc supplementation at very high nonphysiological levels prevents apoptosis induced by a variety of agents (Thomas and
Caffrey, 1991; Matsushita et al., 1996). Moreover, cells grown under conditions of severe
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zinc deficiency will undergo spontaneous apoptosis (McCabe et al., 1993; Treves et al.,
1994; Martin et al., 1991). In vivo and in vitro, the effect of zinc on apoptosis has been
examined by several studies. The findings of apoptotic bodies and markedly elevated
frequencies of apoptosis in small intestinal crypt cells of zinc-deficient (ZD) rat as
compared to controls represent the earliest evidence to link suboptimal zinc to apoptosis
(Elmes, 1977). Subsequently, marked increases in the frequencies of apoptotic cells were
shown in many tissues of adult ZD animals as well as in neuroepithelium of fetal rats
from ZD dams (Zalewski et al., 1993). In another study, embryos from pregnant rats fed a
ZD diet exhibited apoptotic death, as opposed to necrotic death (Rogers et al., 1995). In
addition, esophageal epithelium isolated from ZD rat treated with a tumorigenic agent,
NMBA, exhibited elevated apoptosis as well as elevated bax protein levels (Fong et al.,
1998).
In vitro studies have demonstrated that apoptosis can result directly from a
depletion of intracellular zinc by culturing cells in zinc depleted medium or in the
presence of zinc chelators (Zalewski et al., 1991, 1993). In addition, increased apoptosis
was also enhanced by using zinc chelators to deplete zinc in thymocytes (McCabe. et al.,
1993). Moreover, zinc-depletion induced by TPEN, a membrane permeable zinc
chelators, can also potentiate the action of apoptotic inducer, colchicines, in lymphoid
cells (Zalewski et al., 1993). The use of chelators appeared to induce severe zinc
deficiency and apoptosis in these cells. In cardiac monocytes, diethyldithiocarbamic acid
(DDC), a membrane permeable inhibitor of cytosolic zinc and copper, increased
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apoptosis and bax mRNA expression (Siwik et al., 1999). The elevated bax gene
expression suggests that this early inducer of apoptosis may be modulated by severe zinc
depletion. Moreover, in human lymphoid (Raji) and myeloid (HL-60) cells maintained in
zinc-deficient media, apoptosis and DNA fragmentation were shown to be increased as
compared to controls (Martin et al., 1991).
In contrast, excessively high levels of zinc (500 to 1,000 iiM) were observed to
block apoptosis in thymic cells (Cohen and Ducke, 1984). In peripheral blood
lymphocytes treated with TPEN and hydrogen peroxide, DNA fragmentation and
apoptosis occurred. When cells were replenishment with 10 pM zinc, DNA fragmentation
was abolished and cells were rescued from death (Marini and Musiani, 1998). Moreover,
when chronic lymphatic leukemia cells were treated with an apoptotic-inducer,
colchicines, followed by 25 [iM zinc treatment, apoptosis was inhibited (Zalewski et al.,
1991). Similarly, when rat thymocytes were treated with dexamethasone followed by
5 (j,M zinc, apoptosis was inhibited (Barbieri et al., 1992). The elevation of cellular zinc
status by in vivo supplementation was found to inhibit apoptosis in anterior and stromal
keratinocytes and protect rabbit keratinocytes (Kuo et al., 1997) and neurons of the
hippocampus in gerbils (Matsushita et al., 1996). Most importantly, a strong inverse
correlation between intracellular labile zinc level and the event of apoptotic DNA
fragmentation was observed in mouse thymocytes and human chronic lymophocytic
leukemia cells (Zalewski et al., 1993). Thus, these findings established that small
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alterations in cellular labile zinc were capable of inducing marked changes in cellular
susceptibility to apoptosis.
The mechanisms of action of zinc in the cascade of signaling events are uncertain.
The transition from peripheral nuclear chromatin condensation to nuclear collapse,
enhanced by dexamethasone in thymocytes culture, has been reported to be prevented by
zinc supplementation. This was attributed to specific inhibitory action of zinc on Ca- and
Mg-dependent endonuclea.se that normally cuts linker regions between nucleosomes and
leads to DNA fragmentation. Zinc supplementation close to physiologic level (50 |.iM
zinc) significantly inhibited this endonuclease and prevented Ca-induced DNA
fragmentation in isolated nuclei (Cohen and Ducke, 1984). In addition, the 50 }iM of zinc
also inhibited this endonuclease in isolated thymic cells (Cohen and Duke, 1984; Cohen
et al., 1993). Moreover, this inhibitory effect on Ca-dependent endonuclease was also
demonstrated in isolated nuclei from the thymus gland (50 |j.M zinc), (Lohmann and
Beyersmann, 1993) as well as from the bovine liver nuclei (10 |j.M of zinc) (Lohmann
and Beyersmann, 1994).
Other studies demonstrated the influence of zinc on the regulation of apoptosis. In
human premonocytic U937 cells treated with hydrogen peroxide, the addition of 1 mM
zinc inhibited DNA fragmentation, and apoptosis, decreased bax levels, increased bcl2/bax ratio as well as inhibited caspase-3 activation. These findings indicate that zinc
may play a direct role in the inhibition of bax-regulated apoptosis. Recently, caspase-3, a
major apoptotic executioner, is greatly affected by zinc. In HL-60 cells treated with
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geranylgeraniol (GGO), an apoptotic inducer, followed by zinc treatment, DNA
fragmentation, caspase-3 cleavage, and caspase-3 activity as well as cleavage of caspase3 specifically by caspase-9 were depressed (Aiuchi et al., 1998). Thus, zinc status not
only affects the activity and cleavage of caspase-3, but also may play a role in the activity
and cleavage of caspase-9, an upstream activator of caspase-3. In Jurkats cells treated
with staurosporine and zinc, inhibition of DNA fragmentation and PARP cleavage were
observed (Wolf and Eastman, 1999). The addition of zinc to recombinant caspase-3, -6,
-7, and -8 established that these caspases were sensitive to increasing zinc levels with
caspase-6 being the most sensitive (Stennicke and Salvesen, 1997). In chicken DU246
cell extract, zinc supplementation inhibited the cleavage of lamin A by recombinant
caspase-6 (Takahashi et al., 1996). Overall, these studies on the influence of zinc status
on apoptosis have established the importance of both zinc deficiency and zinc
supplementation on apoptosis.
Apoptosis and Atherosclerosis
Apoptosis is known to play a major role during development, in homeostasis, and
in disease processes. There is evidence suggesting that apoptosis is also involved in the
regulation of aortic intimal thickening during atherosclerosis (Bochaton-Piallat et al.,
1995). Apoptotic cell death is common in atherosclerotic plaques (Cai et al., 1997).
especially in plaques which show a dense macrophage infiltration (Kockx, 1998). The
apoptosis found in these plaques may decrease neointimal response to injury as well as
contribute to vascular wound regression and increase the disruption of plaques.
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Regulation of endothelial cell death and survival plays a major role in the development of
atherosclerosis and angiogensis (Cho et al., 1995). Apoptotic endothelial cells have been
detected on luminal surface of atherosclerotic coronary vessels, but not in normal cells.
These data suggest a link between endothelial cell apoptosis and the pathology of
atherosclerosis. The elevation of endothelial cell turnover mediated through accelerated
apoptosis is likely to alter the function of the endothelium and thus, induce
atherosclerosis (Bombcli et al., 1997). Accelerated apoptosis elevates endothelial cell
turnover that alters the function and stability of the endothelium as well as further
promotes the development of atherosclerotic lesions (Hennig et al., 1999). For example,
apoptotic human endotlielial cells can become procoagulant by increased expression of
phosphatidylserine and the loss of anticoagulate membrane properties (Bombeli et al.,
1997), which is an early indicator of apoptosis. Apoptosis, which occurs in endothelial
cells, may also compromise endothelial integrity and reduce protective barrier functions
(Karsan and Harlan, 1996)
Furthermore, the cellular lipid environment can greatly affect endothelial
inflammatory response (Schulze-Osthoff et al., 1998; Hennig et al., 1996b). Evidence
suggests that certain unsaturated lipids such as linoleic can potentiate TNF-mediated
oxidative stress, disruption of calcium homeostasis, and apoptosis in cultured vascular
endothelial cells (Toborek et al., 1996). The participation of oxidative stress in the
regulation of programmed cell death is supported by the observation that many agents
that induce apoptosis are either oxidants or stimulators of cellular oxidative metabolism.
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Moreover, several inhibitors of apoptosis have antioxidant properties (Goldkom et al.,
1998; Rollet-Labelle et al., 1998). Oxidized low-density lipoproteins (OxLDL) are
capable of promoting apoptosis in cultured endothelial cells (Sata and Walsh, 1998). In
addition, OxLDLs have been observed to enhance the release of cytochrome c from
mitochondria during endothelial cell apoptosis (Walter et al., 1998). In endothelial cell
apoptosis, the enhanced cytochrome c release and elevated movement of bax family from
the cytosol to mitochondria have been reported to induce activation of multiple caspases,
including 2, 3, 6, 7, 8, and 9 (Granville et a!., 1999). Furthermore, fatty streaks occurring
early in atherosclerotic development were found to contain increased bax and caspase-3
levels (Kockx et al., 1998), indicating high levels of apoptosis potential.
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CHAPTER THREE
REGULATORY MECHANISMS IN THE STABILIZATION OF p53 TUMOR
SUPPRESSOR GENE IN ZINC DEPLETED HEPATOBLASTOMA CELLS

Abstract.
The influence of zinc status on the expression of p53, the human tumor suppressor
gene, as well as other proteins that may be involved in p53 stability were examined in
hepatoblastoma cells (HepG2). Cells were cultured in the zinc-depleted and
supplemented media. Chelex 100 resin, a divalent ion-chelating resin, was used to deplete
zinc from fetal bovine serum FBS. The Dulbecco's Modified Eagle Medium (DMEM)
with 10% chelexed FBS, contaning 0.2 |i.mal/L and 0.4 jimol/L zinc added were termed
the zinc deficient ZD0.2 and ZD0.4 media, respectively. The other media consisted of the
zinc-normal (ZN), zinc-adcquate (ZA), and zinc supplement (ZS) groups, contained 4,
16, and 32 p-mol/L zinc, respectively. Cells growth was depressed only in ZD0.2 cells to
78 % of ZN cells. As compared to ZN cells, cellular zinc levels were reduced 67 % and
56 % in ZD0.2 and ZD0.4, respectively, but increased 84 % and 127 % in ZA and ZS
cells, respectively. Nuclear p53 levels were almost 100 % and 40 % higher in ZD0.2 and
ZD0.4 cells, respectively, than ZN cells. In contrast, p53 niRNA abundance was
increased 40 % in ZD0.4 cells and depressed 60 % in ZD0.2 cells as compared with ZN
cells. No differences in nuclear p53 protein and p53 mRNA levels were observed among
ZN, ZA, and ZS cells. Total cellular and nuclear p21 protein, a major downstream p53
target, as well as p21 mRNA levels were markedly reduced in ZD0.2 and ZD0.4 cells,
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but were not altered in ZA and ZS cells, when compared to ZN cells. Mdm2 protein,
which modulates p53 nuclear export and degradation, was more than twofold higher in
the nuclear of ZD0.2 and ZD0.4 cells as compared to ZN cells. In contrast, Mdmx,
known to bind Mdm2 and interfere with Mdm2-dependent p53 nuclear export, was
depressed in the cytoplasm but not in the nucleus of ZD0.2 and ZD0.4 cells as compared
with ZN cells. Moreover, c-Abl, capable of binding mdm2 and enhancing its nuclear
accumulation in a p53-independent manner, was not alter in the total but lower in the
nucleus of ZD0.2 and ZD0.4 cells than in ZN cells. However, the amount of Mdm2
bound to p53 was depressed and that bound to Mdmx and c-Abl were increased in ZD0.2
and ZD0.4 cells. In zinc deficiency, the reduced binding of Mdm2 to p53 may have
resulted from the observed enhanced phosphorylation of p53 at serine 15 and 392, and
Mdm2 tyrosine phosphorylation. Most importantly, the accumulation of nuclear p53 in
ZD0.2 and ZD0.4 may have resulted from the marked reduction in the nuclear p300, a
platform for bringing Mdm2, p53, and other factors together, for p53 nuclear export and
degradation.

