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ABSTRACT

THE ROLE OF HIF1a SIGNALING IN METAL-INDUCED TOXICITY

By

Ajith Vengellur

Oxygen is critical for all aerobic organisms and they have well developed cell
signaling systems in place to maintain homeostasis under oxygen deprivation.
Hypoxia inducible factor 1a (HIF1a) is the major transcription factor that
mediates the cellular response to hypoxia in higher eukaryotes. HIF1a protein
undergoes proteolytic degradation under normoxia by the concerted activity of
HIF prolyl hydroxylase (PHD) that modifies HIF1a and the Von hippel-lindaeu
(VHL) protein that recognizes the hydroxyproline and instigates HIF1a's 26s
proteosome dependent proteolysis. PHDs require oxygen and 2-oxoglutarate as
substrates and iron and ascorbate as cofactors. Divalent metals such as cobalt
and nickel and iron chelator desferoxamine act as hypoxia mimic by inhibiting
PHDs. Global gene expression profiling in Hep3B cells revealed that cobalt,
desferoxamine and hypoxia modulate the expression a battery of common
genes. We hypothesized that divalent metal ions may cause toxicity to cells by
their ability to aberrantly activate HIF 1 signaling under normoxia. Using wild type
and HIF1a null mouse embryonic fibroblasts, we showed that cobalt and hypoxia
treatments induce similar HIF1a dependent gene expression patterns (i.e. cobalt

exposure includes ‘signature hypoxia genes’). For example, cobalt exposure



leads to elevated levels of genes with characterized hypoxia response elements,
including many glycolytic enzymes, glucose transporters and the pro-death
factors, NIX and BNip3. BNIP3 expression was only observed in the wild type
cells and its increase had functional significance, leading to caspase-
independent cytotoxicity. Moreover, shRNA that specifically reduced the levels
of BNIP3 within the cell were shown to be protective against cobalt-induced cell
damage. In contrast, cadmium treatment does not stabilize HIF1a protein and is
more toxic to HIF1a null cells compared to wild type cells, and cadmium
exposure induces apoptotic cell death characterized by chromatin condensation
and caspase-3 activity. Cadmium treatment also causes increased oxidative
stress, and cadmium induced toxicity could be prevented by co-treatment with N-
acetyl cysteine and melatonin. The increased susceptibility of HIF1a -/~ cells to
cadmium-induced damage could be due, in part, to the fact that these null cells
had elevated levels of ROS in the untreated condition and a compromised ROS
scavenging system. Taken together, our results suggest that cobalt-induced cell
damage is promoted through HIF 1o stabilization, and subsequent transcriptional
activation of BNip3 gene and cadmium-induced cytotoxicity is due to ROS
generation and the compromised nature of the ROS scavenging system in the
HIF1a -/- cells. This study suggests that HIF 1 signaling is an important factor in
the underlying pathology of injuries seen in workers exposed to metals, such as
cobalt and cadmium, and understanding this connection is critical to our ability to

cope with these injuries.
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INTRODUCTION

l. Metals

L.A. History

The earliest form of life is thought to have evolved on the face of earth
approximately four billion years ago from a pre-biotic soup, rich in various
chemical nutrients (1). Current theory suggests that RNA molecules were
produced in the early days by random chemical reactions. These RNA's later
acquired the ability to perform catalysis and self replication and were possibly
enclosed in micelles leading to the origin of the early life form (2). It is also
thought that the catalytic activity of RNA was dependent on the presence of
divalent cations (3). As time passed, organisms evolved into more complex life
forms through multiple cycles of mutation and natural selection. Even as DNA
rose in prominence and the major role of catalysts were taken over by proteins,
the role of divalent cations in facilitating various chemical reactions was

conserved (4).

Meanwhile, the process of evolution and natural selection lead to the creation of
advanced life forms like vertebrates and subsequently mammals such as Homo
sapiens that require certain metals as essential nutrients. It was not until the late
Stone Age, approximately 8000 B.C. that the use of metal or rather metal rich
mineral rocks were first introduced as tools for hunting (5). Metals, such as gold
and silver, which occur more or less in the pure form, were the first to be used

along with rocks rich in copper. The Bronze Age, which occurred around 3500



B.C., began a new age with the production of tools for farming and hunting thus

ushering in the new era of metallurgy.

It took a further two millennia for the advent of the Iron Age when iron tools and
steel production began in earnest. By this time people began combining different
metals and minerals to produce alloys with distinct properties. The discovery of
new metals and alloys heralded an era where human civilization was pushed to
new heights by the introduction of advanced tools that took advantage of the
strength and malleability of these new materials (6). Many new metals, such as
cobalt, cadmium, uranium were discovered after the advent of the new field of
chemistry and advances in metallurgy. By this time the exploitation of natural
resources by mining and further refining had created enormous global industries,
fostering advances in many fields such as aerospace and atomic energy. This
also resulted in increased exposure of worker, as well as, the general population,

to various potentially toxic metals and minerals.

I.B. Metal lons in Biological systems

Metals ions are associated with almost one third of all enzymes and are essential
for their activity (7). A metal's ability to rapidly transfer electrons facilitates
enzyme catalyzed reaction and without the metal a metalloenzyme’s activity is
drastically reduced. Since metals ions are generally positively charged and act
as electrophiles, they can operate as a buffer system facilitating

reduction/oxidation (redox) reactions (8, 9). In addition, metals are essential for



maintaining pH in cells via their role in ion transport, and play equally critical roles
in cellular energy production via their role in the electron transport chain (ETC)
(10). Most organisms employ coupled oxidoreductase systems for the
production of energy, a process known as oxidative phosphorylation. In higher
life forms, the ETC employs a variety of metalloproteins to transfer electrons
obtained through oxidation of carbons to oxygen, producing ATP and water. The
metalloproteins of the ETC utilize the energy produced as the electrons move
through the ETC to transport H' ions across the inner-membrane of the
mitochondria. This process is coupled to energy production by ATP synthase
(also known as Complex V) that utilizes the membrane potential to drive the
production of ATP. Therefore, metals are essential to energy production and

thus life of a cell.

Nevertheless, not all metal ions are utilized by living things. Many of the heavy
metals (i.e. metals that are heavier than the rare earth metals), such as mercury
and arsenic are not employed by cells and are generally toxic to most life forms
(11). Even metals that play an essential role in supporting life the levels are
maintained within a strict limit. Any change in the homeostasis of these metals is
detrimental to the cells. They can have adverse reactions with cellular

components such as proteins, lipids and nucleic acids (9).

I.C. Transition Metals



In chemistry, a metal (Greek: Metallon) is an element that readily forms ions
(cations). The metals are one of the three groups of elements, along with the
metalloids and nonmetals, each distinguished by their ionization and bonding
properties. The transition metals are distinguished by the number and
distribution of electrons in their outer two shells and include metals such as iron,
zinc, manganese, molybdenum, nickel, cobalt, and cadmium. The properties
inherent in the distribution of these electrons, accord these metals certain

features, such as high tensile strength and different oxidation states.

Metals, such as iron, calcium, and zinc, play critical roles in major biological
processes at molecular level (12). Among all these metals, iron has a central
metabolic role as it facilitates many critical cellular processes, such as oxygen
transport (e.g. hemoglobin and myoglobin) and energy production (e.g. ETC).
Evolution of complex life forms, such as vertebrates, was made possible by the
ability to deliver oxygen to distant tissues, an iron dependent process (13).
Moreover, the evolution of the electron transport chain, a system that requires
iron and copper, increased the efficiency of energy production. Zinc, another
essential nutrient, plays a major role as a prosthetic group for various enzymes
and associates with many transcriptional factors (Table 1). Calcium plays a
major role in various intercellular signaling processes and along with magnesium
and sodium, plays a central role in regulating cellular pH levels and neural

signaling (14). Because of the major role played by these metals, they are



Table 1: Metalloproteins in Organisms

Metal Class Protein

Iron - Heme Oxygen Transport Hemoglobin
Cytochromes Cytochrome C
Cytochrome Peroxidases Horseradish peroxidase
Cytochrome P-450 Cytochrome P-450
Oxygenases Heme Oxygenase

Oxido-Reductases

Cytochrome ¢ oxidase

Iron — Non-Heme | Iron-Sulfur Clusters Rubredoxin
Mononuclear Iron Proteins | Fe-SOD
Dinuclear Iron Proteins Ribonucleotide Reductase
Iron Storage Ferritin
Iron Transport Transferrin
Nickel Urease
Nickel-lron Hydrogenases
Peptide Deformylase
Selenium Peroxidase Glutathione peroxidase
Manganese Mn-Superoxide Dismutase
Arginase
Aminopeptidase P
Cobalt Glutamate Mutase
Methylmalonyl CoA Mutase
Methionine Synthase
Vanadium Vanadium Haloperoxidase
Molybdenum / Nitrrogenase
Tungsten Aldehyde Oxidoreductase
CO Dehydrogenase
Copper Type1 Copper Proteins Plastocyanin
Type-2 Copper Enzymes Cu-Zn Superoxide Dismutase
Type-3 Copper Enzymes Hemocyanin
Binuclear Copper Binuclear Copper A
Multicopper enzymes Ascorbate oxidase
Copper storage Copper Metallothionein
Zinc Oxidireductases
Transferases Protein prenyitransferase
Hydrolases: Ester bonds 5'-Nucleotidase
Hydrolases: Peptide bonds | Matrix metalloproteinase
Other Hydrolases GTP Cyclohydrolase 1
Lyases Carbonic Anhydrase
Zinc-Fingers RING Domain proteins
Zinc Storage Metallothioneins
Other Zinc proteins Insulin
Calcium EF-H and Ca* binding | Calmodulin
EGF-Domains
GLA Domains
C2-Like Domains
Magnesium Chlorophyll Mg-protoporphyrin IX chelatase
ATPases Mg(2+) transport ATPase,
Transporters Magnesium transporter protein 1




considered as essential nutrients, however; under various conditions, these

metals can also become toxic and aberrantly influence cellular function.

The reactive nature of these metal ions is essential for their biological activity and
is also responsible for cellular damage following exposure to excess metal levels.
These metals tend to react with acids and other functional groups, forming
various adducts, and tend to undergo oxidation reactions producing various
reactive species (15). Several metals, such as iron and cobalt, are capable of
undergoing Fenton-like reactions (Figure 1). Fenton-like reactions lead to the
production of reactive oxygen species (ROS) when the metal reacts with
hydrogen peroxide, producing extremely reactive hydroxyl radicals. These
hydroxyl radicals can begin a cascade of chemical reactions producing other

types of ROS within the cell, causing cellular damage (16).

Belonging to the same class of periodic table, transition metals have similar
chemical properties and valence states. Because of this, it is important for the
cells to regulate the levels of various metals so as to prevent them from inhibiting
each other's chemical function. An increase in exposure to metals such as
cobalt and nickel which are essential for the function of many enzymes and
proteins but are not considered essential nutrient, may lead to the disruption of
metal ion homeostasis (17). Many proteins that contain co-coordinately bonded
metal ions such as non-heme iron and zinc at their catalytic site are prone to

replacement by nickel and cobalt ions because of their similarity in charge and



Fenton Reaction

Fe?* + H,0, —»  Fe3* +OH +OH

Fe3* + 02. ’ Fe?* + 02

Haber-Weiss Reaction

H,0,+ O, ——» 0,+OH +'OH

Fenton-like Reaction of Metals

M™ + H,0, —_— M1 + OH- + *OH

M1 + O, — M™+0,

Figure 1. Fenton Reaction

Iron, Cobalt, Nickel, Copper and Manganese can be oxidized by H,0,
producing hydroxyl anion and hydroxyl radicals. The oxidized metal ions
gets reduced by superoxide anion. This can lead to a continuous cycle of
ROS production.



size (18). Moreover, metals such as cadmium and arsenic can bind to proteins,

forming adducts that can disrupt normal cellular processes (19).

I.D. Cobalt

I.D.1.0ccurrence

Cobalt is a magnetic element with ferrous-like properties. It occurs as arsenides,
oxides and sufides in nature and its introduction into manufactured goods began
in Egypt and Persia in second century B.C. as a dye for pottery. Later, Leonardo
Da Vinci used cobalt for its bright color in oil paints. The actual element was
isolated by the Swedish chemist, George Brandt in the early 18" century and
T.O. Bergman identified it as an element in 1780 (20). The first cobalt-containing
permanent magnetic alloy, called alnico, was developed in 1930. Cobalt is
usually not seen in the free form and exists as ores with other metals such as
copper, silver and nickel. The main cobalt ores are cobaltite and glaucodot
((Co,Fe)AsS), erythrite ((Co3(AsO4)2:8H20)), and skutterudite ((Co,Ni,Fe)Ass)
and the main producers are Democratic Republic of Congo, China, and Russia.
The radioactive form of the element, ®°Co, was used to irradiate food stuffs and in
radiotherapy. Industrial application of cobalt, in high-speed drills and cutting
tools as a hard metal in combination with tungsten was started in 20" century.
Today it is primarily used in the production of superalloys, corrosion resistant
alloys, high speed steels, magnets, wear resistant coatings and various

metallurgical applications.



1.D.2. Exposure

Cobaltous minerals are primarily found mixed with silver and other minerals of
copper, iron, lead, nickel. Cobalt metal is usually produced during the refining of
copper or nickel (20). Metal refinery workers and those involved in the
production of certain alloys, such as tungsten carbide, are at the greatest risk for
cobalt-induced toxicity, however, the general public has become increasingly at

risk of cobalt exposure by various mechanisms.

Cobalt is present in air as a result of natural processes, such as erosion, volcanic
eruptions, and by various human actions, such as the burning of fossil fuels,
sewage sludge, and phosphate fertilizer (21). Being a rare trace element, cobalt
content of soils, especially the one derived from sandstone, limestone etc., are
inadequate to support basic biological demand. Diet is the main source of
exposure for the general population and the average daily intake ranges from 5-
45 pg. People with high dietary intake of sea foods, cocoa, bran and molasses
ingest more cobalt, as these foods have a higher natural content of this metal. In
addition, certain organ meats, especially liver, and fat tissues have high cobalt
content (22). Generally, the concentration of cobalt in the drinking water is low
(less than 5ug/L) (20). Cigarette smokers are at an increased risk for cobalt-
induced injury, primarily because tobacco smoke contains 0.3-2.3mg Co/kg dry

weight (23).

I.D.3. Biological Functions



Cobalt is essential for the production of vitamin B4, (also known as cobalamin),
which is required for the synthesis of methionine and the metabolism of purines
and folates (24). The deficiency of cobalt leads to pemicious anemia. Humans
cannot synthesize vitamin Biy; “they” must obtain it through diet. Cobalt is also
associated with the regulation of a number of cofactors such as acetyl coenzyme
A and enzymes such as lipoprotein lipase (25). Cobalt was used in mid 20th
century for the treatment of anemia because of its ability to induce the production

of erythropoietin, the red blood cell stimulating factor (26, 27).

I.D.4. Toxicity

Most cobalt toxicity occurs in an occupational setting, as exposure to the general
public is usually rare. Even as cobalt was being used to treat anemic patients, its
excessive uptake was reported to cause thyroid failure and goiter (28). In
European and Canadian breweries cobalt was used to reduce the effect of soap
residues on foam formation in beer production. Brewery workers who drank
cases of beers showed symptoms of pericardial effusion, elevated hemoglobin
levels and congestive heart failure (29). Post-mortem histology showed
myocardial fiber degeneration, increased vacuolation and interstitial edema and
extensive damage to mitochondria. In Andean mining communities in South
America, polycythemia was seen in miners with excessive levels of serum cobalt

(30).

10



Cobalt exposure leads to a variety of effects. Cobalt is a known allergen and
causes allergic dermatitis (31). Acute exposure to high levels of cobalt through
inhalation in humans results in respiratory problems such as decrease in
ventillatory function, congestion, edema and hemorrhage of the lung. Chronic
exposure to cobalt through inhalation leads to respiratory irritation, wheezing,
asthma, pneumonia and fibrosis (20). During the World War Il, severe
pulmonary problems were reported among workers exposed to hard metal
particles. Exposure to cobalt dust among diamond polishing workers was
reported to cause pneumoconiosis, which was mostly the result of exposure to
both tungsten and cobalt. This disease is characterized by intense alveolitis and
in the end stage, pulmonary fibrosis. Pneumoconiosis rarely occurs because of
cobalt alone and usually is a combined effect with other metals such as tungsten

(25).

Other effects of cobalt exposure include cardiovascular damage such as cardiac
myopathy, as well as congestion of the liver, kidneys and conjunctiva, and
immunological effects. In humans, gastrointestinal effects such as vomiting,
diarrhea, liver injury and allergic dermatitis were also reported in case of oral
exposure to cobalt (32). There have been no reports of reproductive toxicity of
cobalt in either oral or inhalational exposure (33). Although cobalt has been
shown to be weekly mutagenic in bacterial systems, conclusive evidence of

cobalt genotoxicity in mammals has not been reported (34).

11



I.LE. Cadmium

I.LE.1. Occurrence

Pure cadmium is a silvery white, lustrous, soft and ductile metal, which is rare in
nature and occurs mostly as inorganic compounds, as organo-cadmium
compounds are extremely unstable (35). It is generally seen with other metal
ores, most often zinc sulfide, which is called greenockite or cadmium blende (36).
Cadmium occurs in small quantities in air, water and soil and is produced as a
by-product of the refinement of other metals, as cadmium concentration is not
high enough in minerals for a dedicated process. Although known for many
years, the industrial use of cadmium began in 1930s and has steadily risen with
approximately 20,000 tons produced annually by the end of twentieth century.
The general consumption of cadmium has increased as the use of Ni-Cd
batteries in electronics has risen. Although cadmium had been used in pigments,
PVC stabilizers and, electroplating, consumption for these purposes is

decreasing rapidly (37).

|.E.2. Exposure

Cadmium is released into the biosphere by both natural and anthropogenic
activities, including volcanoes and weathering of rock. Each plays a major role in
the global cadmium cycle but those processes do not result in elevated
environmental levels. The main sources of emission into the atmosphere are
volcanoes, sea spray, and forest fires (38). The major source of cadmium by

human activity results from the mining of cadmium-containing minerals such as
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zinc ores, coal and lime. Significant environmental release of cadmium also
occurs in countries where extensive waste incineration is performed (38).

Land filling of discarded products and, contaminated waste are major sources of
cadmium in the soil. Recently, the use of treated sewage sludge as fertilizer for
crops has resulted in an increase in soil contamination (39). These activities are
leading to the accumulation of cadmium in the top soil and ground water. Apart
from atmospheric deposition, domestic waste water, non-ferrous metal smelting
and refining and manufacturing of chemicals and metals have contributed to the

localized environmental release of cadmium.

I.E.3. Biological Function and Toxicity

Cadmium is not known to have any endogenous functional role in the animal
system, however; in plants it has been shown that sub-toxic levels of cadmium
can block the viral invasion of nutrient transport system (40). Cadmium and its
compounds are relatively water soluble and mobile in soil, making it more
bioavailable and increasing its bioaccumulation in plants, microbes and marine

organisms.

In animals, cadmium concentrates in the internal organs such as kidney and
liver, and in the body cadmium levels usually increase with age, as only a small
proportion of the body burden of cadmium is excreted through urine and feces
(41). The acceptable daily intake of cadmium should not exceed 0.4-0.5

mg/week according to WHO guidelines (42). Chronic cadmium exposure leads
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to a variety of toxic effects including kidney damage and lung emphysema, in a
variety of organisms including birds and mammals (43). Cadmium exposure can
also lead to bone loss due to its ability to impair the metabolism of calcium and

vitamin D.

In humans where cadmium exposure can occur through food, water and cigarette
smoke, the renal accumulation of cadmium results in kidney dysfunction. This
renal toxicity leads to impaired re-absorption of proteins, glucose and amino
acids (44). In Japan, a syndrome called itai-itai has been associated with chronic
cadmium exposure in humans. The affected individuals, mostly elderly women,
experience softening of bones (osteomalacia), lumbar pain, myalgia and
spontaneous fractures with skeletal deformation (45). Occupational cadmium
exposure can lead to a variety of lung changes, including chronic obstructive
airway disease and cancer (43). In addition, workers exposed to high cadmium
levels are at an increased risk of prostate cancer (46). Interestingly, zinc is
antagonistic to cadmium-induced toxicity and has been shown to reduce the toxic
effects of cadmium exposure, such as damage to ovaries and testes,

hypertension etc. (47).

Although there has been no report of teratogenic effects in the human population
exposed to cadmium, effects are reported in rats administered with 1.25mg/kg
cadmium (48). This may be due to the fact that cadmium inhibits the placental

transport of zinc. Cadmium has also been shown to produce sarcomas at the
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sites of injection and interstitial tumors in the testes of rats (49). Even though
inhalation of cadmium chloride has resulted in primary lung cancer in rats (50)

gastrointestinal exposure did not produce any tumors (51).

I.F. Molecular Effects of Transition Metal Exposure

The essential role that various metals play in sustaining life processes at the
cellular level means that maintenance of intracellular concentrations of these
metals is vital. Exposure to toxic doses of essential metals or other non-essential
metals can result in perturbations to homeostasis of these elements and lead to
cellular dysfunction. The changes at the molecular level upon metal exposure
can be grouped into three categories — inhibition of function or transport of
nutrient metal ions within the cell, generation of reactive oxygen species and

resulting damage to biomolecules, and changes in gene expression.

I.F.1. Effects on metal ion transport and metalloproteins

Divalent non-ferrous metal insult can disturb iron homeostasis by disrupting the
transport of iron, as well as inhibiting iron metalloproteins and enzymes. For
example, increased cadmium levels in the diet can decrease the uptake of iron
due to competitive binding of cadmium to ferritin, an iron storage protein (52).
Similarly cadmium can interfere with calcium metabolism, resulting in
hypercalciurea and osteoporosis (53). Metals such as lead and mercury, can
also interfere with neurotransmitter signaling by disturbing the calcium and

sodium transporters in the plasma membrane of neurons and muscle cells (54).
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Many metalloenzymes, such as exopeptidases, arginase, keto acid
carboxylases, and phosphatases do not show absolute metal specificity and may
be activated by many different metals (12). Divalent transition metals, such as
cobalt, nickel and cadmium, activate mammalian alkaline phosphatase, a
metalloenzyme that has magnesium at its catalytic center (55). In contrast,
increased levels of cellular zinc can inhibit cytochrome ¢ oxidase, an important
component of the electron transport chain that utilizes copper for enzymatic
function, impairing cellular energy production (56). Mercury and copper ions also

inhibit rat liver arginase (57).