Introduction
The p53 protein, tumor suppressor gene, is one of the most frequently mutated
genes in human cancer. The loss of p53 function due to mutation contributes to the
development of many major malignancies that are leading causes of cancer related deaths
worldwide (Hollstein et al., 1994). The p53 gene has been termed the "guardian of the
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genome" (Lane, 1992). p53 is a transcription factor that can regulate many of
downstream genes by the activation or repression of target genes. Many cellular
functions, including the induction of cell cycle arrest or apoptosis are mediated by p53 in
response to DNA damage, genetic recombination, DNA repair, and the preservation of
genetic stability (Donehower, 1996).
The human p53 protein, consisted of 393 amino acids, can be divided into several
structural and functional domains, many of which contribute to the ability of p53 to
function as a transcription factor (Levine, 1997; Haffner and Oren, 1995). Activation of
p53 induces or inhibits the expression of numerous BAX genes including
GADD45, and IGFBP3 (El-Deiry, 1998; Zhao et al., 2000). These genes are known to
mediate arrest of mammalian cells at one of two major cell cycle checkpoints, in Gl near
the border of S phase, or in G2 before mitosis, or induce other responses including
apoptosis, a programmed cell death. Arrest of cell cycle progression is thought to provide
time for the repair of DNA damage, and recent evidences suggest that p53 may modulate
DNA repair processes (Smith et al., 2000; Dasika et al., 1999). p53 has been shown to
induce cell cycle arrest at the Gl phase (Kastan et al., 1992). Growth arrest and
apoptosis, which are induced by p53, protect tissues from accumulating excessive amount
of mutations. Induction of p53, by radiation-induced DNA damage, transcriptionally
activates the p21 gene to produce the CDK inhibitor, which depresses cycline A/cdk2
activities (Dulic et al., 1994). p21, a cyclin-dependent kinase inhibitor, which is the major
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downstream target of p53, is capable of inducing G1 arrest. Lung and colon cancer cell
lines undergo growth suppression when p21 is overexpressed (El-Deiry et al., 1993).
In most normal cells, the p53 protein is expressed at very low levels. The wild
type p53 has a short half life of only 20-30 min. The accumulation of p53 protein occurs
following DNA Damage (Maltzman and Czyzyk, 1984) and other types of stress such as
growth arrest (Zhan et al., 1993), hypoxia (Graeber et al., 1994), ribonucleotide depletion
(Linke et al., 1996), UV irradiation, or oxidation. Controlling the stability of the p53
protein is crucial for an effective cellular stress response when needed and keeping this
molecule in check when not needed.
An important pathway for the degradation of intracellular proteins is the
ubiquitin-proteasome pathway. Ubiquitin molecules are attached to proteins which are
subsequently degraded by the 26S proteasomal complex (Ciechanover, 1994). p53 levels
are largely regulated by interaction with MDM2, which inhibits p53 stabilization and
activation (Haupt et al., 1997; Kubbutat et al., 1997). MDM2 protein, consisted of 491
amino acids, was first discovered in a mouse tumor cell line. MDM2 was shown to be
amplified and contained in murine double minute (Fakharzadeh et al., 1991). p53 is
maintained at low levels through continuous degradation mainly directed by Mdm2.
Thus, Mdm2 is responsible for the high p53 turnover in undamaged cells (Bottger et al.,
1997). Mdm2 have several conserved structure motifs that are likely to be important for
its biological activities (Fakharzadeh et al., 1991). In addition to the N-terminal p53binding domain, mdm2 has a central acidic domain, nuclear export signal and a putative
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localization signal (Boddy et al., 1994). Mdm2-mediated p53 degradation occurs through
an ubiquitin-proteasome pathway. Mdm2, a negative regulator of p53, binds p53 at the
amino-temoinal transcription domain at residues 13 to 29, and inhibits the transcriptional
activity of p53 on its target genes (Freedman and Levine, 1998). Mdni2 normally has a
short half-life and is degraded by ubiquitin-dependent proteolysis (Maki et al., 1996). The
control of p53 stability by Mdm2 involves the shuttling of p53 from the nucleus to the
cytoplasm where then it, and probably mdm2, are degraded (Roth et al., 1998; Freedman
et al., 1998). In vitro, mdm2 acts as E3 ubiquitin ligase (Honda et al., 1997) and this
ubiquitination probably takes place in the nucleus on the large p300/CBP, which serves
as a scaffolding (Grossman et al., 1998).
The Mdm2-binding site of the mutated p53 may not allow Mdm2 to bind and
contribute to its resistance for degradation by Mdm2 (Haupt et al., 1997; Kubbutat et al.,
1997). Mdmx with a strong homology to Mdm2, within the zinc and ring finger domains,
is capable of inliibiting Mdm2-mediated p53 degradation and enhancing subsequent
accumulation of p53. The interaction of these proteins inhibits the degradation of Mdm2
as well as Mdm-2 mediated turnover of p53 (Sharp et al., 1999). The mechanism by
which Mdmx modulates Mdm2 and p53 stability remains unclear. Mdmx may inhibit
Mdm2 degradation by blocking a site on Mdm2, which is important for the E3 ligase to
function. p53 can also be degraded by human papillomavirus (HPV) E6 via
ubiquitination because E6 acts as the E3 ligase (Scheffner, 1998). Alternatively, Mdmx
may inhibit nucleocytopiasmic shuttling of Mdm2.
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In vitro, the DNA binding domain of p53 shows a high degree of conformational
variation. There are many conformation forms, which react specifically with monoclonal
antibodies. The human wild type form reacts with antibody PAbl620 that binds to a
denaturation-sensitive epitope within the DNA binding surface (Milner et al., 1987).
Whereas the mutant form reacts with antibody PAb24(), recognizing a primary epitope
which is cryptic in the wild type form (Stephen and Lane, 1992). This form owes its
name to the fact that many common cancer mutants were found to be negative with
PAB1620 and positive with PAb240 (Gannon et al., 1990). However, this is not a general
rule and it is clear now that these two forms corresponding to the folded (Pabl620+) and
unfolded (Pab240+) forms of the protein. Many mutated p53 found in cancer patients
retain reactivity with Pabl620 (Ory et al., 1994)
More than a dozen phosphorylation sites have been identified on p53. Within the
C-terminus, the phosphorylation of human p53 at amino acids 315, 378, 389, and 392,
enhances specific DNA-binding activity of p53 in vitro (Hupp et al., 1992: Takenaka et
al., 1995). Several additional phosphorylation sites, with unknown function, have been
mapped at the N-terminus. including serine 6, 9, 15, 20, 33, 37, and 46 as well as
theronine 81 and 55 (Dumaz and Meek, 1999; Gatti et al., 2000; Giaccia and kastan,
1998; Khanna et al., 1998; Meek, 1998).
Post-translation modification by phosphorylation is thought to be an important
mechanism regulating p53 function. p53 is phosphorylated by many protein kinase,
including casein kinase 1 (Milne et al., 1992), casein kinase 2 (Herrmann et al., 1991;
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Meek et al., 1990), cyclin-dependent kinase (Addison et al., 1990; Bischoff et al., 1990;
Milner et al., 1990; Price et al., 1995), DNA activated kinase (Lees-Miller et al., 1992),
mitogen-activated protein kinase (Milne et al., 1994), c-Jun N-temiinal kinase (Milne et
al., 1995), protein kinase C (Baudier et al., 1992; Takenaka et al., 1995), SV40 large T
antigen-activated kinase (Muller et al.,1993; Muller and Scheidtmann, 1995) , and Raf-1
(Jamal and Ziff, 1995). p53 is also phosphorylated by ataxia telangiectasia mutated
(ATM) and phosphoinositide-3-kinase (PIK) related family. ATM has been implicated in
serine 15 phosphorylation (Banin et al., 1998; Nakagawa et al., 1999; Shieh et al., 2000;
Siliciano et al., 1997), which is enhanced by DNA damage (Nakagawa et al., 1999;
Siliciano et al., 1997) and associated with enhanced p53 transcriptional activities (Dumaz
and Meek, 1999; Sakaguchi et al., 1998; Shieh et al., 2000). ATM dephosphorylates
serine 37, creating a consensus-binding site for a signal transduction protein 14-3-3a.
This elevates the ability of p53 to bind to DNA (Waterman et al., 1998). Moreover,
CBP/p300 family acetylates five conserved lysine residues, which neutralizes the
negative regulation exerted by the p53 C-terminus. This acetylation also activates the
DNA binding activity (Gu and Roeder, 1997).

It is well known that the exposure to environmental stresses including ionizing
radiation and carcinogenic chemicals can cause significant damage to DNA. Vitamin and
mineral deficiency, such as zinc deficiency, can also damage DNA by the same
mechanism (Zhang ct al., 1997; Ho and Ames, 2002). Approximately, 10 % of the U. S.
population consume < 50 % of RDA for zinc and, therefore, are at risk for marginal zinc
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deficiency (Zhang et al., 1997). Because of the high prevalence of marginal zinc
deficiency in certain subpopulations of the U.S. (Sandstead, 1995), the present study was
designed to investigate by which mechanism zinc deficiency affects degradation of the
p53 tumor suppressor gene in HepG2 cells. Since Mdm2, Mdmx, p300, and c-Abl
proteins are involved by different ways in the degradation of p53, we examine the effect
of zinc status on expression of Mdm2, Mdmx, p300, and c-Abl proteins. In addition, the
influence of zinc status on phosphorylation of p53 was examined. Moreover, Mdm2/p53,
Mdm2/Mdmx, and Mdm2/c-Abl interaction were examined.

Material and Methods

Cell culture and treatment The human hepatoblastoma cell line, HepG2,

was purchased from the American Type Culture Collection (Rockville, MD).
Cell culture reagents were purchased from Life Technologies, Inc. (Grand
Island, NY). Cells were maintained in Dulbecco's Modified Eagle Medium

(DMEM) containing 10% fetal bovine serum (FBS), and antibiotics (100
U/mL penicillin, and 100 mg/L streptomycin). Medium was replaced every
two days and approximately 6.5 d of culture constituted one passage. At the
end of passage 80, nearly confluent cells were subcultured at a ratio of 1:8
for the initiation of experimental treatments. Chelex 100 resin (BioRad,
Richmond, CA), a divalent ion-chelating resin, was used to deplete zinc
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from FBS before the FBS was combined with DMEM. The resin was first
neutralized to physiological pH with 0.25M HEPES, pH 7.4, and then mixed
with FBS at a ratio of 1:4 and shaken for 2 h at 4°C as described previously

(Flynn and Yen, 1981; Messer et al., 1982). Chelex resin was separated from
FBS by centrifugation followed by filtration through a 0.2 [im filter for sterilization and
removal of residual Chelex resin. Zinc was added to the media in the form of ZnS04 so
that the only difference between these media was the zinc concentration. Cells cultured in
the zinc-free basal media had slower growth when compared to cells grown in the regular
medium. Studies in our lab were performed with increasing amounts of medium zinc in
order to establish the optimal growth conditions for HepG2 cells (Wu et al., 1999). From
these studies the zinc-free basal medium supplemented with 0.4 jxmol/L ZnS04 was
determined to be suitable for the depletion of cellular zinc without affecting overall
growth. The DMEM with 10% Chelexed FBS, containing 0.2 and 0.4 jimol of zinc per L
were termed the zinc-deficient ZD0.2 and ZD0.4 media, respectively. For the other
treatment groups, the zinc-normal (ZN), the zinc-adequate (ZA), and zinc supplement
(ZS) medium contained 4, 16, and 32 |imol/L ZnS04. respectively, added to the zinc-free
basal medium. The ZN medium was used as a comparison to standard culture medium,
and ZA was used as a representative of human plasma zinc levels. The zinc supplemented
(ZS) contained 32 |iM zinc was used to represent the high end of plasma zinc level
attainable by oral zinc supplementation. After the HepG2 cells were subcultured, they
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were maintaned overnight in the ZN medium before being changed to their respective
media. Cells were grown for one passage in their respective treatment media and then
harvested. Cells were then grown in ZD0.2, ZD0.4, ZN, ZA, or ZS medium for the time
period as indicated.
Determination of cellular DNA and zinc levels. Cells and media were collected from
each tissue culture plate and then centrifuged at 500 x g for 5 min at 4°C. Cell pellets
were then washed twice with phosphate-buffered saline (PBS), resuspended in 1.5 mL
PBS and sonicated. An aliquot of the sonicated cells was used to measure cellular zinc
content by flame atomic absorption spectrophotometry (Hitachi, San Jose, CA) as
previously described (Wu et al., 1999). The zinc concentration of the cells was
determined based on standard curves of 0.05-1.0 ppm, generated with certified zinc
reference solutions (Fisher Scientific, Fair Lawn, NJ). In addition, the certified zinc
solutions were compared to Bovine Liver Standard Reference (U.S. Department of
Commerce, National Institute of Standards, Gaithersburg, MD). Appropriate blanks were
employed for all measurements. An aliquot of the sonicated cells was also used to
measure cellular DNA content by the method of Williams et al. (1986). Cellular zinc was
expressed per microgram of DNA because a linear relationship between ccllular DNA
and cell number was previously established (Williams ct al., 1986)
HepG2 nuclear extracts. Nuclear extracts were prepared as previously described (Cui et
al., 2002) with slight modifications. Cells were washed with ice-cold Tris-buffered saline
(TBS), scraped off the dish, and collected by centrifugation at 1500 x g for 5 min at 4°C.
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Cell pellets were resuspended in five time the original packed cell volume of ice-cold
buffer A (10 mmol/L HEPES pH 7.9, 10 mmol/L KCl, 0.1 mmol/L EDTA, 0.1 mmol/L
EGTA, 1 mmol/L DTT) with freshly added DTT and protease inhibitors (0.5 mmol/L
PMSF, 0.5 mg/L leupeptin, 1 mg/L pepstatin A, 1 mmol/L benzamidine-HCl) and mixed
gently by pipetting. Cells were allowed to swell by incubating on ice for 15 min, 10 %
NP-40 solution was added to attain a final concentration of 0.5 %, and the mixture was
vigorously mixed for 20 sec. Samples were transferred to 1.5 mL microfuge tubes and
centrifuged at 13,000 x g for 50 sec at 4°C. The supernatant fraction composed of
cytoplasm and RNA was kept at - 80 °C and the nuclear pellet was resuspended in icecold buffer C (20 mmol/L HEPES pH 7.9, 0.4 mol/L NaCl, 1 mmol/L EDTA,1 mmol/ L
DDT, 1 mraol/L PMSF, 0.5 mg/L leupeptin, 1 mg/L pepstatin A, 1 mmol/L benzamidineHCl) by vigorously shaking at 4°C for 15 min on a shaking platform. Nuclear extract
was centifuged at 13,000 x g for 15 min at 4°C and the supernatant fraction was frozen in
aliquots at -80°C. Protein concentrations were determined using the Bradford protein
assay kit (Bio-Rad).
Western blot analysis. The HepG2 cells nuclear extract was prepared as described
above. For whole cell lysate, cell were washed twice with ice-cold phosphate buffered
saline, and lysed in a buffer containing 20 mM Trise-HCl, pH 7.5, 150 mM NaCl, 1 miM
EDTA, 1 mM EGTA, 1 % Triton X-100, 2.5 mM sodium pyrophosphate, 1 mM
a-glycerolphosphate,

1

mM

phenylmethylsulfonyl fluoride.

NA3VO4,

l[xg/mL

Leupeptin

and

1

mM

Protein concentrations were determined using the
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Bradford protein assay kit (Bio-Rad). Forty [xg proteins (nuclear or total protein) were
combined with an equal volume of sample loading buffer (20 % glycerol, 10% 2mercaptoethanol, 5 % SDS, 200 mmol/L Tris-HCl pH 6.7, 0.01 % bromophenol blue),
boiled for 4 min, and then subjected to 10 % SDS-polyacrylamide electrophoresis.
Following electrophoresis, gels were briefly equilibrated in transfer buffer before transfer
onto nitrocellulose membranes. Transfer was performed at 30V overnight at 4°C. After
blocking (5 % dried non-fat milk, 20 mmol/L Tris-HCl pH 7.4, 8 g/L NaCl, 0.1% Tween
20) for at least 1 h, blots were then incubated with appropriate antibodies diluted to
Ijig/mL in TBS-T with 5.0% non-fat dried milk at 4°C overnight, followed by four 10
min washes with TBS-T. Blots were incubated with horseradish peroxidase-conjugated
appropriate immunoglobulin G (Santa Cruz Biotechnology), diluted to 0.5 |ig/mL in
TBS-T with 5% non-fat dried milk, for 1 h followed by four 10 min washes with TBS-T.
Protein was visualized by using Super West Pico Chemiluminescent Substrate (Pierce,
Rockford, IL) by following the manufacturer's instructions. Prestained SDS-PAGE
standard was used as molecular weight marker ( Bio-Rad). Equal loading was monitored
by incubating membrane with a stripping buffer (100 mM 2-mercaptoethanol, 2% SDS,
62.5 mM Tris-HCl, pH 6.7) at 52 "C for 1 h and then detected with anti-histone HI (Santa
Cruz Biotech, Santa Cruz, CA). Protein bands were quantified by using laser
densitometry (Bio-Rad).
Antibodies. p53 (DO-1) mouse monoclonal antibody, p53 (FL-393) rabbit polyclonal
antibody, Mdm2 (SMP14) mouse monoclonal antibody, Mdm2 (C-18) rabbit polyclonal
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antibody, Mdmx (D-19) goat polyclonal antibody, histone Hi (N-19) mouse monoclonal
antibody, p300 (N-15) rabbit polyclonal antibody, p21 (C-19) rabbit polyclonal antibody,
p-Tyr (PY20) mouse monoclonal antibody, CBP (A-22) rabbit polyclonal antibody,
phospho-p53 (Ser-15) rabbit polyclonal antibody, phospho-p53 (Scr-392) goat polyclonal
antibody, c-Abl (C-19) rabbit polyclonal antibody, actin (1-19) goat polyclonal antibody,
and normal mouse antibody, were purchased from Santa Cruz Biotechnology. Phosphop53 (Ser-20) rabbit polyclonal antibody was purchased from Cell Signaling Technology
(Beverly MA). Secondary antibodies including goat anti mouse IgGl, goat anti rabbit
IgGl, and bovine anti goat IgGl, were purchased from Santa Cruz Biotechnology.
RNa.se protection assays. Total cellular RNA was isolated from HepG2 cells, using the
RNAqueous Kit (Ambion, Austin, TX), according to manufacturer's instructions. The
integrity of the RNA was verified by electrophoresis. The mRNA abundance of p53 and
p21 were measured by non-radioactive RPA kit (Pharmingen, San Diego, CA). The
human L32 probe also included in the multi-probe kit was used as internal reference for
normalization. Biotin-labeled riboprobes were synthesized using non-Rad In Vitro
Transcription system kit with T7 RNA polymerase (Pharmingen). RPAs were performed
according to manufacturer's instructions.
Immunoprecipitation assays. Five hundred [ig of protein from whole cell lysates were
preincubated for 15 min at 4°C with 0.25 jig of mouse control IgG and then incubated
with 20 jj-L of protein A/G beads for 15 min at 4°C. Supernatants were incubated for 2 h
at 4 °C with 10 [ig mouse monoclonal Mdm2 antibody. Protein A/G PLUS-Agarose was
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added and incubated at 4 "C overnight. Immunocomplexes were washed four times with
whole cell lysis buffer and then suspended in 40 iiL of Laemmli sample buffer, boiled for
3 min, and analyzed by Western blotting with appropriate antibodies and developed using
the Super West Pico Chemiluminescent Substrate (Pierce, Rockford, IL). Prestained
SDS-PAGE standard was used as molecular weight marker (Bio-Rad).
Conformation specific immunoprecipitation of p53. This was performed by the
method of Meplan et al., (1999a). Briefly, nuclear extracts were preincubated for 15 min
at 4°C with l|ig of non-anti-p53 antibody and then incubated with 50 [iL of 10% (W/V)
of staphylococcus aureus protein A suspension (Sigma) for 15 min at 4''C. Supematants
from a 5 min 15,000 x g centrifugation at 4 °C were aliquated for immunoprecipitation
with monoclonal antibodies PAbl620 (specific for wild-type folded form, OP33); PAb
240 (specific for mutant, unfolded form, OP29); PAb421 (which recognize both forms,
OP03), and non-anti-p53 antibody (as negative control) (Oncogene Science Immune).
Immunocomplexes were collected using staphylococcus aureus protein A suspension
(Sigma), followed by centrifugation for 5 min at 15,000 x g at 4 °C. Immunocomplexes
were washed 5 times with precipitation buffer (10 mM Tris-HCl (pH 7.6, 140 mM NaCl,
0.5% Nonidet P-40, with protease inhibitor as above), and then suspended in 40 [xL of
Laemmli sample buffer, boiled for 3 min, and analyzed by Western blot analysis with
1:1000 dilution of rabbit polyclonal anti-p53 antibody (Santa Cruz Biotechnology, Inc.,
Santa Cruz, CA). and 0.5 |ig/mL perox idase-conjugated goat anti rabbit secondary
antibody (Santa Cruz Biotechnology). Prestained SDS-PAGE standard was used as
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molecular weight marker (Bio-Rad). Protein was visualized with the Super West Pico
Chemiluminescent Substrate (Pierce, Rockford, IL) by following the manufacturer's
instructions.
Statistical analysis. The data were analyzed with one-way ANOVA by using SAS 8.1
Windows software (SAS Institute, Gary, NC). The means were further analyzed by latest
significant differences. Values were expressed as mean ± SEM and differences were
considered significant at a level of P< 0.05.