I.F.2. Metal-induced ROS and biomolecule damage

Other major cellular endpoints of metal insult are the production of various
reactive radicals and depletion of the cellular antioxidant pool. Most redox active
transition metals produce ROS through Fenton-like reactions. These reactions
produce highly reactive hydrogen peroxide and hydroxyl radicals that in turn
react with the surrounding proteins, nucleic acids and lipids, resulting in their
oxidation (21). The oxidized products will be non-functional and are
subsequently degraded. High levels of ROS production cause massive cellular

damage, ultimately leading to cell death (see section lll. p.41).

Metals such as arsenic, mercury and cadmium, have electron-sharing affinities
that result in the formation of covalent attachments, especially with sulfhydryl

groups of proteins (58). For example, arsenic can inhibit the pyruvate
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dehydrogenase complex by covalently linking to the active sulfur residue of the
lipoic acid covalently attached to E2 subunit, rendering the complex inactive (59).
Cadmium is known to bind covalently the sulfhydryl group of glutathione, thus
depleting the cellular antioxidant reserves (60). Mercury interacts with many
proteins, including albumins, forming S-Hg-S bonds (61). Lead also forms
mercaptides with protein SH groups and less stable complexes with other

amninoacid side chains (62).

I.F.3. Metal-induced changes in gene expression and signaling pathways

As described earlier, all living organisms utilize the diverse substitution and redox
properties of transition metals in a variety of regulatory functions. Metals and
metalloproteins also influence the expression of a wide range of genes (63).
These genes encode proteins meant for metal detoxification, uptake, storage,
transport and homeostasis, as well as various other metabolic pathways. Metal-
induced changes in gene expression may be triggered by processes involving a
specific metal ion acting as a sensor, changes in the cellular redox status or
oxidative stress, and aberrant activity and regulation of various metalloproteins
and their downstream effectors (63). Many times one or more of these factors

together cause changes in gene expression.

A change in intracellular or extracellular metal concentrations may activate a

metal ion sensor, causing downstream changes in expression of genes involved

in an adaptive response. For example, heme containing proteins play an
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important role in sensing the changes in iron concentration, influencing the
expression of genes involved in iron and heme homeostasis (64). Similarly an
increase in the level of copper ions causes a copper ion binding regulatory
protein, ACE1, to bind to the 5’ end of the promoter of metallothionein gene and
increase its expression in the yeast, Candita glabrata (65). Metallothioneins in
turn act as a detoxifier by transporting the excess copper ions out of the cell. In

most cases such adaptive responses are not harmful for the cells.

By regulating the activity of various redox sensitive transcription factors, metals
can cause gene expression changes and activate various signaling pathways.
NF-xB is an important redox sensitive transcription factor that is affected by
metal exposure and resulting oxidative stress. Critical cysteine residues in the
DNA binding region of NF-kB protein that binds zinc are sensitive to ROS.
Alternatively, metals such as cadmium and copper interfere with the DNA binding
activity of NF-kB (66, 67). Nickel and cobalt ions, however, have a positive effect
on the DNA binding ability of NF-kB (68). Another important transcription factor,
AP1, is induced by certain metals. For example, arsenic, vanadium, chromium,
nickel, cadmium, lead, cobalt and iron are known to activate AP-1 in a variety of
cells. It is thought that AP-1 activation upon metal exposure is mediated by the
activity of several protein kinase signaling pathways that are activated by the
oxidative stress (69). p53 is another critical protein that is affected by metal-
induced oxidative stress. Inorganic arsenic, chromium (VI) and nickel have been

shown to induce p53 expression (69).
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Metal transcription factor 1 (MTF1) is a protein whose activity is induced by zinc
ions and oxidative stress. MTF1 regulates the expression of detoxifying genes
such as metallothioneins. Exposure to zinc, cobalt and various other metals
result in the expression of metallothioneins, which are major proteins involved in
metal detoxification (70). Cadmium also increases metallothionein expression
but the mechanism is thought to be MTF1-independent. In case of all metals,
metallothioneins act as transporters and storage proteins to limit the free metal
concentration within the cell. For example, cadmium is bound by metallothionein
inside the body and transported to the kidney for elimination (71). Most metal
exposures also lead to changes in the expression of a large number of genes
through unknown mechanisms. Cadmium exposure causes the expression of

heat shock chaperone proteins, DNA repair enzymes, p53, c-fos, etc. (72-76).

Since the early 1950s, ferrous-like metals such as cobalt, have been known to
induce the expression of erythropoietin and was used to treat anemia (77).
Later, cobalt and nickel were shown to induce a wide variety of genes involved in
angiogenesis, such as vascular endothelial factor (VEGF), and glycolysis, such
as hexokinase and pyruvate kinase (78, 79). The ability of these metals to alter
this wide expression pattern changes lies with their ability to influence the activity

of the transcription factor, hypoxia inducible factor 1a (HIF1a).

19



Cobalt and nickel are known to stabilize HIF1a, causing the expression of a large
number of genes in the hypoxia signaling pathway. HIF1a protein function is
tightly regulated by a family of non-heme iron-containing dioxygenases called,
prolyl hydroxylase domain containing enzymes (PHDs), which hydroxylate and
target HIF1a for proteosomal degradation under normoxia (see section |1.B.1.b
p.30). Cobalt and nickel interfere with the ability of PHDs to hydroxylate HIFs
and thus cause aberrant stabilization and activity of the transcription factor. This
ability of metals such as cobalt and nickel, to influence PHD activity has three
possible explanations. First, cobalt and nickel might replace the non-covalently
held iron atom from the PHDs rendering them catalytically inactive. Second,
metal-induced ROS production might affect the redox status of iron that is critical
for hydroxylase activity. Finally, it has also been reported that cobalt and nickel
can chelate ascorbic acid, an essential cofactor for PHD activity, in the cell (80).
It is probable that each of these plays a role in the regulation of PHDs and
ultimately influences HIF1a signaling. For these reason, the ferrous-like metals

are considered “hypoxia mimics”.

Il. Hypoxia

When life started approximately 4 billion years ago, the world is thought to have
had a reducing atmosphere. The passage of time led to the advent of
photosynthetic organisms that utilized water and carbon dioxide to produce
energy. The principal by-product of this process was oxygen, which began to

accumulate in the atmosphere. The reducing atmosphere gradually changed into
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an oxidizing one and in modern times, a majority of life forms use aerobic
pathways as a means to produce the energy necessary to sustain life (81). The
process of oxidative phosphorylation, the source of greater than 95% of the
adenosine triphosphate (ATP) produced in a cell, requires molecular oxygen as a
final electron acceptor. Without this final step, ATP generation is inhibited and a
cell's survival potential is compromised. The ability to sense and cope with
changes in available oxygen, therefore, is critical for life (81). Most of the higher
organisms have evolved elaborate sensing mechanism to cope with decreases in

available oxygen, a condition known as hypoxia.

Il.A. Hypoxic Signaling

Hypoxia compromises a cell's ability to produce ATP through oxidative
phosphorylation and perform enzymatic reactions that require oxygen, such as
hydroxylations. All aerobic life forms, therefore, have evolved unique pathways
to respond to changes in oxygen partial pressure (82). The molecular
components sense the oxygen tension, transduce the signal to various effectors
for facilitating adaptive responses, and promote the physiological and molecular
processes associated with these components. The various processes in the
hypoxic signaling pathway can be loosely classified, into three groups:
physiological changes that occur at an organismal level, coordinated changes
that happen at the tissue level, and molecular changes that occur at cellular

level.
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ll.A.1. Physiological Changes to Hypoxia

All multicellular organisms have elaborate systems in place for the delivery of
nutrients to metabolically active tissues and cells. In the presence of hypoxia,
these systems respond to adapt to maintain balance. In higher organisms,
hypoxia leads to a rapid modulation of pulmonary ventilation, perfusion, and
blood circulation to optimize the supply of oxygen to tissues. This process is
directed by carotid bodies (specialized chemoreceptor cells in the arterial
system), neuroepithelial bodies in the airway, and vascular smooth muscle cells

(83).

In the presence of decreased oxygen tension, peripheral blood vessels dilate to
allow greater blood volume and thus maximum oxygen supply, to be delivered to
the peripheral tissues. Hypoxic-mediated vasodilatation in oxygen-deprived
tissues is a fast process, mediated by potassium ATP channels of vascular
smooth muscle cells. These channels open upon a decrease in ATP levels, a
condition that occurs under hypoxic conditions (84). It is also thought that Ca®*
channels are involved in this process. Hypoxic vasodilation is highly activated in
the blood vessels of tissues with a high metabolic load, such as the heart and
brain (85). Conversely, pulmonary vasculature constricts to limit the amount of
blood being delivered to poorly ventilated regions, matching ventilation to
perfusion (86). The hypoxia-induced pulmonary vasoconstriction is also a fast
response, mediated by the rapid constriction of vascular smooth muscle cells and

is initiated by the depolarization resulting from the inhibition of several K'
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channels (87). The depolarization activates voltage gated Ca?* channels leading

to increase in cytosolic Ca®* and causes myocyte constriction (85).

On exposure to low pO., airway neuroepithelial bodies and carotid bodies create
cardiorespiratory adjustments through chemosensory fibers (88). Carotid bodies
that reside in the carotid arteries are highly vascularized organs that contain
type1 glomus cells. These glomus cells contain neurotransmitters,
catecholamines and acetylcholine and are in synaptic contact with efferent
sensory fibers of the carotid sinus nerve. Membrane K* channels in these cells
are inhibited by low pO,, leading to membrane depolarization and Ca?* influx
through voltage gated Ca®" channels (82). The resulting increased calcium

concentration leads to neurotransmitter release and activation of sensory fibers.

Neuroepithelial bodies are located in airway bifurcations and comprise neuron
derived cells that synapse with branches of afferent and efferent neurons and
transmit signals to brain respiratory centers through the release of
neurotransmitters such as serotonin (89). The activation process is similar to
one that is seen in carotid bodies but the individual channel proteins may vary.
The actual oxygen sensor in both carotid bodies and neuroepithelial bodies are
thought to be a heme-containing protein, associated closely with oxygen

sensitive potassium channel.

I.A.2. Tissue responses to Hypoxia
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An important aspect of tissue hypoxia is the increase in angiogenesis. This is
mediated by the activity of various pro-angiogenic factors, most importantly
vascular endothelial growth factor (VEGF), which mediates the growth of blood
vessels to hypoxic regions (90). VEGF promotes cell division of endothelial cells
forming new capillaries which supply oxygenated blood to hypoxic tissues (91).
Another adaptive response to hypoxia is the production of erythropoietin (EPO)
which increases the oxygen carrying capacity of the blood by promoting red
blood cell formation (92). Erythropoietin is produced by the kidney and liver and
is released into the blood which promotes the formation of erythrocytes from their
progenitor cells (93). Together these two changes lead to an increase in oxygen

supply to hypoxic tissues.

Chronic hypoxia also leads to vascular remodeling by the release of vasoactive
substances. Endothelial cells release vasoconstrictors, growth factors, matrix
modifying proteins and adhesion molecules under chronic hypoxia (94). Platelet
derived growth factor (PDGF), platelet activating factor (PAF), endothelin,
leukotrienes, serotonin etc., are produced, leading to increased proliferation (95-
98). Hypoxia increases the production of cytokines such as interleukin-1 (IL-1)
and IL-6 mRNA levels (99). The increased production of cell adhesion molecules
such as intracellular adhesion molecule (ICAM)-1 and vascular adhesion
molecule (VCAM)-1 on endothelial cells along with IL-1 and IL-6 release provide
prothrombotic and proinflammatory interactions with circulating cells, facilitating

the recruitment and migration of progenitor cells into vessel wall (100, 101).
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Matrix metalloproteinases, MMP-9 and MMP-3, enzymes involved in remodeling
of extracellular matrix facilitating cell invasion, are also induced by hypoxia

promoting vascular remodeling of hypoxic tissues (102).