Result
Zn-deficient medium depleted cellular zinc
HepG2 cells were cultured for one passage in the zinc-depleted and supplemented
media. Growth as measured by DNA content per plate was depressed in ZD0.2 to 78.2 %
of ZN cells (Fig 4). In addition, no differences in DNA contents were observed among
the ZD0.4, ZN, ZA, and ZS cells. Cellular zinc levels were expressed per cellular DN A to
correct for any differences in cell numbers between plates. In ZD0.2 and ZD0.4 cells,
cellular zinc concentration was reduced to 33 % and 44 %, respectively, of ZN controls
(Fig 5). Moreover, cellular zinc levels in ZA and ZS were 84 % and 127 %, respectively,
higher than ZN cells. Furthermore, cellular zinc level in ZS cells was higher than ZA.
Zinc depletion increases nuclear p53 protein and alters p53 mRNA levels.
Western blot analysis of nuclear extract was used to quantitate nuclear and total cellular
p53 protein levels. Nuclear p53 protein levels in ZD0.2 and ZD0.4 were nearly 100 %
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and 40 %, respectively, higher than in ZN control cells (Fig. 6). Moreover, there were no
significant differences in the nuclear p53 protein among ZN, ZA, and ZS cells. In
contrast, no significant differences were detected in total p53 protein among treatment
groups (Fig 7). More than 40 % increa.se in p53 mRNA level was detected in ZD0.4 as
compared with ZN cells (Fig. 8). However, p53 mRNA level was nearly 60 % lower in
ZD0.2 than in ZN cells. Furthermore, no difference in p53 mRNA was detected among
ZN, ZA, and ZS cells. These data indicate that translation and post translation
mechanisms may have contributed to the accumulation of p53 in the nuclear other than a
small increase in p53 transcription in response to marginal zinc deficiency.
Zinc depletion depresses nuclear and total p21 protein as well p21 mRNA levels.
p21 protein, one of the major downstream p53 targets, was affected by zinc
treatment. Nuclear p21 protein levels in the ZD0.2 and ZD0.4 cells were more than 40 %
lower than in ZN cells (Fig. 9). Similarly, total p21 protein levels in the ZD0.2 and
ZD0.4 were nearly 60 % and 40 %, respectively, lower than in ZN cells (Fig. 10).The
p21 mRNA levels in ZD0.2 and ZD0.4 cells were almost 60 % lower than in ZN cells
(Fig. 11). in addition, no significant differences were detected in nuclear and total p21
protein levels as well as p21 mRNA abundance among the ZN, ZA, and ZS cells.
Mdml accumulates in the nucleus in response to zinc deficiency.
Mdm2 protein has been shown to play a key role in p53 degradation by enhancing
p53 nuclear export. Interestingly and surprising, Mdm2 nuclear protein was significantly
increased in the ZD groups (ZD0.2, 270.6 ± 24.1 % and ZD0.4, 242 ± 50 %) as compared
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with ZN control group (100 ± 15.4 %) (Flg.l2). However, Mdm2 nuclear levels were not
different among ZN, ZA, and ZS cells. Total Mdm2 protein level remained stable in all
groups (Fig.l3).
Mdmx/Mdni2 interaction is elevated in ZD cells.
Total and cytoplasmic Mdmx protein levels were lower in ZD0.2 and ZD0.4 cells
than in ZN cells (Fig. 14, 15). No difference in total Mdmx and cytoplasmic Mdmx
protein levels were detected in ZN, ZA, and ZS cells (Fg.l5). Similarly, no differences
were detected in nuclear Mdmx protein among the treatment groups (Fig. 15). Mdmx has
been shown to interact with Mdni2 and interfere with Mdm2 degradation, resulting in an
increase in the steady-state level of Mdm2. In addition, Mdmx also inhibits Mdm2mediated p53 degradation. These data encourage us to examine Mdm2/Mdmx interaction
in response to zinc deficiency. To examine this interaction, cell extracts were subject to
immunoprecipitation using anti Mdm2 antibody followed by blotting with and Mdmx
antibody. The same blot was re-probed with anti- Mdm2 antibody. Interestingly, the
amount of Mdmx bound to Mdm2 was increased in ZD0.2 and ZD0.4 cells (173.9 ± 9.3%
and 147.7 ± 4.4 %, respectively) when compared with ZN cells (100 ± 9.3 % ) (Fig.l6).
Enhanced phosphorylation of p53 at serine 15 is associated with reduced p53/Mdm2
interaction.
The ability of Mdm2 to associate with, and target p53 for degradation, is known to be
depressed when p53 is phosphorylaled in response to stress and DNA damage. These
findings promote us to examine the effect of zinc status on the phosphorylation of p53.
importantly, zinc depletion in ZD0.2 and ZD0.4 cells increased the phosphorylation of
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p53 at serine 15 (Fig. 17) and 392 (Fig. 18) but not at serine 20 (Fig. 19). The enhanced
phosphorylation of p53 at serine 15 and reduction in p53-Mdm2 interaction have been
shown to be strongly associated with the response to DNA damage (Dumaz and Meek,
2000). Thus, these data lead us to hypothesis that p53/Mdm2 interaction may be
depressed in response to zinc depletion. To examine the effect of zinc deficiency on the
p53/Mdm2 interaction, cell extracts were subject to immunoprecipitation using anti
Mdm2 antibody followed by blotting with anti p53 antibody (Fig. 20) or with anti-Mdm2
antibody. Most interestingly, Mdm2/p53 interaction was significantly decreased in ZD0.2
and ZD0.4 cells (37.44 ± 9.2 % and 63.1 ±5.9 %, respectively) as compared with ZN
cells (100.0 ± 3.3 %). In addition, Mdm2/p53 interaction was significantly lower in
ZD0.2 cells when compared with ZD0.04 cells. These data support our hypothesis
mentioned above.
Nuclear p53 conformation Is not altered by zinc deficiency.
Antibodies PAbl620 (specific for "wild-type" folded form), PAb 240 (specific for
"mutant" unfolded form); andPAb421 (which recognizes both form) were used to analyze
the influence of zinc deficiency on nuclear p53 confonnation. Nuclear extracts were
subject to immunoprecipitation, using antibodies mentioned above, followed by blotting
with anti p53 antibody. No difference in the distribution of nuclear p53 between the "wild
type" and "mutant" forms were detected among the two treatments (ZD0.4 and ZN cells).
p53 was mainly maintained in the "wild type" form with only trace amount of "mutant"
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form in both ZD0.4 and ZN cells (Fig. 21). These results suggest that trace amount of
zinc (0.4

zinc) is sufficient to maintained nuclear p53 mainly in the "wild type" form.

Zinc depletion depresses nuclear c-Abl but does not affect total c-Abl protein levels.
The fact that c-Abl protects p53, by neutralizing the inhibitory effects of Mdm2 in
response to stress, encouraged us to examine the influence of zinc status on the
expression of c-Abl protein. Our results indicate that in response to zinc deficiency, the
nuclear c-Abl protein levels were significantly depressed in ZD0.2 and ZD0.4 cells when
compared ZN cells (Fig. 22). Moreover, no difference was detected among ZN, ZA, and
ZS cells. In contrast, no difference in total c-Abl protein levels were detected among all
treatment groups (Fig.23).