II.LA.3. Cellular Responses to hypoxia

Oxygen is essential for the survival of cells due to its central role as an acceptor
of the electrons in the electron transport chain (ETC). The ETC is coupled to
ATP synthase, the enzyme responsible for generating ATP through oxidative
phosphorylation. ATP is critical for all energy-requiring cellular processes
including protein synthesis, DNA replication, metabolic pathways, and
maintenance of intracellular pH. Among these, intracellular pH maintenance by
ATP-dependent Na‘’/K' ATPase consumes 20-80% of cell's resting stage
metabolic output (83). When there is a steep drop in ATP levels, these ATPase
pumps fail, leading to membrane depolarization and Ca?* influx through voltage
gated calcium channels. The rapid rise in intracellular Ca?* and subsequent
activation of calcium dependent phospholipases and proteases leads to cellular
swelling and necrotic cell death (103). Even a transient lack of oxygen, therefore,

forces cells to undergo molecular adaptation to cope with a drop in energy levels.

At the cellular level, reductions in ATP levels lead to adaptive response to
hypoxia. This is achieved mainly by maximizing the energy production, as well
as decreasing the energy consuming processes. Protein, RNA, and DNA

synthesis are inhibited almost immediately and ion motive ATPases that perform
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Na*/K* transport and Ca?* cycling are favored, as they are essential to maintain a
favorable intracellular environment (104). This phenomenon, known as oxygen
conformance, involves regulatory mechanisms, including translational arrest
(105). Cells show differences in their susceptibility to cell death depending on
their electric activity. Electrically active cells, such as neurons, have high ion
motive ATPase activity that utilizes 80% of cellular ATP, and are more

susceptible to hypoxic cell death than skeletal muscle cells (106).

Under normal oxygen tension oxidative phosphorylation is the major source of
cellular ATP. Under hypoxia, cells switch to aneorobic glycolysis, a less efficient
source of ATP for the oxygen-starved cells. The increase in glycolysis is
achieved by increases in the production and activity of several glycolytic
enzymes. Phosphofructokinase, a major regulator of carbon flux through
glycolysis, is allosterically activated by ADP and AMP and is inhibited by ATP,
thus deciding the glycolytic rate (107). Phosphofructokinase-2 (PFK-2) is
another important allosteric enzyme involved in regulating the glycolytic pathway.
This enzyme is activated by phosphorylation by the AMP-activated protein kinase
(AMPK). PFK-2 stimulates the production of fructose-2, 6-bisphosphate, a
critical activator of glycolysis, thus increasing the ATP production capacity of the
hypoxic cell (108). The transcript level of PFK-2 is also increased under hypoxia
(109). AMPK also regulates other pathways that help the cell cope with the loss
in oxygen-dependent ATP production, such as glucose uptake controlled by

translocation of various glucose transporter (GLUT) proteins to the cell
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membrane, the tricarboxylic acid cycle and respiratory chain (110) In addition,
AMPK inhibits anabolic pathways such as fatty acid, triglyceride and sterol
synthesis, as well as the expression of enzymes involved in fatty acid and

gluconeogenesis pathways (111-113).

It can be seen that many of these adaptive responses are dependent on
transcriptional activation of genes. Cells undergoing hypoxia show regulated
expression of several genes involved in various adaptive responses such as
increased glycolysis and angiogenesis (114). How cells sense the lack of
oxygen had been a point of contention for quite some time until the discovery of
hypoxia inducible factor 1 alpha (HIF1a), a transcription factor that is regulated
by oxygen tension (115). This transcription factor mediates the transcriptional
regulation of a library of genes involved in the cellular and physiological response
to tissue hypoxia (116). Although there may be other transcription factors
regulated by hypoxia, HIF1a remains the most important, regulating a large

majority of hypoxic gene expression.

II.B. Hypoxia Inducible Factors

The hypoxia inducible factors (HIFs), which include HIF1a, HIF2a, HIF3a, aryl
hydrocarbon receptor nuclear translocator - ARNT (also known as HIF1B) and
ARNT2, control the cellular response to hypoxia in mammals (117). All five HIF
proteins belong to the basic—Helix-Loop-Helix (bHLH) containing PER-ARNT-SIM

(PAS) domain super-family. PAS domains are also found in other transcription
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factors involved in circadian regulation and xenobiotic metabolism (118-120).
The HIFas dimerize with ARNT or ARNT2 to form a hetero-dimeric transcription
factor. HIF1, a dimer of HIF1a and ARNT, is the most widely studied hypoxia
signaling factor. HIF1a and ARNT are essential for normal development, as the
HIF1a and ARNT null alleles are embryonic lethal due to vascularization defects

(121, 122).

The predominant role that HIF 1a plays in the cellular response to hypoxia makes
it the target of intense investigation. Besides its bHLH-PAS domains, the
transcription factor also contains a transcriptional activation domain (TAD)
towards the carboxy terminus. The TAD is divided into two separate functional
regions, the more N-terminal portion, N-TAD and the more C-terminal, C-TAD
(Figure 2). The bHLH acts as a contact surface for DNA and a primary
interaction surface between HIF1a and ARNT or ARNT2. The PAS domain of
HIF1a is a secondary dimerization surface thought to provide specificity to the
HIF1a:ARNT interaction (123-125). Finally, HIF1a contains an oxygen-
dependent degradation domain (ODD) that is responsible for regulating the

protein’s stability under varying oxygen tensions.

I1.B.1. Regulation of Hypoxia Inducible Factors
HIF1o. expression and function is transiationally and post-transiationally
regulated. ARNT is constitutively expressed protein and is not known to play a

major role in the regulation of HIF 1 activity. Under normal oxygen tension, HIF1a
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mRNA is constitutively expressed, translated and the protein is quickly targeted
for proteosome-mediated degradation by an ubiquitin-dependent process (126-

128).

Il.B.1.a. Transcriptional and Translational Regulation of HIF

In almost all cell types, hypoxia leads to HIF1a protein stabilization whereas
there is no change in the mRNA levels. A variety of other factors, such as
epidermal growth factor, fibroblast growth factor 2, insulin, insulin like growth
factor 1 and 2, and interleukin 1a induce the expression of HIF1a, HIF1 DNA
binding and HIF1 target gene expression under normoxic conditions (129-131).
This is mostly through phosphoinositide-3 kinase (PI3K) signaling pathway,
which increases the protein levels of HIF1a by increased translation. This
response varies in different cell types (132, 133). Inhibition of mammalian target
of rapamycin kinase (MTOR), a kinase that works downstream of PI3K and AKT,

reduces the expression of HIF1a (134).

1.B.1.b. Post-Translational Regulation of Hypoxia Inducible Factors

HIF1a-dependent signaling and transcriptional activity is primarily regulated via
protein stability and post-translational modifications. Originally, it was thought
that this process required a heme containing protein, since HIF 1a stability can be
influenced by carbon monoxide, iron-like metals and iron chelators (135, 136).

Recently, the signaling mechanism controlling HIF 1 stability has come to light.
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It involves motifs within the ODD, ubiquitination and various post-transiational

modifying enzymes.

The degradation of HIF1a requires the two ODD motifs found in the carboxy
terminus of protein (Figure 2) (127). These ODD motifs each contain a proline
residue that, when hydroxylated, creates a binding surface for the Von Hippel
Lindau (VHL) tumor suppressor protein. Upon binding HIF1a, VHL recruits the
necessary ubiquitination machinery required for tagging the transcription factor
for degradation. In fact, these ODDs can render non-homologous proteins labile
in the presence of oxygen (127). The hydroxylation of.the conserved prolines in

the ODD are performed by a family of non-heme iron-dependent hydroxylases.

The family of prolyl hydroxylase domain containing proteins (PHDs) that modify
HIF1a was first identified in C. elegans and later shown to have three
mammalian homologs (137, 138). The three hydroxylase family members
(PHD1-3) are iron and a-ketoglutarate (a-KG) dependent enzymes that utilize
oxygen as a co-substrate (139). PHDs hydroxylate prolines within an LXXLAP
motif (i.e. human HIF1a residues 402 and 564 and mouse HIF1a residues 402
and 577 (137, 138, 140). These enzymes also require ascorbate to maintain
proper function. During the reaction cycle, the a-KG is decarboxylated to yield
succinate and the oxygen is transferred to the proline. The involvement of TCA
cycle intermediates (i.e. a—KG and succinate) directly links HIF1a stability to the

metabolic state of the cell. This link led researchers to hypothesize that hypoxia
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signaling is involved in cancer that develops in families that carry mutations in
genes such as succinate dehydrogenase and fumarate hydratase. VHL can only
interact with HIF1a and direct its degradation after HIF1a is hydroxylated. Under
hypoxic conditions, the PHDs are unable to hydroxylate the cytoplasmic HIFs
(141). The unmodified HIFs are stabilized and signaled by an unknown
mechanism to translocate to the nucleus, where they are free to form dimers with
ARNT or ARNT2 (128, 142). The HIF:ARNT heterodimers bind DNA at
sequence specific sites termed hypoxia response elements (HREs) of target

genes (143) (Figure 3).

HIF1a is also functionally regulated by hydroxylation. Hypoxic conditions
promote the ability of the CTAD of HIF1a to interact with the transcriptional co-
activator, p300 (144, 145). Hydroxylation of a conserved asparagine (residue
803 in hHIF1a and 813 in mHIF1 a) in the CTAD inhibits the interaction between
CTAD and p300, preventing the recruitment of the basal transcription machinery
under normoxic conditions (145-147). HIF asparaginyl hydroxylase also known
as factor inhibiting HIF1 (FIH1). This enzyme requires oxygen and o-KG as
substrates and Fe?* as a co-factor. Its reaction mechanism is similar to the
PHDs, and FIH can also be inhibited by iron chelators, Co?* and hypoxia (140,
148-150). Tight control of the HIF transcriptional response under hypoxia is
achieved by the dual hydroxylation steps, coupled with difference in K, values for
O; of the PHDs and FIH. PHDs that hydroxylate prolines, causing proteosomal

degradation have a higher K, value for O; than the asparagine hydroxylase, FIH

32



133

Figure 3. HIF1a and Hypoxia Signaling.

Prolyl hydroxylase (PHD) is capable of modifying conserved residues in HIF1a that leads to its VHL-
dependent ubiquitination and degradation. PHD requires O, and a-KG as substrate and Fe?* as a cofactor.
Under hypoxia or in the presence of iron chelators or divalent metals like cobalt and nickel, PHDs are not
active, leading to HIF 1a stabilization, nuclear translocation, dimerization with ARNT, and ultimately,
transcriptional activation of hypoxia responsive genes. Another oxygen and Fe dependent enzyme FIH
hydroxylates a conserved asparagine residue located in the transcriptional activation domain (TAD) under
normoxia preventing the interaction between HIF1a and coactivator CBP/p300 molecule.
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(151). The difference in these two enzymes allows the HIF1a protein to be

stable at moderate hypoxia while transcriptionally active only at severe hypoxia.

Studies indicate that HIFs undergo other covalent modifications, such as
phosphorylation. P42, AKT and MAP kinases were found to phosphorylate
HIF1a and regulate its activity (152-154). Recently Mylonis et. al. showed that
serine-641 and serine-643 of human HIF1a were targets of phosphorylation by
MAP kinase, which promotes the nuclear accumulation of the protein (155). It
was also shown that treatment with MAPK inhibitors can inhibit both nuclear

accumulation and transcriptional activity of HIF1a.

In addition to hydroxylation and phosphorylation it has been reported that in
mammalian cells ARD1, an acetyl transferase, modifies a lysine (residue 532 in
hHIF1 a) in the ODD of HIF1 a. This modification is thought to enhance the
interaction between HIF1a and VHL and leads to augment HIF1a ubiquitination
(156). Recent reports, however, suggest that the effect of ARD1 on HIF1a are
cell type-specific and its overall role in hypoxia-mediated gene transcription

requires further clarification (157, 158).

II.B.2. Regulation of gene expression by HIF1a
Since the discovery of HIF1a as the transcriptional factor that binds to the
promoter of erythropoietin genes, a large number of genes have been found to

be directly regulated by HIF1a (159). Under hypoxic conditions HIF1a protein
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that escapes proteolytic cleavage enters the nucleus, binds ARNT and contact
DNA at HREs. This assembly helps in the recruitment of transcriptional
mediators such as CBP/p300, which in turn recruits the basal transcriptional
machinery (147). The library of genes influenced by HIF1 is varied and can be

categorized into survival response or cell death response groups.

Il.B.2.a. Survival Response

Under hypoxia, the stabilized HIF1a protein rapidly induces the expression of
genes that increase the oxygen availability to cells such as erythropoietin (EPO)
that promotes erythropoiesis. It also induce vascularization by expressing
vascular endothelial growth factor (VEGF) (160). In general these genes, along
with others such as adrenomedullin, (161), IGF2, a potent mitogen (162) and
carbonic anhydrase, a regulator of intracellular pH (163), promote cell survival
under hypoxic stress. In addition, HIF1 plays a central role in the switch from
aerobic to anaerobic metabolism during hypoxic stress by promoting the
expression of glycolytic enzymes, such as hexokinase, enolase1, glyceraldehyde
phosphate dehydrogenase (GAPDH), lactate dehydrogenase o (LDHa), and
phosphoglycerate kinase1 (PGK1) (79). This switch to glycolytic centered
energy production is further facilitated by the increased expression of various
glucose transporters such as glut-1 (164). HIF1a also plays a major role in
growth and development by promoting cell division by upregulating cyclinG2,

TGFa and IGF2, as well as wound healing through increased expression of
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extracellular matrix proteins such as prolyl4-hydroxylase o (P4Ha), matrix

metalloprotease 2 (MMP2), and plasminogen activator inhibitor1(PAI1) (165).

II.B.2.b. Cell death response

Among more than 70 genes that are HRE:HIF1 regulated, a majority of them
have a role in promoting cell survival under hypoxia. HIF1a, however, also
regulates the expression of a battery of genes involved in the promotion of cell
death, such as BCL2/adenovirus E1B 19kDa interacting protein 3 (BNip3),
BNip3-like (BNip3L) and RTP801 (166, 167). BNIP3 and BNIP3L are BH3-
domain containing proteins that associate with the mitochondrial outer membrane
and can cause the membrane pore to open, leading to loss of membrane
potential and cell death in a necrotic manner (168). In primary cardiac myocytes
BNIP3 is also known to induce apoptotic cell death under severe hypoxia (169).
The necrotic cell death requires a decreased cellular pH when tested in vitro and
interestingly, chronic and severe hypoxia can produce tissue acidity (170).
Intracellular acidity is also linked to genetic mutations leading to an increased risk
of cellular transformation. The expression of BNIP3 may be a method to
eliminate potential pre-malignant cells by forcing them to undergo cell death

(171).

RTP801 was seen to be regulated in a cell-specific manner by HIF1a in an

ischemic animal model (167). In non-dividing neuron-like cells, RTP801

expression caused cell death, while in MCF7 cells, RT801 showed cellular
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protection against glucose deprivation or hypoxia when it was expressed prior to
the incident. So by regulating a mix of adaptation and cell death promoting

genes, HIF1a may play an important role in the survival of the organism.

The role of HIF1a in maintaining the balance between survival and cell death is a
critical step that is misregulated in various human diseases and toxic insults. In
various solid tumors, the rapid growth of tumor cells and resulting hypoxia favors
an adaptive response that might promote even faster tumor growth. Similarly in
solid tumors, necrosis of hypoxic regions leads to accumulation of inflammatory
immune cells leading to conditions favorable for genetic instability (172-174).
Various divalent metals such as cobalt and nickel exposure can also lead to

abnormal regulation of hypoxic balance between cell survival and cell death.

Il.C. Role of hypoxic signaling in human diseases

In higher organisms, hypoxia resulting from localized or global deficiency in
oxygen can lead to life-threatening complications. Organs that have a high
metabolic rate, such as the brain and heart, are extremely susceptible to
hypoxia-induced damage. For example, the pathological complications of stroke
(cerebral ischemia) and heart infarction (myocardial ischemia) are largely due to
hypoxia-induced and reperfusion injuries. The influx of oxygen upon tissue
reoxygenation after hypoxia produces reactive oxygen species that interact with
proteins and lipids, causing cellular damage (175). In addition, hypoxia and

HIF 1a signaling play a central role in cellular transformation and tumorigenesis.
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The brain offers a special case, given its high energy use and dependence on
proper blood flow to supply the nutrients adequately to maintain this high energy
production. Stroke-induced damage to the brain in which, the brain stem,
hippocampus and cerebral cortex are most susceptible, can cause irreversible
brain injury, brain cell death, paralysis and death (176). Even reperfusion, which
is required to protect the brain tissues, causes cell death as it produces reactive
oxygen species leading to inflammatory cell infiltration (177). In case of a short,
not so severe exposure to hypoxia, a reversible phenomenon, called “penumbra”,
occurs and is characterized by suppression of protein synthesis and
spontaneous electrical activity (176). Brief ischemic injuries are usually
reversible and do not cause necrotic cell death and usually lead to a process

called stunning (178).

Obstructions in coronary arteries can lead to severe incidents of ischemia.
These prolonged ischemic instances can cause necrotic cell death spreading
from subendocardium to subepicardium (179). Immediately after the ischemic
insult, cells shift to glycolysis for energy production (See section 11.A.3 p.25).
This shift to anaerobic metabolism increases the production of lactate within the
cell and leads to cellular acidosis and edema. Intracellular Ca®* also increases
and finally leads to cell necrosis (180). Reperfusion is essential to save the
cardiac myocytes but leads to reperfusion injury; very similar to what happens to

brain cells. The reestablishment of blood flow delivers a burst of oxygen to the
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affected tissue and the resulting rapid production of reactive oxygen species can
lead to further alterations in Ca®* homeostasis. This disruption in Ca®*
homeostasis can cause the myocardium to loose its contractile function for a

short period (181).

Hypoxia and HIF1a are essential in tumorigenesis (121, 182). HIF1a is a
positive factor in solid tumor growth. In a tumor transplant model, HIF1a null
cells fail to produce tumor Many human cancers show aberrant HIF1a protein
and hypoxia-mediated transcription (183). The increases in HIF1a signaling
might be the result of the loss of tumor suppressor proteins, such as VHL, or the
hypoxic environment inside solid tumor tissues (183, 184). As tumors grow
larger than 1 mm?, hypoxic regions appear inside the tumor due to an inability of
the tumor to maintain adequate vascularization. HIF1a induces the expression of
glycolytic genes and growth factors, such as VEGF, to enable the tumor to
maintain ATP production and to re-establish blood flow to the hypoxic region of
the tumor, respectively (83). HIF1a also increases the expression of genes
involved in extracellular modification, causing increased metastatic potential
(185). Furthermore, in glioblastomas, HIF1a. is overexpressed in viable cells
surrounding the areas of necrosis, suggesting that it might be promoting cell

survival (186).

Increased expression of HIF1a has also been shown to be associated with

aggressive forms of cancer. Increased intracellular levels of HIF1a protein are
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associated with poor prognosis and resistance to therapy in the case of head and
neck tumor, ovarian cancer and esophageal cancer (187, 188). Ryan et al
showed that tumor growth and angiogenesis were highly reduced by the loss of
HIF1a (121). HIF1a is also known to induce multi-drug resistance protein 1 and
P-glycoprotein under hypoxia and might play a role in tumor resistance to
chemotherapy (189). Radiation therapy is used to treat many tumors and
primarily works by promoting the production of ROS. The increased oxidative
stress upon radiation causes DNA strand breaks and ultimately the death of the
cancer cell. Under hypoxic conditions, ROS production is inhibited and studies
have shown that many primary tumors with high levels of HIF1a expression show

increased radiation resistance (183).

lll. Reactive Oxygen Species

It is important for a cell's survival to maintain a reducing environment since cells
utilize selective oxidation steps to derive energy for running various biological
processes. At the same time, the oxidation step necessitates the presence of
oxidizing agents such as molecular oxygen. Oxygen is a potent oxidant with two
unpaired electrons and can react with various cellular components such as
proteins, lipids, nucleic acids. It can also react with transition metals and can
produce reactive oxygen species (ROS) which include singlet oxygen (0.%),
hydroxyl radicals (OH®), and superoxide anions (0O.*). Generally these
molecules are highly reactive and easily diffusible (190). Hydrogen peroxide

(H20,) is another species which is highly reactive but has no unpaired electron
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and can be produced from these reactive oxygen species. An important source
of ROS is the mitochondrion, which maintains the apparatus for oxidative
phosphorylation. This paradox of oxygen as a necessary evil has forced cells to
maintain mechanisms to protect themselves from the harmful effects of ROS
while utilizing oxygen for energy production. Some time during evolution
organisms began using these byproducts of aerobic life as messengers for
biological signaling, as well as weapons against hostile invaders (191).
Antioxidant enzymes such as superoxide dismutases, as well as antioxidant
molecules like ascorbic acid and glutathione are main components of the host

defense against cellular ROS damage (192).

lll.A. Sources of Reactive Oxygen Species (ROS)

Reactive oxygen species are produced in every cell either through enzymatic or
random chemical reactions (193). The major sources of reactive oxygen species
are mitochondria and transiton metal oxidation. There are also other
cytoplasmic enzymes that produce ROS while utilizing oxygen as a substrate for
other chemical reactions. The sources of ROS can be classified as
mitochondrial, transition metal reactions, hypoxia and hypoxia reperfusion, and

extra-mitochondrial sources.

lll.A.1. Mitochondria

Electrons derived from NADH and FADH;, synthesized primarily during the TCA

cycle, flow through the mitochondrial ETC, terminating with the transfer of 4
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electrons to an oxygen atom, producing water. As these electrons travel through
the ETC, the energy is used to pump protons into the inter-membrane space of
the mitochondria, creating a membrane potential of approximately 200 mV. This
membrane potential is coupled to the production of ATP via ATP synthase (also
known as Complex V). The oxidation steps are not always complete, leading to
the production of superoxide anions (194). Complex 1 and 3 of the ETC, located
in the mitochondrial inner-membrane are the major sites of ROS production (195)
(Figure 4). Ubisemiquinones at these sites transfer the electrons to oxygen,
generating superoxide. Superoxide dismutases in the mitochondria or cytoplasm
inactivate superoxide producing H2O,, which may in turn be detoxified by
glutathione peroxidase. Any H;O; that escapes detoxification might cause
downstream cell signaling or react with cellular components causing damage
(196). Hydroxyl radicals might also be formed from superoxide through Haber-
Weiss reaction or from H,0; by Fenton reaction (Figure 1). Hydroxyl radicals are
very reactive and cause extensive damage to nucleotides (197). H.O; on the
other hand, is known to be involved in cell signaling pathways acting as a long
range second messenger as it can easily diffuse through the membranes (198).