c-Abl/Mdm2 interaction is elevated in response to zinc deficiency.
Recently, c-Abl has been shown to bind to mdm2 and enhance its nuclear
accumulation in a p53-independent manner (Goldberg et al., 2002). This directed us to
examine the effect of zinc deficiency on the interaction of Mdm2 with c-Abl. Cell
extracts were subject to immunoprecipitation using anti Mdm2 antibody, followed by
blotting with anti-c-Abl antibody or with anti-Mdm2 antibody. Interestingly, c-Abl and
mdm2 interaction was higher in ZD0.2 and ZD0.4 cell than in ZN cells (Fig.24). These
results support our hypothesis that the binding of c-Abl to Mdm2 was enhanced in
response to zinc deficiency. Thus, the change in physical and functional interaction
between c-Abl and Mdm2 encouraged us to examine the tyrosine phosphorylation of
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Mdm2. p-Tyr of Mdm2, which is known to impair the interaction of Mdm2 with p53, was
found to be higher in ZD cells as compared with ZN cells (Fig. 25).
Expression of p300 protein is depressed in rinc deleted cells.
Surprising and important findings of marked reductions in both nuclear and total
p300 protein levels were associated with zinc deficiency. Nuclear p300 levels in ZD0.2
and ZD0.4 cells (19.6 ± 3.8 % and 58.8 ± 0.6 %, respectively) were significant lower than
ZN cells (100 ± 3.6 %) (Fig. 26). Nuclear p300 level was also significantly lower in
ZD0.2 cells when compared with ZD0.4 cells. Moreover, no difference was detected
among ZN, ZA, and ZS cells, (100 ± 0.6, 99.4 ± 5.1 %, and 99.1 ± 2.5 %, respectively).
Similarly, total p300 levels in ZD0.2 and ZD0.4 cells (52.9 ± 4 % and 60.3 ± 3.8 %,
respectively) were significant lower as compared with ZN cells (100 ± 3.6 %). No
difference in total p300 protein level was shown among the ZN, ZA, and ZS cells (Fig.
27). Also, no significant difference in total p300 level was observed in ZD0.2 cells as
compared with ZD0.4 cells.
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FIGURE. 4. DNA content in zinc-depleted (ZD0.2, 0.2 |imol/L zinc; ZD0.4, 0.4 |imol/L
zinc), zinc-normal (ZN, 4.0 |iinol/L zinc), zinc-adcquate (ZA, 16.0 |xmol/L zinc), and
zinc-supplemented (ZS, 32.0 [imol/L zinc) HepG2 cells. Cells were cultured for one
passage in media containing Chelex-treated serum with zinc added as a supplement.
DNA was measured by the diphenylamine method. DNA content was expressed as a
percentage of ZN controls. Values are means ± SEM from 3 experiments. Different
letters indicate significantly different means, P < 0.05.
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FIGURE 5. Cellular zinc in zinc-depleted (ZD0.2, 0.2 jimol/L zinc; ZD0.4, 0.4 |xmo!/L
zinc), zinc-normal (ZN, 4.0 fimol/L zinc), zinc-adequate (ZA, 16.0 [imol/L zinc), and
zinc-supplemented (ZS, 32.0 fxmol/L zinc) HepG2 cells. Cells were cultured for one
passage in media containing Chelex-treated serum with zinc added as a supplement.
Cellular zinc was measured by atomic absorption spectrophotometry. Cellular zinc levels
were expressed as a percentage of ZN controls. Values are means ± SEM from 3
experiments. Different letters indicate significantly different means, P < 0.05.
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FIGURE 6. Relative nuclear p53 nuclear protein levels in zinc-depleted (ZD0.2, 0.2
limol/L zinc; ZD0.4, 0.4 )imol/L zinc), zinc-normal (ZN, 4.0 fimol/L zinc), zinc-adequate
(ZA, 16.0 |imol/L zinc), and zinc-supplemented (ZS, 32.0 (xmol/L zinc) HepG2 cells.
Cells were cultured for one passage in media containing Chelex-treated serum with zinc
added as a supplement. Nuclear protein extracts were separated on 10% polyacrylamideSDS gels, transferred onto nitrocellulose membranes, and incubated with anti-p53
antibody (DO-1). The same blot was re-probed with antibody against histone HI
antibody (AE-4) for equal loading. Optical densities of the protein bands were quantified
by using a scanning densitometry (Bio-Rad). Data were expressed as a percentage of ZN
controls. Values shown in bar graph represent means ± SEM from 3 separate
experiments. Different letters indicate significantly different means, P < 0.05.
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FIGURE 7. Relative total p53 protein levels in zinc-depleted (ZD0.2, 0.2 }xmol/L zinc;
ZD0.4, 0.4 |iniol/L zinc), zinc-normal (ZN, 4.0 [imol/L zinc), zinc-adequate (ZA. 16.0
|imol/L zinc), and zinc-supplemented (ZS, 32.0 (imol/L zinc) HepG2 cells. Cells were
cultured for one passage in media containing Chelex-treated serum with zinc added as a
supplement. Total proteins were separated on 10% polyacrylamide-SDS gels, transferred
onto nitrocellulose membranes, and incubated with anti-p53 antibody (DO-l). The same
blot was re-probed with antibody for actin for equal loading. Optical densities of the
protein bands were quantified by using a scanning densitometry (Bio-Rad). Data were
expressed as a percentage of ZN controls. Values shown in bar graph represent means ±
SEM from 3 separate experiments. Different letters indicate significantly different means.
P < 0.05.
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FIGURE 8. Relative p53 mRNA levels in zinc-depleted (ZD0.2, 0.2 [xmol/L zinc;
ZD0.4, 0.4 |xmol/L zinc), zinc-normal (ZN, 4.0 jxmol/L zinc), zinc-adequate (ZA, 16.0
|imol/L zinc), and zinc-supplemented (ZS, 32.0 |imol/L zinc) HepG2 cells. Cells were
cultured for one passage in media containing Chelex-treatcd serum with zinc added as a
supplement. RNase protection products including p53 and L32 probes were separated on
a polyacrylamide gel and quantitated by scanning densitometry (Bio Rad). L32 was used
as an internal reference, and data are expressed as a percentage of ZN controls. Values
are means ± SEM from 3 separate experiments. Different letters indicate significantly
different means, P < 0.05.
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FIGURE 9. Relative nuclear p21 protein levels in zinc-depleted (ZD0.2, 0.2 |imol/L
zinc; ZD0.4, 0.4 |imol/L zinc), zinc-normal (ZN, 4.0 jimol/L zinc), zinc-adequate (ZA,
16.0 (jmol/L zinc), and zinc-supplemented (ZS, 32.0 |imol/L zinc) HepG2 cells. Cells
were cultured for one passage in media containing Chelex-treated serum with zinc added
as a supplement. Nuclear protein extracts were separated on 10% polyacrylamide-SDS
gels, transferred onto nitrocellulose membranes, and incubated with anti-p21 antibody or
with histone HI (AE-4) antibody. Optical densities of the protein bands were quantified
by using a scanning densitometry (Bio-Rad). Data were expressed as a percentage of ZN
controls. Values shown in bar graph represent means ± SEM from 3 separate
experiments. Different letters Indicate significantly different means, P < 0.05.
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FIGURE 10. Relative total p21 protein levels in zinc-depleted (ZD0.2, 0.2 |xmol/L zinc;
ZD0.4, 0.4 |imol/L zinc), zinc-normal (ZN, 4.0 jxmol/L zinc), zinc-adequate (ZA, 16.0
|imol/L zinc), and zinc-supplemented (ZS, 32.0 |iniol/L zinc) HepG2 cclls. Cells were
cultured for one passage in media containing Chelex-treated serum with zinc added as a
supplement. Total proteins were separated on 10% polyacrylamide-SDS gels, transferred
onto nitrocellulose membranes, and incubated with anti-p21 antibody or antibody for
actin for equal loading. Optical densities of the protein bands were quantified by using a
scanning densitometry (Bio-Rad). Data were expressed as a percentage of ZN controls.
Values shown in bar graph represent means ± SEM from 3 separate experiments.
Different letters indicate significantly different means, P < 0.05.
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FIGURE 11. Relative p21 mRNA levels in zinc-depleted (ZD0.2, 0.2 |xmol/L zinc;
ZD0.4, 0.4 liniol/L zinc), zinc-normal (ZN, 4.0 jimol/L zinc), zinc-adequate (ZA, 16.0
jimol/L zinc), and zinc-supplemented (ZS, 32.0 fxmol/L zinc) HepG2 cells. Cells were
cultured for one passage in media containing Chelex-treated serum with zinc added as a
supplement RNase protection products including p21 and L32 probes were separated on a
polyacrylamidc gel and quantitated by scanning densitometry (Bio Rad). L32 was used as
an internal reference, and data are expressed as a percentage of ZN controls. Values are
means ± SEM from 3 separate experiments. Different letters indicate significantly
different means, P < 0.05.
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FIGURE 12. Relative nuclear Mdm2 protein levels in zinc-depleted (ZD0.2, 0.2 fimol/L
zinc; ZD0.4, 0.4 |imol/L zinc), zinc-normal (ZN, 4.0 p,mol/L zinc), zinc-adequate (ZA,
16.0 jimol/L zinc), and zinc-supplemented (ZS, 32.0 |imol/L zinc) HepG2 cells. Cells
were cultured for one passage in media containing Chelex-treated serum with zinc added
as a supplement. Nuclear protein extracts were separated on 10% polyacrylamide-SDS
gels, transferred onto nitrocellulose membranes, and incubated with anti-Mdm2 (SMP14)
antibody. The same blot was re-probed with antibody against histone HI antibody (AE4). Optical densities of the protein bands were quantified by using a scanning
densitometry (Bio-Rad). Data were expressed as a percentage of ZN controls. Values
shown in bar graph represent means ± SEM from 3 separate experiments. Different letters
indicate significantly different means, P < 0.05.
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FIGURE 13. Relative total Mdm2 protein levels in zinc-depleted (ZD0.2, 0.2 }imol/L
zinc; ZD0.4, 0.4 jimol/L zinc), zinc-normal (ZN, 4.0 jxmol/L zinc), zinc-adequate (ZA,
16.0 |imol/L zinc), and zinc-supplemented (ZS, 32.0 |imol/L zinc) HepG2 cells. Cells
were cultured for one passage in media containing Chelcx-treated serum with zinc added
as a supplement. Total proteins were separated on 10% polyaery1amide-SDS gels,
transferred onto nitrocellulose membranes, and incubated with anti-Mdm2 (SMP14)
antibody. The same blot was re-probed with antibody for actin for equal loading. Optical
densities of the protein bands were quantified by using a scanning densitometry (BioRad). Data were expressed as a percentage of ZN controls. Values shown in bar graph
represent means ± SEM from 3 separate experiments. Different letters indicate
significantly different means, P < 0.05.
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FIGURE 14. Relative total Mdmx protein levels in zinc-depleted (ZD0.2, 0.2 jimol/L
zinc; ZD0.4, 0.4 |imol/L zinc), zinc-normal (ZN, 4.0 |imol/L zinc), zinc-adequate (ZA,
16.0 jimol/L zinc), and zinc-supplemented (ZS, 32.0 jimol/L zinc) HepG2 cells. Cells
were cultured for one passage in media containing Chelex-treated serum with zinc added
as a supplement. Total proteins were separated on 10% polyacrylamide-SDS gels,
transferred onto nitrocellulose membranes, and incubated with anti-Mdmx antibody or
with antibody for actin for equal loading. Optical densities of the protein bands were
quantified by using a scanning densitometry (Bio-Rad). Data were expressed as a
percentage of ZN controls. Values shown in bar graph represent means ± SEM from 3
separate experiments. Different letters indicate significantly different means, P < 0.0.
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FIGURE 15. Mdmx in the nuclear, cytoplasm, and total in zinc-depleted (ZD0.2, 0.2
|imol/L zinc; ZD0.4, 0.4 }xmol/L zinc), zinc-normal (ZN, 4.0 |imol/L zinc), zinc-adequate
(ZA, 16.0 fxmol/L zinc), and zinc-supplemented (ZS, 32.0 jxmol/L zinc) HcpG2 cells.
Cells were cultured for one passage in media containing Chelex-treated serum with zinc
added as a supplement. Proteins were separated on 10% polyacrylamide-SDS gels,
transferred onto nitrocellulose membranes, and incubated with anti-Mdmx antibody. For
equal loading correction, actin was used for total protein, whereas histone was used for
nuclear protein.
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Figure 16. Interaction between Mdmx and Mdm2 in zinc-depleted (ZD0.2, 0.2 |imol/L
zinc; ZD0.4, 0.4 |xmol/L zinc), and zinc-normal (ZN, 4.0 jxmol/L zinc) HeG2 cells. Cells
were cultured for one passage in media containing Chelex-treated serum with zinc added
as a supplement. Cell extracts were subject to immunoprecipitation using anti-Mdm2
antibody (SMP14). Immunocomplcxes were suspended in Laemmli sample buffer, boiled
for 3 min and analyzed by Western blot analysis with anti-Mdmx antibcxly. The same
blot was re-probed with anti- Mdm2 antibody. Mdmx values were presented as ratio to
Mdm2 and expressed as a percentage of ZN controls. Values shown in bar graph
represent means ± SEM from 2 separate experiments. Different letters indicate
significantly different means, P < 0.05.
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FIGURE 17. Relative p-p53-Serl5 levels in zinc-depleted (ZD0.2, 0.2 |imol/L zinc;
ZD0.4, 0.4 p,mol/L zinc), zinc-normal (ZN, 4.0 |imol/L zinc), zinc-adequate (ZA, 16.0
|imol/L zinc), and zinc-supplemented (ZS, 32.0 |imol/L zinc) HepG2 cells. Cells were
cultured for one passage in media containing Chelex-treated serum with zinc added as a
supplement. Total proteins were separated on 10% polyacrylamide-SDS gels, transferred
onto nitrocellulose membranes, and incubated with antibody specific for p-p5315 (Ser
15)-R. The same blot was re-probed with antibody for actin for equal loading. Optical
densities of the protein bands were quantified by using a scanning densitometry (BioRad). Data were expressed as a percentage of ZN controls. Values shown in bar graph
represent means ± SEM from 3 separate experiments. Different letters indicate
significantly different means, P < 0.05.
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FIGURE 18. Relative p-p53-Ser392 levels in zinc-depleted (ZD0.2, 0.2 jimol/L zinc;
ZD0.4, 0.4 [imol/L zinc) zinc-normal (ZN, 4.0 jimol/L zinc), zinc-adequate (ZA, 16.0
|imol/L zinc), and zinc-supplemented (ZS, 32.0 jimol/L zinc) HepG2 cells. Cells were
cultured for one passage in media containing Chelex-trcated serum with zinc added as a
supplement. Total proteins were separated on 10% polyacrylamide-SDS gels, transferred
onto nitrocellulose membranes, and incubated with antibody specific for p-p53 Ser (392)
or antibody against actin for equal loading correction. Optical densities of the protein