Complex |l of the electron transport chain may also produce superoxide when the
enzyme is damaged by oxidative stress or aging (199). Recent data suggests
that sites other than electron transport chain may produce ROS within the
mitochondria (200). For example, alpha ketoglutarate dehydrogenase, a TCA
cycle enzyme has been shown to produce H,;O: in isolated brain mitochondria.

Reduced flavins in other flavoprotein enzymes may also produce superoxide
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(199). Monoaminooxidase, an enzyme bound to the outer mitochondrial

membrane that oxidizes biogenic amines may also produce H;0; (201).

lll.A.2. Transition Metals

Many transition metals are known to produce reactive oxygen species through
Fenton like or Haber-Weiss reactions (15) (Figure 1). Redox active metals such
as iron, cobalt, and nickel, produce superoxide and hydroxyl radical by reacting
with molecular oxygen. Redox inactive metals such as lead, arsenic, mercury
and cadmium are thought to deplete a cell's sufhydryl antioxidant reserves,
causing oxidative damage, as well as bonding with the sufhydryl group of other

proteins (19).

The redox state of the cell is generally thought to be highly coupled with the iron
redox state. Iron homeostasis is maintained by regulating the absorption,
transport and storage of iron through specific iron binding proteins (202). Free
iron can readily participate in one electron transport reactions, producing
hydroxy! radicals through Fenton-like reactions and these radicals can go on to
cause lipid peroxidation and oxidative damage of proteins and DNA (21). This
also causes the production of a variety of other ROS species by the
decomposing peroxides. The superoxide insult can further increase the free form

of iron by the release of iron from binding proteins such as ferritin.
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Cobalt ions can form hydroxyl radicals by reacting with endogenous H.O.,
causing oxidative damage to cells (15). Cobalt metal particles are also able to
produce hydroxyl radicals by reacting with dissolved oxygen in the presence of
superoxide dismutase in EPR spin trapping experiments (203). Surprisingly, in
vitro systems have demonstrated that Co?* can produce hydroxyl radicals using
Fenton reaction, in the presence of low molecular weight chelators such as
glutathione and anserine (203). Nickel produces much lower levels of ROS.
Both cobalt and nickel's ability to produce ROS are fhought to play a critical role
in their ability to act as hypoxia mimic (204).' Data suggests that NiCl, and NiS;
can produce ROS. Nickel is also shown to deplete GSH, as well as have pro-
oxidant effect when present along with GSH (205). Nickel-induced oxidative

stress has been linked to DNA damage and cellular transformation.

Although cadmium does not produce significant levels of ROS directly, it is
thought to produce oxidative stress indirectly (19). Through a slow reduction,
cellular glutathione forms a complex with hexavalent chromium and yields Cr(V),
which can bind DNA or produce ROS by a Fenton-like reaction (206). Cr(V) may
be further reduced by cellular antioxidants such as ascorbic acid and glutathione
producing Cr(IV) and Cr(lll) that are capable of producing ROS (207). Cells
utilize the glutathione/glutathione peroxidase system as a scavenger of
intracellular oxygen radicals. Cadmium treatment increased the cellular GSH
levels at moderate doses, however; GSH levels were depleted at high doses of

the metal, presumably due to the oxidative load (208). Cadmium can also inhibit
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the activity of SOD and increase the levels of lipid peroxidation in treated animals
(209). Low concentrations of cadmium treatment in human-hamster hybrid cells
caused the attenuation of the removal of H,O,, suggesting the inhibition of

peroxide-scavenging enzymes (210).

lll.A.3. Hypoxia and Hypoxia Reperfusion

Cells might experience a lack of oxygen for various reasons, most notably due to
a blockage in blood vessels (ischemia). As described above (section II.C. p38.),
this can have disastrous consequences in case of brain, heart and other organs.
ROS production under ischemia is a paradox. While ROS production is
suppressed in tissues such as neurons during ischemia, its production increases
in heart, lung and skeletal muscle (211). Damage to the mitochondria increases
the ROS production during ischemia because decreased flux through ETC
coupled with damage to the complexes leads to electron leakage and oxyradical
formation (212). Studies with rotenone and antimycin A showed that complex 3
is the primary site of ROS production during hypoxic stress (213). Although a
restoration of blood (oxygen) supply is essential for the survival of the organism,
the sudden arrival of oxygen also produces a burst of reactive oxygen species,
presumably due to inability of the scavenging system to keep up with the sudden
burst in oxygen supply. The restoration of blood flow can result in reperfusion

injury of organs (175).

IIlLA.4. Extramitochondrial Sources
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Various cellular reactions produce ROS as byproducts. Monooxygenases,
cytochrome P-450 (CYP) enzymes are multi-enzyme systems found in the
endoplasmic reticulum and include FAD/FMN containing NADPH-cytochrome
P450 reductase. Enzymes of this CYP superfamily are involved in
biotransformation reactions of xenobiotics and endogenous compounds, such as
steroids. The enzymes perform substrate oxidation reactions in an O, and
NADPH-dependent manner (214). CYP enzymes produce superoxide and H20-
during the oxidation reaction by the accidental release of electrons by the flavins
in the NADPH:P450 enzyme (215). Another important source of ROS is
peroxisomes, which play a major role as antioxidants, primarily scavenging
cytosolic H.O.. Aged peroxisomes lose catalase activity thus becoming a source
of ROS, as the balance between production and removal is shifted to the
production side (216). The peroxisomal flavin oxidases that are involved in B-
oxidation reactions of fatty acids can produce H;O,. Xanthine oxidase,
responsible for catalyzing the 1 electron reduction of molecular O, using
hypoxanthine, xanthine and NADH, is a major source of ROS (217). NADPH
oxidases are important source of superoxides in activated macrophages,
neutrophils, and endothelial cells (218). The ROS species are used to destroy
invading pathogens by the activated immune cells and for signaling vascular

remodeling by endothelial cells.

lll.B. Protection against ROS
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Cells have a well developed system in place to deal with ROS that includes
antioxidant enzymes, such as glutathione peroxidase and superoxide dismutase,
as well as small antioxidant molecules derived from dietary intake of fruits and
vegetables , such as ascorbate and tocopherol (219, 220). This defense system
primarily includes six classes of molecules as described by Beckman and Ames
(221): These include (i) enzymatic scavengers of ROS such as superoxide
dismutases that convert superoxide into H,0,, catalases that convert H,O; into
water and O;, and glutathione peroxidase that decompose H,O. to water; (ii)
ascorbate, urate and glutathione that act as hydrophilic ROS scavengers; (iii)
tocopherols, flavonoids, carotenoids and ubiquinol that work in the hydrophobic
environment; (iv) enzymes (e.g. GSH reductase, dehydroascorbate reductase)
that play a critical role in the recycling of small antioxidant molecules and
maintenance of thiol groups of proteins (e.g thioredoxin reductase) under
oxidative stress; (v) enzymes that generate reducing equivalents such as
glucose-6-phosphate dehydrogenase and help to maintain the appropriate
cellular environment by replenishing NADPH levels and (vi) various transcription
factors and other proteins such as NF-«xB, MTF-1, NRF-2 that promote an
adaptive response to an ROS insult. Various components of the antioxidant
pathways act in parallel as different antioxidants have similar roles. In addition,
they are highly co-operative. For example, SOD and glutathione peroxidase

work in tandem to convert superoxide into water and O,.

IV. Hypothesis and Specific Aims:
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In daily life we are exposed to metals that are ubiquitous in our environment and,
once internalized, can influence HIF1 activity through direct PHD inhibition or
indirectly via ROS generation. The aberrant HIF1 activity can disrupt the normal
balance established by hypoxia signaling between cell death and adaptation,
resulting in cellular damage. Moreover, metal-induced ROS generation might
have other cellular consequences outside of HIF1 modulation that also influence
cell viability. The published literature overviewed earlier and our own
experiments suggest that divalent metal-ions, such as cobalt and nickel, can
mimic hypoxia to the extent that there is a significant overlap between the mRNA
expression profiles of hypoxia and cobalt chloride-treated mouse embryonic
fibroblast cells (MEFs). Understanding how metals, including both hypoxia-
mimics (i.e. cobalt and nickel) and non-hypoxia mimics (i.e cadmium) influence
cell function and viability, and determining the role that the hypoxia signaling
cascade plays in this process has led me to the following hypothesis and specific

aims:

Hypothesis: cobalt and similar divalent metals cause toxicity in MEFs by

virtue of their ability to interfere with hypoxic signaling.

The four chapters in this dissertation focus on testing the above hypothesis with

the following specific aims.

A) Characterize the global gene expression profiles under hypoxic

conditions and upon exposure to ‘hypoxia mimics’.
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1) Determine the global expression changes under hypoxia, cobalt
chloride, and desferoxamine treatments using Hep3B cells

2) Characterize the extent of overlap in gene expression profiles between
hypoxia, cobalt chloride, and desferoxamine treatments.

B) Characterize the HIF1a-dependent gene expression profiles following
hypoxia and cobalt chloride treatments using wild type and HIF1a -/-
mouse embryonic fibroblasts.

1) Characterize hypoxia mediated gene expression changes in MEFs.

2) Determine the HIF1a -dependent gene expression changes upon
hypoxia and CoCl; treatment

3) ldentify shared genes between hypoxia and cobalt treated MEFs with
the goal of identifying possible mechanism of action for metal-induced
toxicity

C) Elucidate the role of HIF1a in mediating cobalt induced toxicity in MEFs.

1) Determine the time course and dose response to CoCl; mediated
toxicity in wild type and HIF1a. -/- cells.

2) Determine the changes in mRNA and protein levels of cytotoxic genes
in CoCl; treated wild type and HIF1a -/- cells.

3) Characterize the morphological changes associated with CoCl. induced
cell death in wild type and HIF1a -/- cells.

D) Determine the mechanism(s) underlying the difference in toxicity to
cobalt chloride and cadmium chloride in wild type and HIF1a -/- mouse

embryonic fibroblasts.
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1) Characterize the cytotoxicity to CoCl; and CdCl; treatment in wild type
and HIF1a -/- MEFs.

2) Determine the changes in the cell morphology to CoCl; and CdCl;
treatment in wild type and HIF1a -/- MEFs.

3) Characterize the role of BNip3 in CoCl; and CdCl; induced toxicity in
wild type and HIF1a -/- MEFs.

4) Determine the levels of oxidative stress in CoCl; and CdCl, mediated
toxicity and HIF1a -/- MEFs.

5) Characterize the levels of ROS scavenger enzyme function under
CoCl; and CdCl; treatment in wild type and HIF1a -/- MEFs.

6) Determine the levels of cellular antioxidants in CoCl; and CdCl, treated

wild type and HIF1c -/~ MEFs.
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Abstract

Cellular, local, and organismal responses to low oxygen availability occur during
processes such as anaerobic metabolism, wound healing, and pathological
conditions such as stroke and cancer. These responses include increases in
glycolytic activity, vascularization, breathing and red blood cell production, and
they are mediated in part by the hypoxia inducible factors (HIFs), which receive
information on O, levels from a group of iron and oxygen-dependent
hydroxylases. Hypoxia mimics, such as cobalt chloride, nickel chloride, and
deferoxamine, act to simulate hypoxia by altering the iron status of these
hydroxylases. To determine if these mimics are appropriate substitutes for lower
oxygen tension evoked naturally, we compared transcriptional responses of a
Hep3B cell line using high-density oligonucleotide arrays. A battery of core
genes was identified that was shared by all four treatments (hypoxia, cobalt,
nickel and deferoxamine) including glycolytic enzymes, cell cycle regulators and
apoptotic genes. Importantly, cobalt, nickel and deferoxamine influenced
transcription of distinct sets of genes that were not affected by cellular hypoxia.
These global responses to hypoxia indicate a balancing act between adaptation
and programmed cell death, and suggest caution in the use of hypoxia mimics as

a substitute for low O, tension that occurs in vivo.
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Introduction

Cells, tissues, and organisms are said to be hypoxic when they receive less than
normal levels of oxygen. Given the central role of oxygen in the production of
adenosine triphosphate (ATP) through oxidative phosphorylation, it is critical for
cells and tissue to respond rapidly to hypoxia. The importance of hypoxia
signaling is further highlighted by its essential role in mammalian development,
and several pathological conditions such as cardiovascular disease and cancer
(1). This response is regulated by a family of transcription factors called the
hypoxia inducible factors (HIFs). HIFs are members of the bHLH-PAS (basic-
helix-loop-helix-PER, ARNT, SIM) family of transcription factors (2). For a
detailed description of the pathway and its regulation see the “introduction”
chapter. Under normoxic conditions, HIF1a is ubiquitously transcribed,
translated, and subsequently degraded. Under hypoxic conditions, however,
HIF1a protein becomes stabilized (3-5). This oxygen-dependent degradation of
the HIF1a protein is primarily controlled by a family of non-heme oxygenases
called prolyl hydroxylase domain containing proteins (PHDs, also known as HIF
prolyl hydroxylase) (6, 7). The iron-dependent activity of the PHD enzymes may
help explain the ability of iron chelators and divalent metals to promote a
hypoxic-like response. In fact, cobalt chloride and nickel chloride, transition
metals capable of competing with iron at binding sites; and deferoxamine (DFO),
an iron chelator, are widely used hypoxia mimics. The appropriateness of these
hypoxia mimics has not been thoroughly tested. These current studies were

performed to characterize the battery of hypoxia regulated genes and to test the
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hypothesis that cobalt chloride, nickel chloride, and DFO were capable of
modulating a similar battery of genes and act as true hypoxia mimics. To
address these goals, the hepatocellular carcinoma cell line, Hep3B, was exposed
to hypoxia, cobalt chloride, nickel chloride or DFO, total RNA extracted, and
transcriptional responses were evaluated using high density oligonucleotide
arrays. Comparisons among the four treatments suggest that there is substantial
overlap; however, there is also a large set of genes that are specific for the

individual treatments.

Materials and Methods

Cell culture: Hep3B cells were maintained in MEM (Invitrogen) supplemented
with 10% fetal bovine serum (Hyclone, Logan, UT), 20 mM L-glutamine, 1 mM
MEM non-essential amino acids, 100 mM Hepes (pH=7.4), 1,000 units/mi
penicillin G and 1,000 ug/ml streptomycin sulfate (Invitrogen). They were
approximately 70% confluent at the time of treatment. Cells were maintained at
37°C, 5% CO, and 21% O, prior to treatment. Hypoxia treatment (1% O,) was
performed in oxygen-regulated incubator (Precision-NAPCO 7000, Winchester,
VA) at 37°C and 5% CO,. Cobalt chloride (100 uM), nickel chloride (100 uM)
and deferoxamine (100 uM) treatments were performed at 37°C, 5% CO; and

21% O..
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RNA extraction: RNA was extracted by homogenization (Polytron, Kinematica,
Lucerne, Switzerland) in TRIzol reagent (GIBCO/BRL) (added to cell pellet) at
maximum speed for 90-120 sec. The homogenate was allowed to incubate for
five minutes at room temperature, a 1/5 volume of chloroform was added, the
tube was vortexed, and finally subjected to centrifugation at 12,000 x g for 15
minutes. The aqueous phase was isolated, and a half volume of isopropanol
was added to precipitate the RNA. Following this initial isolation, a secondary
purification was performed with the Qiagen RNAeasy Total RNA isolation kit
according to manufacturer's specifications. The purified total RNA was finally
eluted in 10 puL of DEPC treated H,0, and quantity and integrity were
characterized using a Beckman DU640 UV spectrophotometer and Agilent

Bioanalyzer 2100.

RNA labeling: Briefly, 5 ug total RNA from separate biological replicates was
used to make first strand cDNA using the Superscript Choice system (Gibco
BRL) and a T7 promotor/oligodT primer (Gibco). Second strand cDNA was also
made with the Superscript Choice system. The resulting cDNA was subjected to
phenol:chloroform purification and ammonium acetate precipitation, and used as
a template to make biotinylated amplified antisense cRNA using T7 RNA
polymerase (Enzo kit, Affymetrix). Twenty micrograms cRNA was fragmented to
a range of 20 to 100 bases in length using fragmentation buffer (200 mM Tris-
acetate, pH 8.1, 500 mM KOAc, 150 mM MgOAc) and heating for 35 minutes at
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94 °C. The quality of cRNA and size distribution of fragmented cRNA was

examined by both agarose and polyacrylamide gel electrophoresis.

Hybridization: 20 ng of cRNA was hybridized to a U95A version 1 gene chip
(Affymetrix) in with 1 X MES hybridization buffer using standard protocols
outlined in the Gene Chip® Expression Analysis Technical Manual (Affymetrix).
Hybridization was conducted in a GeneChip Hybridization Oven for 16 hours at
45 °C. Following hybridization, the arrays were washed on a Genechip Fluidics
Station 400 according to manufacturer’'s instructions (Affymetrix). The arrays
were finally scanned using a Hewlett Packard 2500A Gene Array Scanner and
the raw images were analyzed using the MAS4 Software Suite (Affymetrix).
Finally, quality of cRNA was assessed by examining 3'/5' ratios for GAPDH

oligonucleotides present on the arrays.

Data Analysis: CEL files were condensed using the GCRMA algorithm in R

(www.r-project.org) (8-10). Pair-wise comparisons between control and

treatment conditions were conducted using a Students T-Test, two sample, equal
variance on log2 transformed data. Fold change calculations were performed in
Excel on data that was median-scaled to a global intensity target value of 100.
For each treatment vs. control condition, genes that changed were assigned

based on a t-test value of <0.05 and a fold change value of > 2.
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Relative Real-Time PCR analysis. Changes in gene expression observed by
microarray analyses were verified by real-time PCR, performed on an Applied
Biosystems Prism 7000 Sequence detection System (Foster City, CA) as
described (11). Briefly, cDNA was synthesized from total RNA (1 ug per sample
per treatment, n=6) in a reverse transcriptase reaction in 20 pul of 1X First Strand
Synthesis buffer (Invitrogen, Carisbad, CA) containing 1 ug oligo (5’-T21VN-3'),
0.2 mM dNTPs, 10 mM DTT, and 200 IU of Superscript |l reverse transcriptase
(Invitrogen). The reaction mixture was incubated at 42 °C for 60 min, and
stopped by incubation at 75 °C for 15 min. Amplification of cDNA (1/20) was
performed using SYBR Green PCR buffer (1x AmpliTaq™ Gold PCR Buffer,
0.025 U/ul AmpliTaq™ Gold (Perkin-Elmer, Wellesley, MA), 0.2 mM dNTPs, 1
ng/ul 6-carboxy-X-rhodamine, 1:40,000 diluted SYBR® Green Dye and 3%
DMSO) and 0.1 uM primers. The thermal cycling parameters were 95°C for 10
min followed by 40 cycles of 95°C for 15 seconds and 60°C for 60 seconds. The
mRNA expression for each gene was determined by comparing it with a standard
curve of known quantities of the specific target. This measurement was controlled
for RNA quality, quantity, and RT efficiency by normalizing it to the expression
level of the hypoxanthine guanine phosphoribosyl transferase (HPRT) gene.
HPRT was used as a control gene because it was shown to be unaffected by any
treatment used. Each primer set produced a single product as determined by
melt-curve analysis and amplicons were of correct size as analyzed by agarose
gel electrophoresis. Statistical significance was determined using normalized

fold changes and student t-test.
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Primers were designed using the web based application Primer3 (http:/MWwww-
genome.wi.mit.edu/cgi-bin/primer/primer3_www.cgi) biasing towards the 3’ end
of the transcript to maximize the likelihood of giving a gene specific product. The
settings used in Primer3 were 125 bp amplicon, 20mers, 60°C melting
temperatures and all other as defaults. Primer sequences were analyzed by
BLAST. Gene names, accession numbers, and forward and reverse primer

sequences are listed in Table 2.

Results

Gene expression measurements were generated following 24 hour exposure to
each of the five treatments, normoxia, hypoxia, cobalt, nickel and deferoxamine,
in Hep3b cells. To examine the global relatedness of each of these stimuli, we
performed hierarchal clustering on the entire data set. These results indicated
that there is considerable similarity among the four stimuli (data not shown). To
compare directly the effects of these treatments on the complete data set, an
analysis of variance (ANOVA) was performed. The results showed that greater
than 38% (3,404/12,626 probe sets) were significantly (p < 0.05) influenced by
treatment. These results suggest that hypoxia and hypoxia mimics have
profound effects on cellular homeostasis and that there is considerable similarity

among the four hypoxia treatments.
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A direct comparison of each treatment was also performed to identify subsets of
genes that were shared, and those that were unique, among treatment groups.
Genes that showed significant changes in expression (p < 0.05 and greater than
2 fold change) were compared. At these significance levels, hypoxia (1% O3)
influenced 451 different probe sets. These sets of responsive genes included
well known hypoxia-regulated genes such as glyceraldehydes-3-phosphate
dehydrogenase (GAPDH), vascular endothelial growth factor (VEGF), insulin
growth factor Il (IGFIl), carbonic anhydrase, and plasminogen activator inhibitor |
(PAI 1) (12), (13) (Table 3). This list of hypoxia responsive genes also included
several genes that had not previously been demonstrated to be modulated by
low oxygen tension. For example, pyruvate dehydrogenase kinase 1 (PDK1) and
the creatine transporter, SLC6A8 were upregulated 4.7 and 5.7 fold respectively.
In addition, the NAD*-dependent 15 hydroxyprostaglandin dehydrogenase and
prohibitin genes were significantly down-regulated following hypoxia exposure.
These results confirm the appropriateness of our data analysis and suggest that

a more complete set of hypoxia responsive genes were identified.