bands were quantified by using a scanning densitometry (Bio-Rad). Data were expressed
as a percentage of ZN controls. Values shown in bar graph represent means ± SEM from
3 separate experiments. Different letters indicate significantly different means, P < 0.05.
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FIGURE. 19. Relative p-p53-Ser20 levels in zinc-depleted (ZD0.2, 0.2 jimol/L zinc;
ZD0.4, 0.4 |imol/L zinc) zinc-normal (ZN, 4.0 }xmol/L zinc), zinc-adequate (ZA, 16.0
|imol/L zinc), and zinc-supplemented (ZS, 32.0 [imol/L zinc) HepG2 cells. Cells were
cultured for one passage in media containing Chelex-treated serum with zinc added as a
supplement. Total proteins were separated on 10% polyacrylamide-SDS gels, transferred
onto nitrocellulose membranes, and incubated with antibody specific for phospho-serine
20 or antibody against actin for equal loading correction. Optical densities of the protein
bands were quantified by using a scanning densitometry (Bio-Rad). Data were expressed
as a percentage of ZN controls. Values shown in bar graph represent means ± SEM from
3 separate experiments. Different letters indicate significantly different means, P < 0.05.
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FIGURE 20. Interaction between p53 and Mdm2 in zinc-depleted (ZD0.2, 0.2 |imol/L
zinc; 2D0.4, 0.4 |imol/L zinc) and zinc-normal (ZN, 4.0 [imol/L zinc) HepG2 cells. Cells
were cultured for one passage in media containing Chelex-treated serum with zinc added
as a supplement. Cell extracts were subject to immunoprecipitation using anti-Mdm2
(SMP14) antibody. Immunocomplexes were suspended in Laemmli sample buffer, boiled
for 3 min and analyzed by Western blot analysis with anti-p53 antibody. The same blot
was re-probed with anti-Mdm2 antibody. Values of the p53 to Mdm2 ratio were
expressed as a percentage of ZN controls. Values shown in bar graph represent means ±
SEM from 3 separate experiments. Different letters indicate significantly different means,
P < 0.05.
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FIGURE 21. Analysis of p53 conformation in zinc-depleted (ZD0.4, 0.4 jxmol/L zinc)
and zinc-normal (ZN, 4.0 fimol/L zinc) HepG2 cells. Cells were cultured for one passage
in media containing Chelex-treated serum with zinc added as a supplement. Nuclear
extracts were subject to immunoprecipitation with the conformation-specific antibody
PAb 1620 (wild-type specific), PAb240 (mutant specific), and 421PAb (both forms).
Immunocomplexes were suspended in Lacmmli sample buffer, boiled for 3 min, and
analyzed by Western blot analysis with rabbit polyclonal antibody (FL-393).
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FIGURE 22. Relative nuclear c-Abl protein levels in zinc-depleted (ZD0.2, 0.2 |imol/L
zinc; ZD0.4, 0.4 jimol/L zinc), zinc-nonnal (ZN, 4.0 jimol/L zinc), zinc-adequate (ZA,
16.0 }imol/L zinc), and zinc-supplemented (ZS, 32.0 |imol/L zinc) HepG2 cells. Cells
were cultured for one passage in media containing Chelex-treated serum with zinc added
as a supplement. Nuclear protein extracts were separated on 10% polyacrylamide-SDS
gels, transferred onto nitrocellulose membranes, and incubated with anti-c-Abl antibody.
Histone HI (AE-4) antibody was used for equal loading. Optical densities of the protein
bands were quantified by using a scanning densitometry (Bio-Rad). Data were expressed
as a percentage of ZN controls. Values shown in bar graph represent means ± SEM from
3 separate experiments. Different letters indicate significantly different means, P < 0.05.
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FIGURE 23. Relative total c-Abl protein levels in zinc-depleted (ZD0.2, 0.2 jirnol/L
zinc; ZD0.4, 0.4 fxmol/L zinc), zinc-normal (ZN, 4.0 jiniol/L zinc), zinc-adequate (ZA,
16.0 }xmol/L zinc), and zinc-supplemented (ZS, 32.0 [imol/L zinc) HepG2 cells. Cells
were cultured for one passage in media containing Chelex-treated serum with zinc added
as a supplement. Total proteins were separated on 10% polyacrylamide-SDS gels,
transferred onto nitrocellulose membranes, and incubated with anti-c-Abl antibody (N15) or actin antibody for equal loading. Optical densities of the protein bands were
quantified by using a scanning densitometry (Bio-Rad). Data were expressed as a
percentage of ZN controls. Values shown in bar graph represent means ± SEM from 3
separate experiments. Different letters indicate significantly different means, P < 0.05.
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FIGURE 24. Interaction between c-Abl and Mdm2 in zinc-depleted (ZD0.2, 0.2 fimol/L
zinc, ZD0.4, 0.4 jimol/L zinc) and zinc-normal (ZN, 4.0 jimol/L zinc) HepG2 cells. Cells
were cultured for one passage in media containing Chelex-treatcd serum with zinc added
as a supplement. Cell extracts were subject to immunoprecipitation using anti Mdm2
antibody (SMP14). Immunocomplexes were suspended in Laemmli sample buffer, boiled
for 3 min and analyzed by Western blot analysis with anti-c-Abl antibody. The same blot
was re-probed with anti- Mdm2 antibody. Values of c-Abl to Mdm2 ratio were
expressed as a percentage of ZN controls. Values shown in bar graph represent means ±
SEM from 3 separate experiments. Different letters indicate significantly different means,
P < 0.05.
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FIGURE 25 Tyrosine phosphorylation of Mdm2 in zinc-depleted (ZD0.2, 0.2 p,mol/L
zinc, ZD0.4; 0.4 jimol/L zinc) and zinc-normal (ZN, 4.0 [xmol/L zinc) HepG2 cells. Cells
were cultured for one passage in media containing Chelex-treated serum with zinc added
as a supplement. Cell extracts were subject to immunoprecipitation using anti-Mdm2
antibody (SMP14). Immunocomplexes were suspended in Laemmli sample buffer, boiled
for 3 min and analyzed by Western blot analysis with with anti-c-Abl antibody (I) or with
anti-phosphotyrosine antibody (p-Tyr) (III). The same blot was re-probed with antiMdm2 antibody (II).
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FIGURE 26. Relative nuclear p300 protein levels in zinc-depleted (ZD0.2, 0.2 |imol/L
zinc; ZD0.4, 0.4 jimol/L zinc), zinc-normal (ZN, 4.0 jimol/L zinc), zinc-adequate (ZA,
16.0 jxmol/L zinc), and zinc-supplemented (ZS, 32.0 }imol/L zinc) HePG2 cells. Cells
were cultured for one passage in media containing Chelex-treated serum with zinc added
as a supplement. Nuclear protein extracts were separated on 10% polyacrylaniide-SDS
gels, transferred onto nitrocellulose membranes, and incubated with anti-p300 antibody
(N-15) or with histone HI (AE-4). Optical densities of the protein bands were quantified
by using a scanning densitometry (Bio-Rad). Data were expressed as a percentage of ZN
controls. Values shown in bar graph represent means ± SEM from 3 separate
experiments. Different letters indicate significantly different means, P < 0.05.
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FIGURE 27. Relative total p300 protein levels in zinc-depleted (ZD0.2. 0.2 |imol/L zinc;
ZD0.4, 0.4 |imol/L zinc), zinc-normal (ZN, 4.0 p,mol/L zinc), zinc-adequate (ZA, 16.0
(irnol/L zinc), and zinc-supplemented (ZS, 32.0 fxmol/L zinc) HepG2 cells. Cells were
cultured for one passage in media containing Chelex-treated serum with zinc added as a
supplement. Total proteins were separated on 10% polyacrylamide-SDS gels, transferred
onto nitrocellulose membranes, and incubated with anti-p300 antibody (N-15) or
antibody against actin for equal loading correction. Optical densities of the protein bands
were quantified by using a scanning densitometry (Bio-Rad). Data were expressed as a
percentage of ZN controls. Values shown in bar graph represent means ± SEM from 3
separate experiments. Different letters indicate significantly different means, P < 0.05.
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Discussion.
The expression of p53 is under firm negative and positive control. In addition, the
activities and stability of p53 protein is tightly regulated. Under normal condition, the
p53 protein is very labile and is an inactive protein. Mdm2, a principle regulator of p53
stability, functions as an ubiquitous ligase of p53. Moreover, Mdm2 enhances nuclear
p53 export. The present study was designed to determine the influence of intracellular
zinc concentration on the expression of p53 and Mdm2. Our data suggest that zinc
depleted cells demonstrated increases in nuclear p53 and Mdm2 protein (Fig. 6, 12). In
contrast, total p53 and Mdm2 protein were not affected by zinc depletion (Fig. 7, 13).
These findings indicate that accumulation of p53 in the nuclear is not due to a lack of
Mdm2 expression but Mdm2 may have failed to shuttle p53 from the nuclear to
cytoplasm. Reaves et al., (2000) and Fanzo et al., (2001) have also found that in zincdepleted HepG2 cells and human bronchial epithelial cells, p53 mRNA and nuclear p53
protein levels were increased. The ability of Mdm2 to associate with and target p53 for
degradation depends on the phosphorylation of p53. In response to stress and damage,
p53 is phosphorylated at multiple residues, including those spanning the Mdm2 binding
site, resulting in the inability of p53 to bind Mdm2 (Sheih, et al., 1997; Fuchs et al.,
1998)). The phosphorylation of p53 at serine 15, in response to DNA damage, has been
shown to depress the p53-Mdm2 interaction (Dumaz and Meek, 2000). Moreover,
degradation of p53 requires the binding of Mdm2 to p53 (Haupt, et al., 1997; Kubbutat,
et al., 1997). Importantly, our data indicate that zinc deficiency induced phosphorylation
of p53 at serine 15 and 392 (Fig. 17, 18). In addition, zinc deficiency reduced the
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association of Mdm2 with p53 (Fig 20). The phosphorylation at serine 15, is strongly
associated with the response to DNA damage (Burma et al., 1999; Fiscella et al, 1993;
Kapoor et al., 2000), and is known to affect the p53/Mdm2 interaction (Dumaz et al,
1998). Moreover, phosphorylation at serine 15 has been established to be required for
stabilization of p53 in response to DNA double-strand breaks (Lees-Miller et al 1992).
One of the most straightforward ways to stabilize p53 would be to prevent the p53/Mdm2
interaction by stress induced modification of p53 or Mdm2 or both. Several studies have
shown that enhanced phosphorylation of the p53 protein at serine 15 or serine 20
decreased the p53/Mdm2 interaction (Shieh et al., 1997; Unger et al., 1999; Fuchs et al.,
1998; Bottger et al., 1999). These findings strongly suggest that in zinc deficient cells, the
phosphorylation of p53 at serine 15 may have contributed to a depressed association of
p53 with Mdm2 and resulted in the accumulation of p53 in the nucleus.
p38 has been shown to be activated in response to stresses (Han et al., 1994). In
addition, p38 kinase can directly interact with p53 and phosphorylate p53 at several
serine sites including serine 15, 33, and 46 in response to DNA damage (Bulavin et al.,
1999; Keller et al., 1999). p38 has been reported to be required for the activation of
casein kinase 2 (CK2), which can phosphorylate p53 at serine 392 (Keller et al., 1999;
Sayed et al., 2000). Phosphorylation of the p53 protein at serine 392 has been shown to
be required for p53 tetramerization and stabilization (Sakaguchi et al., 1997). Activation
of p38 in response to zinc deficiency has been shown in our lab (private communication
with L. Cui). p53 is also phosphorylated by ataxia telangiectasia mutated ATM and
phosphoinositide-3-kinase (PIK) related family. ATM has been implicated in serine 15
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phosphorylation (Banin et al., 1998; Nakagawa et al., 1999; Shieh et al., 2000; Siliciano
et al., 1997), which is enhanced by DNA damage (Nakagawa et al., 1999; Siliciano et al.,
1997) and is associated with enhanced p53 transcriptional activities (Dumaz and Meek.
1999; Sakaguchi et al., 1998; Shieh et al., 2000). Phosphorylation of p53 in serine 15 and
20, following genotoxic stress (Canman et al., 1998; Meek, 1998; Shieh et al., 1997;
Shieh et al., 1999; Siliciano et al, 1997; linger et al., 1999), has been shown to impair the
interaction between p53 and Mdm2, as well as enhance p53 accumulation (Prives, 1998;
Shieh et al, 1999; Unger et al., 1999a, b). More importantly, inhibition of
phosphatidylinositol 3-kinase (PI3K) family members inhibits nuclear p53 accumulation,
implicating a role for the PDk family members such as PI3K, ATR, and/or ATM in the
promotion of p53 nuclear accumulation in response to zinc deficiency. Since ATM
promotes p53 nuclear accumulation and enhanced phosphorylation of p53 at serine 15
(Fig 17) in response to low zinc status was observed in the present study, these
mechanisms may be responsible for the observed increase in nuclear p53 accumulation
(Fig 6) in response to zinc deficiency. Thus, taken together, these findings provide a
likely mechanistic explanation for 53 nuclear accumulation and the failure of Mdm2 to
shuttle p53 from the nucleus to cytoplasm.
Zinc plays at least two roles in p53 conformation: structure role and a regulatory
role by protecting the protein against thiol oxidation. The conformation change to
"mutant" form induced by zinc chelators such as TPEN can be explained in three possible
ways: TPEN directly removed zinc from p53; TPEN altered the intracellular availability
of zinc; and/or TPEN affected components of signaling pathways such as kinases or
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phosphatases controlling p53 conformation (Verhaegh et al., 1998). The exposure of
recombinant p53 to metal chelators has been shown to disrupt the structure of the DNAbinding domain and annihilate the capacity of p53 to bind specifically to DNA in vitro
(Hainaut and Milner, 1993a, b; Pavletich et al., 1993). When "wild type" p53 was
exposed to 1,10-phenathroline (OP), a non-specific zinc chelator, p53 adopted a "mutant"
conformation. The conversion was shown to be reversible when ZnC12 was added back.
Exposure to EDTA or EGTA, which are metal chelating agents, altered the wild-type
conformation of p53 in a does-dependent manner. (Hainaut and Milner, 1993). Metal
chelation resulted in the formation of disulphide-linked p53 complexes, suggesting that
removal of the zinc atom favored oxidation of cysteine residues within the DNA-binding
domain. The cysteine residues within the DNA-binding domain have been established to
be critical for DNA binding. The "wild-type" p53 conformation can be modulated by
oxidation-reduction reactions and these cysteines may play an important role in these
reactions (Hainaut and Milner, 1993). In addition, thiol-antioxidants have been shown to
stabilize the structure and enhance the binding of p53 to DNA (Hainaut and Milner,
1993b). Site directed mutagenesis of the 11 cysteines within the DNA-binding domain
has confirmed the important role of the zinc-binding cysteines, but also demonstrated that
other residues may also be important in controlling the redox-sensitivity of protcin-DNA
interaction (Rainwater et al., 1995). When a reductant, 1,4-dithio-1 -threitol (DTT), was
added to p53, it folded into its wild-type conformation and enhanced DNA binding
activity (Hainaut, et al., 1995), indicating that conformation and activity was highly
affected by the redox state. DNA binding was decreased when cysteines were replaced
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with serines at 173, 235, or 239. These three cysteines have been observed to bind zinc
(Cho et al., 1994). Using conformation-specific antibodies, the inhibitory influence of
TPEN has been shown to induce p53 accumulation in its "mutant" form and depressed its
DNA-binding activity in MCF-7 cells (Verhaegh et al., 1998). TPEN treatment was
shown to be correlated with a change in p53 protein conformation, similar to the one
observed in recombinant p53 exposed to metals chelators in vitro. Taken together, these
data indicate that chelation of zinc inactivated p53 in intact cells (Meplan and Hainaut,
1999). Removal of TPEN from the culture medium, allowed p53 to fold back in the
native conformation and restored DNA-binding activity. The presence of zinc ions was
needed for the refolding of p53 in the culture medium. When culture medium containing
TPEN was replaced by a metal-free medium, p53 remained inactive. However, we found
mild zinc deficiency, at level 0.4 [aM zinc, not to affect nuclear p53 conformations in
cells maintained in ZD0.4 medium when compared with ZN medium (4 |xM Zinc) (Fig.
21). This finding indicates that trace amount of zinc is sufficient to keep p53 in the "wildtype" (folded) form. Moreover, the addition of trace amount of zinc ions to this metalfree medium was sufficient to fully restore the "wild type" form and p53 binding activity
(Meplan et al., 1999b, 2000; Meplan and Hainaut, 1999). As TPEN induced p53 to
accumulate, removal TPEN caused a dramatic increase in DNA-binding activity
correlated with increased transcription of target genes such as p21^'^^'"' and transient cellcycle arrest at the Gl/S border (Meplan and Hainaut, 1999). However, the zinc-deficient
conformation change induced by the use of membrane permeable TPEN may not occur
under physiological condition. In the present study, no alteration in p53 conformation
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distribution was observed in cells depleted of zinc by culturing in a mild zinc deficient
medium, which may occur under physiologic condition.
An alternative explanation for the failure of Mdm2 to ubiqitinate is that Mdmx is
known to stabilize p53 protein by interaction with Mdm2 (Migliorini, et al., 2002) and
interfere with Mdm2-dependent p53 nuclear export. The ability of Mdmx to stabilize
p53 in the presence of Mdm2 is most likely resulted from the direct binding of Mdmx to
Mdm2 (Jackson and Berberich, 1999). Interestingly, we have shown that the binding of
Mdmx to Mdm2 was higher in ZD cells than in ZN cells (Fig. 16). Moreover, our date
indicate that zinc deficiency decreased the cytoplasmic and total cellular Mdmx protein
(Fig. 15). In contrast, Mdmx protein in the nucleus was not affected in all treatment
groups (Fig. 15), which indicated that Mdmx distribution in the nucleus was maintained
even in zinc depleted cells. These findings also demonstrated that Mdmx was mainly
localized in the cytoplasm. Previous studies have shown that Mdm2 is involved in the
regulation of the intracellular localization of Mdmx and Mdmx is capable of modulation
several functions of Mdm2 including ubiquitin ligase activity and p53 nuclear export
(Migliorini et al., 2002). Since Mdmx does not have its own nuclear localization
sequence (NLS), the NLS of Mdm2 would contribute to nuclear distribution of the
Mdm2/Mdmx complex (Gu, et al., 2002). Although Mdmx is capable of associating with
p53, Mdmx is unable to facilitate nuclear export of p53 or induce p53 degradation
(Jackson and Berberich 1999). The zinc finger and RING finger domain of Mdm2 have
been established to be responsible for the binding of Mdm2 to Mdmx (Tanimura, et al.,
1999). Mdmx has been shown to counteract the degradation of p53 by Mdm2, and to
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stabilize both p53 and Mdm2. Thus, in ZD ceils, Mdmx may be involved in the
enhancement of p53 and Mdm2 stability through its interaction with Mdm2. However,
the mechanism responsible for the increase in the interaction of Mdmx with Mdm2, in
response to zinc deficiency, is unknown. The RING finger of Mdmx was shown to be
necessary and sufficient for this stabilization. Moreover, the RING finger of Mdmx
probably may be involved in the hetero-oligomerization with the RING finger of Mdm2,
leading to the inhibition of Mdm2's ubiquitin ligase activity. However, Mdmx has been
shown to be unable to relieve the ability of Mdm2 to inhibit transcription activation by
p53, probably due to the formation of a trimeric complex consisting of Mdmx, Mdm2,
and p53. In addition. Mdmx is known not to target p53 for proteasome-mediated
degradation resulting in elevated levels of p53 and Mdm2 (Stad et al., 2001). This effect
is mainly mediated by the RING finger of Mdmx, which, through the interaction with the
RING finger of Mdm2, probably inhibits Mdm2's ubiquitin ligase activity (Tanimura. et
al., 1999; Stad et al., 2001). The importance of the RING finger domain in ubiqitination
is supported by the fact that many RING finger proteins have been observed to be
associated with ubiqitin and /or to target specific proteasome-dependent degradation (Li
et al., 1997; Tang et al.. 1997; Fang et al., 1999). Importantly, several RING finger
proteins have been directly shown to coordinate zinc (Lai et al., 1998; Roehm et al.,
1999). Furthermore, Mdm2 mediates its own ubiquitin in a RING finger dependent
manner. The intrinsic E3 activity of Mdm2 is depended on its zi nc-coordi nated RING
finger domain. This activity was abrogated due to mutation of putative zinc coordination
residues, as well as the chelation or depletion of divalent cations. After zinc
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supplementation, this activity could be restored. Degradation of p53 and Mdm2 in cell
requires additional potential zinc-coordinating residues beyond that required for activity
of Mdm2 (Fang et al., 1999). Taken together, this notion was supported by our
observation that zinc deficiency enhanced the accumulation of both Mdm2 and p53 in the
nucleus.
p53 has been shown to be involved in other cellular function such as targeting
regulatory genes involved in oxidative stress response as well as in cytotoxic stresses
(Kastan, et al., 1991). The mechanism by which zinc deficiency induced DNA damage is
most likely a combined effect of increased oxidative stress and an impairment of DNArepair signal pathway (Ho and Ames, 2002). p53 has been shown to be sensitive to
oxidative stress because the specific cysteine residues are within the zinc-finger like
motif of p53 capable of binding DNA (Haiunaut and Milner, 1993). Moreover, zinc
deficiency could have induced stress, whether oxidative or cell proliferative, and
provoked signals that resulted in a posttranscriptional up regulation of p53. The
antioxidant function of zinc and ability of zinc depletion to induce stress has been
observed by Ho and Ames (2002). Zinc deficiency has been reported to enhance the
production of both reactive oxygen species and reactive nitrogen species. However, the
mechanism by which zinc deficiency induces oxidative stress is unclear. Zinc deficiency
may impair mitochondrial functions, causing a build up of free radical species, which
may impair the electron transport chain. Furthermore, several subunits involved in
electron transport chain have been reported to be down regulated in zinc deficiency (Ho
et al., 2001; Ho and Ames, 2002).
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In response to zinc deficiency, nuclear c-Abl was found to be decreased in the
nuclear (Fig, 22). whereas total cellular c-Abl protein level was not affected in the present
study (Fig. 23). These findings indicate that the transportation of c-Abl into the nucleus
may be impaired or the exportation of the c-Abl out of the nucleus may be enhanced by
zinc deficiency. Interestingly, the cytoplasmic and not nuclear form of c-Abl has been
shown to be activated by oxidative stress; whereas the nuclear form of c-Abl is activated
in the cellular response to genotoxic stress (Sun et al., 2000). Moreover, in response to
stress, c-Abl protects p53 by neutralizing the effect of Mdm2 on p53 degradation. c-Abl
induces both the rate and extent of p53 accumulation in the nucleus as well as prevents its
nuclear export by Mdm2 and E6-AP. Indeed, c-Abl is needed for the efficient
accumulation of p53 in the nuclei of cells exposed to DNA damage (Sionov et al., 2001).
Interestingly, we found an enhanced association of c-Abl with Mdm2 in response to zinc
deficiency (Fig.24). This enhanced binding of c-Abl to Mdm2 may lead to accumulation
of Mdm2 and stabilize p53 (Goldberg et al., 2002). In response to DNA damage, ATM
and c-Abl have been reported to play important roles in the accumulation of p53 (Kastan
et al., 1992; Sionov et al., 2001). Recent evidences indicate that ATM and c-Abl are
responsible for the phosphorylation of Mdm2 on S3945 and Y394, respectively, (Maya ct
al., 2001; Goldberg et al., 2002) and for exerting an inhibitory effect on Mdm2 activity,
thereby contributing to the rapid accumulation of p53 in response to DNA damage
(Goldberg et al., 2002). Furthermore, ATM is known to act upstream of c-Abl in response
to DNA damage. Interestingly, ATM binds, phosphorylates, and activates c-Abl in
response to DNA damage (Baskaran et al., 1997; Shafman et al., 1997). In the present
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study, the phosphorylation of tyrosine in Mdm2 is higher in ZD cells (Fig 25) indicating
that the activity of c-Abl may be higher in the ZD cells. Taken together, these finding
suggest that c-Abl may contribute to the accumulation of both p53 and Mdm2.
p300 and Mdm2 play an interactive role in the normal condition. In addition,
p300 controls p53 turnover through the formation of complex with p53. More
importantly, the absence of adequate amount of p300 could eliminate the Mdm2regulatory feedback. Moreover, the apoptotic activity of p53 could be affected by p300mediated modulation of its degradation (Giordano and Avantoggiati, 1999). We found
that the expression of p300 protein was severely depressed in response to zinc deficiency
(Fig. 26, 27). The lack of p300 in ZD cells in our experiments may severely impair the
p300/Mdm2 interaction, which is essential for p53 degradation (Grossman, et al., 1998).
Moreover, p300 may function as a platform brining together the necessary catalytic and
regulatory factors required for p53 interaction and ubiquitination in ZD cells (Grossman,
et al., 1998).Taken together, the absence of p300 may mediate the accumulation of p53 in
ZD cells. However, the important question derived from in this study is by which
mechanism zinc depletion depresses p300 protein expression.
Nuclear and total cellular p21 protein, as well as p21mRNA, a major down stream
p53 target, were deceased in ZD cells (Fig. 9, 10, 11). This strongly suggests that the
effect of zinc depletion on p21 expression occurs mainly at the transcription level.
However, in response to injury, the observed increased in p21 protein levels as well as
p21 mRNA may be transcriptionally up-regulated. Other researchers have shown that p21
mRNA was upregulated in human prostate carcinoma cell lines when treated with zinc
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(Liang et al., 1999). Moreover, within the human partial promoter region of p21, there are
five perfect metal-responsive elements (MREs), which may be regulated by zinc (ElDeiry et al, 1993). With zinc deficiency, the regulation of MREs may be affected, which
in turn may decrease p21 transcription. Further studies will have to be designed to use
electrophoretic mobility shift assays and transfection experiments, performed under zinc
deficiency conditions, to identify how zinc affects the p53 response elements within the
p21 promoter sequences. The p53-dependent transcription of p2I has been shown to
require intact Spl-bining site in the p21 promoter as well as physical interaction between
p53 and Spl ( Xiao et al., 2000; Koutsodontis et al., 2001; Gartel et al., 2001;
Koulsodontis et al., 2002). Furthermore, physical and functional interaction of Spl with
p53 are required for p53 to full activate the p21 promoter in HepG2 cells (Koutsodontis
et al., 2001). Therefore a depressed interaction between Spl and p53 may be part of a
mechanism involved in the inhibition of p53 to activate p21 transcription in response to
low zinc status.
In summary, our data suggest that an important posttranslational mechanism is
responsible for the accumulation of p53 in zinc deficiency. We believe that many nuclear
factors and responsive elements are involved in p53 regulation and stability. The
accumulation of p53 in the nucleus is not due to a lack of Mdm2 expression but Mdm2
may have failed to shuttle p53 from the nucleus to cytoplasm. These findings suggest that
p53 may accumulate in the nucleus due to a variety of ways. However, we believe that
the most direct way that zinc deficiency stabilizes p53 may be by preventing the
interaction of p53/Mdm2 by the phosphorylation of p53 protein at serine 15. Moreover,

147

by enhancenig the interaction with Mdm2, c-Abl may contribute to the accumulation of
nuclear p53 and Mdm2 in zinc deficient cells. Furthermore, the depressed expression of
p300 protein in zinc deficient cells may impair the degradation of p53. Additional studies
are needed to address whether these molecules work alone or interactively with others for
proper cellular functions. According to our results, we have derived a working model,
which summarized the mechanisms that may be responsible for the accumulation of p53
and Mdm2 in zinc deficient HepG2 cells (Fig, 28).
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Figure 28. Possible mechanisms responsible for the accumulation of p53 and Mdm2
in the nucleous.
Zinc deficiency
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CHAPTER FOUE
CONCLUSION
HepG2 cells were cultured in the zinc-depleted and supplemented media. Chelex
100 resin, a divalent ion-chelating resin, was used to deplete zinc from FBS before the
FBS was combined with DMEM. The DMEM with 10% Chelexed FBS, containing 0.2
and 0.4 jimol of zinc per L were termed the zinc-deficient ZD0.2 and ZD0.4 media,
respectively. For the other treatment groups, the zinc-normal (ZN), the zinc-adequate
(ZA), and zinc supplement (ZS) medium contained 4, 16, and 32 |imol/L ZnSOi,
respectively, added to the zinc-free basal medium. The ZN medium was used as a
comparison to standard culture medium, and ZA was used as a representative of human
plasma zinc levels. The zinc supplemented (ZS) medium was used to represent plasma
zinc level attainable by oral zinc supplementation. Cells were grown in ZD0.2, ZD0.4,
ZN, ZA, or ZS medium for nearly one passage in the zinc-depleted and supplemented
media. Growth as measured by DNA content per plate was depressed in ZD0.2 to 78.2 %
of ZN cells. In addition, no differences in DNA were observed among the ZD0.4, ZN,
ZA, and ZS. Cellular zinc levels were expressed per cellular DNA to correct for any
differences in cell number between plates. In ZD0.2 and ZD0.4 cells, cellular zinc
concentration was reduced 67% and 56%, respectively, of that of ZN control. Moreover,
cellular zinc levels in ZA (84 ± 2.3 %) and ZS (127 ± 3.3 %) were significant higher than
ZN cells (100 ± 3.8 %). Furthermore, cellular zinc level in ZS cells was higher than ZA.
Nuclear p53 protein levels in ZD0.2. and ZD0.4 were nearly 200 % and 140 %,
respectively, higher than in the ZN control cells. Moreover, there were no significant
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differences in the nuclear p53 protein among Zn, ZA, and ZS cells. In contrast, no
significant differences were detected in total p53 protein among treatment groups. More
than 40 % increase in p53 mRNA levels was detected in ZD0.4 as compared with ZN
cells. However, p53 mRNA level was nearly 60 % lower in ZD0.2 when compare to ZN.
Furthermore, no significant difference in p53 mRNA abundance was detected among ZN,
ZA, and ZS cells. These data indicate that translation and post translation mechanisms
may have contributed to the accumulation of p53 in the nucleus other than an increase
p53 transcription being responsible.
p21 protein, one of the major downstream p53 targets, was affected by zinc
treatment. Nuclear p21 protein levels in the ZD0.2 and ZD0.4 were more than 40 %
lower than in ZN cells. Similarly, total p21 protein levels in the ZD0.2 and ZD0.4 were
nearly 60% and 40 %, respectively, lower than in ZN cells. The p21 mRNA levels in
ZD0.2 and ZD0.4 cells were almost 60 % lower than in ZN cells. In addition, no
significant differences were detected in nuclear and total p21 protein levels as well as p21
mRNA abundance among the ZN, ZA, and ZS cells.
Mdm2 protein has been shown to play a key role in p53 degradation. Moreover,
Mdm2 is known to enhance p53 nuclear export. Interestingly and surprising, Mdm2
nuclear protein was significantly increased in ZD0.2 and ZD0.4 as compared with ZN
control group. In addition, nuclear Mdm2 levels were not different among ZN, ZA, and
ZS cells. Total Mdm2 protein levels remained stable in all groups. Total and cytoplasmic
Mdmx protein levels were lower in ZD0.2 and ZD0.4 cells than in ZN cells. No
difference in total and cytoplasmic Mdmx protein levels were detected in ZN, ZA, and

151

ZS cells. Similarly, no differences were detected in nuclear Mdmx protein among the
treatment groups. Interestingly, the amount of Mdmx bound to Mdm2 was increased in
ZD0.2 and ZD0.4 cells when compared with ZN cells. The ability of Mdm2 to associate
with, and target p53 for degradation has been reported to be depressed following the
phosphorylation of p53 in response to stress and DNA damage. Importantly, zinc
depletion increased the phosphorylation of p53 at serine 15 and 392. Most interestingly
Mdm2/p53 interaction was significantly decreased in ZD0.2 and ZD0.4 cells as compared
with ZN cells. In addition, Mdm2/p53 interaction was significantly lower in ZD0.2 cells
when compared with ZD0.4.
The nuclear c-Abl protein level was significantly depressed in ZD0.2 and ZD0.4
when compared to ZN cells. Moreover, no difference was detected among ZN, ZA, and
ZS cells. In contrast, no significant difference in total c-Abl protein levels were detected
among all treatment groups. Interestingly. c-Abl and mdm2 interaction was higher in
ZD0.2 and ZD0.4 cells as compare to ZN cells. Importantly, the tyrosine phosphorylation
of Mdm2 was found to be higher in ZD groups as compared with ZN.
In zinc deficient cells, we observed the surprising and important findings of
marked reductions in the level of both nuclear and total p300 protein, which known to act
as platform for bringing p53, Mdm2, and other regulatory factors together for p53 nuclear
export and degradation. Nuclear and total p300 protein levels in ZD0.2 and ZD0.4 cells
were significant lower in ZD0.2 and ZD0.4 when compared with ZN. Moreover, no
differences in nuclear and total p300 protein levels were shown among the ZN, ZA, and
ZS cells.
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The accumulation of nuclear p53 is not due to a lack of Mdm2 expression but
Mdm2 may have failed to shuttle p53 from the nucleus to cytoplasm. These findings
suggest p53 may accumulate in the nucleus due to a variety of ways. However, we
believe that the most direct way that zinc deficiency stabilizes p53 may be by preventing
the interaction of p53/Mdm2 by the phosphorylation of p53 protein at serine 15.
Moreover, by interacting with Mdm2, Mdmx and c-Abl may also contribute to the
accumulation of nuclear p53 and Mdm2 in zinc deficient cells. Furthermore, the
depressed expression of p300 protein in zinc-deficient cells may severely impair the
degradation of p53.
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