The other three treatments, cobalt, DFO and nickel, also had profound effects on
the cells. Cobalt exposure (100 uM, 24 hours) led to the significant change (p<
0.05 and greater than 2 fold) in transcription of 303 probe sets (Figure 5). Of
these 303 probes sets, 85 (28%) overlapped with the hypoxia responsive subset.
Nickel exposure altered the expression of a similar number of genes as cobalt

(325 probe sets), however, a higher percentage overlapped with the hypoxia
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Table 3. Top 20 hypoxia up and down-regulated probe sets

FOLD CHANGE
Probe Set |HYP |COB |DFO |NICK |Descriptions
39352_at -13.1] -1.9] 2.5 -6.7|thyroid-stimulating hormone alpha subunit
1025_g_at -10.2| -5.9| -14.7] -8.2|HSCYP450 Human gene for cytochrome P(1)-450
32570 at 69| -5.8] -7.3] -5.4]15 hydroxyprostaglandin dehydrogenase (PGDH)
742 at -5.01 -9.6] -4.4] -11.4]Human mRNA for HGF activator like protein
40588 r at 47 10| -4.8| -2.9{p18 protein
41363 at 47| -1.7] -6.4] -2.6|survival of motor neuron protein interacting protein 1
39382_at 4.5 -15| -3.4| -2.2|mRNA for KIAA0O517 gb=AB011089
36592_at -4.5| -1.5] -8.3| -2.6|prohibitin
38680_at 44| -14| -16] -2.0]Alurepeats, region 5 to the SNRP E gene
39355_at 43| -14| -6.5| -2.6|2-5A binding protein
31880 at 41| -14| -6.6] -3.5|N9 Rep-8 gb=D83767
36636_at 4.0] 1.0l 1.1] -1.9]ornithine aminotransferase
41772 at 40| -22| 47| -29|monoamine oxidase A
38323 at 40| 11] -71] -2.8|BAC clone RG113D17 gb=AC005162
33791_at -3.9] 1.9] -2.6] -2.3|leukemia associated gene 1
38372 _at -3.9] -1.1] -1.7] -2.6]U66042:Human clone 191B7
40788 at -3.9] 1.0] -1.3] -2.6]adenylate kinase 2A (AK2A)
1969 _s_at -3.8] -1.0] -1.8] -2.9|CDK activating kinase
41246 _at -3.7] -14| 1.8] -3.9]Homo sapiens gb=Al743134
37297 at -3.7] -14] -3.7| -2.4|Homo sapiens DKFZp586A191
37758 s _at 46| -11 48| 4.5|Homo sapiens gb=W28479
39827 _at 47| 44| 47| 6.8|Homo sapiens gb=AA522530
36386 at 47| 10.8] 14.9] 3.9|pyruvate dehydrogenase kinase isoenzyme 1
40790 at 49| 40/ 80| 4.2|DEC1
36101 _s_at 50/ 36] 7.2 4.1|vascular endothelial growth factor
38545 at 52| 25| 121 4.0|testicular inhibin beta-B-subunit
40926 at 5.8] 12.1] 25.5] 6.7|creatine transporter (SLC6A8)
38125_at 6.3] 10.6] 22.8| 7.9|plasminogen activator inhibitor |
HUMGAPDH 6.5] -10] 29| 2.7|glyceraldehyde-3-phosphate dehydrogenase
40888 f at 6.6] -1.3] 3.6] 3.3]Homo sapiens gb=W28170
34777 at 6.8] 33.1] 39.4] 3.9]adrenomedullin precursor
32588 s at 7.00 -25] 1.3] 8.5|ERF-2
40309 at 8.1] 39.4] 39.9] 5.7|Carbonic anhydrases (MaTu MN)
31918 at 8.4 1.2] 9.0] 5.5lhomeodomain protein (Prox 1)
34610 _at 86| -1.0/ 16| 3.1]Homo sapiens gb=W25845
1591 s at 11.9] 22| 86| 8.5|insulin-like growth factor Il
36782_s_at 13.9] 23| 10.3] 13.2]insulin-like growth factor Il
672 at 14.2] 74| 13.5| 3.3|plasminogen activator inhibitor-1
36933 at 79.9] 127.7] 241.0] 61.5|RTP (N-myc downstream regulated gene 1)
2079 s at 255.6] 27.6] 140.0] 202.7]insulin-like growth factor (IGF-II)

82




Figure 5 Venn diagrams representing genes whose expression was
significantly influenced by treatment.

Genes whose expression was influenced by the four hypoxia treatments are
displayed as Venn diagrams. Total number of genes for each treatment group is
listed at the bottom next to the treatment label. Each section that shares the
same color and number represents the same subset of genes. (a) a complete list
of these genes can be found in Table 4. (b) a partial list of these genes can be
found in table 5. (c) a partial list of these genes can be found in table 6. (d) a
partial list of these genes can be found in table 7, (e) a partial list of these genes
can be found in table 8.
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subset (65.2%, 212/325 probe sets) (Figure 5). DFO treatment led to altered
expression of a much larger number of probe sets under these conditions (100
uM, 24 hours). DFO exposure changed the expression of 1068 different probe
sets and 23.3% (249/1068 probe sets) were shared with the hypoxia subset
(Figure 5). These data suggest that there is a core set of genes that are
responsive to hypoxia and hypoxia mimics but a larger population may be unique

to each treatment.

To understand more thoroughly this core set of genes, a comprehensive analysis
of those genes that were shared among all four treatment groups was performed.
This analysis led to the identification of a core set of 62 probe sets, representing
55 different genes (Table 4). This list contains a large group of previously
characterized hypoxia responsive genes, including IGF IlI, n-myc downstream
regulated (also known as NDR1, RTP, AND CAP43), PAI 1, VEGF and several
glycolytic enzyme genes. The list also contained several genes that had not
been characterized as hypoxia responsive. These include pyruvate

dehydrogenase kinase 1, PDGH, MAOA, inhibin and SLC6A8.

To verify the expression of some of the novel hypoxia regulated genes, as well
as some of the conventional hypoxia target, qRT-PCR was performed. The
genes verified included VEGF and carbonic anhydrase as controls for the

hypoxia treatments. These genes are known hypoxia genes and qRT-PCR and

84



VNYW (WNQ) UIeurp) 10€  [v8€ 20T _R.N 1e_zzoze

v/ @SE[Op[E] vZE 80°€ 25T 1€ OEEzE!

(esepixousy) uiuse|dojniao| 7% ov'y 0SZ 18_8006€

VNYW ediN urejo.d Buipuig-z-oga/m6L 813 85" SLEL 1Y 1€ 0108€
2625€04V=qD_BSEC OUOP SuaIdes owoH 28 ST ot 1€_08.G€E

(LWDd) + eseynuiodnjboydsou 08’ 6 of 1€ oleee

(e12q L1eN) B12q | J0joey pajeoosse-jaN “L-AlH 89’ 20 o€ 1€°S_0/68€
aseun-dva v9" €0' ST 1€ 6700

uiiydodipe 0° I} 0 1€ 8LEVE

(0£d 1 ddd) wunans Kiojejnbal *| ssejeydsoyd uisjoid 0’ €L 10T 1€_99€6€
08/6/X=9D_VNYW E1dA 3 (%4 ¥0T e 8LyvE

v-aseuaboipAyap sjejoe) 5 T ¥0'Z 1868l

(¥30Vd) uiejoid ayi-uisiingns |s€" 98¢ i 1€7S_1002€

ase Iwe sjeyiedse Sljosoik Zve 90°Z 18 epeSE

(ivzH) uiajoid axi-vz duoisiy veZ o€ 1 8OEVE

VNYW Z'VZH 8uojsiy V2T vee 1€ 98¢

€0/60A=9P_uis10:d W3 05z Sl 1€ pIGLY)

asejauyjufs yod-iAoe ureyo-buoy 1o} yNyW Sz €6 18_2800%|

VNYW | 85ej0IpAYooRd 419 viZ ve- 18 yy6LE

VNYW €-39] Jojoey uonduosues ST | ze 652 1e_6582¢€

amumf_u :_wﬂo._& 3|gIonpul-ucsapusjul-ewwed uewnyH dIINNH Wz o X je GZ6
6€£90208v=a6 U210 ZEGOVVIM 10} YNYW 0£°€- e - 1€ EV8LE
€-49S J0joe; uondudsues 25T 3 3 VEIOSINNH]

#SdExd uniydounwwi pajer -10d8021 Bod ey vS 6ZZ 3 B 11 ZLYE
uiajoid axi1-g 2dh Joydedal uayiopus aAneind 8L€- B E 1e_/6ZrE
aseuaboipAyap uipue|beysosd AxoipAy-G| €G- 0€ - - ¥ s zzele)

1500501v=9b (€610995dZ4>q du0p woy) £6109959ZINA YNGD 98 €Lz 3 18”7898
(VOVIN) V ©Sepixo auiueouow _%, 5 8Lz 007~ 1 ZLLLY

uie}0.d 8-I0)eARdE JOH 10j YNYW UBWNH TV4OHIWNH leri- |vwv 656" 667~ 1€ eyl
(Ha9d) eseuaboipAyap uipue|bejsosd Rysi dep-+QvN |ses- [szs- 28°G- 689 e 0G2¢€
06-(1)d 8woJyookd Joj suab uewnH 0S¥dADSH €28 [1LvL-  [98°G- 120L- 1875 5z0L
suondudsag MOIN_| 0da 802 dAH 39S 2q0id
IONVHD a104[ |_

juauneal) Jnoj [|e yaq depeno ayy Buguesaidal sjes aqoid zg 8yl “p o|qeL

85



(1-3491) J030e tmoub axyi-uinsul] 2920z [eoovL  [vose 66552 187S 6.02]

(1 uab pajejnBal weansumop oAW-N) 41y G619 [vO'ive  |vriTL  |¥66L 18 EE69E

| 10joe} YmoIb ax-uNnsul ozel [ozoL 87 26°€L 187S 28/0¢

11 1030e) ymolb ax-ulnsul €68 858 6L €611 1e°S 1661

(N NLe) seseipAyue d1uogied 0.6 |06'6€ € S0 1€ 600

Josinoaud ujjinpauousipe /8¢ |SY6E € 119 1€ /1Y€

1yur Jojenoe uabouiwse|d Bunesbiw-ejeq €6, |6lze 901 0€'9 1€ 6z18¢

(8v9071S) Joviodsuen sunessn .9 |6¥'ST 0L 6L 18_9260%,

1uNqns-g-€1aq uqiyul Je|nojsay €0v  |.0TL Ia oL 187 6pS8e

J0joey MOJB [eljaLpopus Jejnosen I T 09 ¥0' 1S 1019€¢

1030 \zy  |208 €0y 88y 1€_06.0

(iad) | swAzuaosi aseury aseusboipAyap sjeaniid 88'€  [98'%) 0L SLY 1e_98€9¢
(¥110Q) ¥ 1duosuex sjgionpul-sbewep-yNG 089 oL¥ v [7K2 1e/Z86€

(393A) Jojoey ymolb [eljayopus Jejnasen 2€€ (98 q vy 18 €661
(eV91D1S ‘WHY) (€LOW) Jauodsuey sjejkxogesouows le€  [s89L (a2 1BS evLEee
(XIN) e€ uizjo.d Bunoesajui-e@6l §13 SNJIAOUSPE/Z10g 8V'E 260€ 91l vy e OEV6E
 $8%0qoawoy pue s1abuy ouiz| 207 |oL€ 8Ly T E €051

22€8108v=96 uiej01d 6220vVIM 0} YNYW evy  [8v'S €.8 ¥0'p e_|Gzee

10j0e} YMOJB [EljeLROpUS JBjNoSEA) 6L |8l 8L 66 e 0019€¢

(2311 ureyoud JaoueyuS B¥I-uPNpSUE) 1€ |Siy 19T 6 1e_/€80Y,
(2a01d) z wiojos) asejkxoipAy Ksh| 26€ €6 193 GG 18_G6LYE

._O«m_:mw‘_ _N:O:mr_ow:mz ‘_wm:_b QuIZ| L9¢ 908 LSy 44 e 8viOv|

ase|Ax0ipAy-y IAjoid z6€  |os8L LE€L A 187/E0LE

148491y urejoid Buipuiq 10j0e) ymoIB axiI-ulnsul uewnH 16T |v992 1001 s ceel
v} Buiurejuoo urewop (fuownl 00€ o918 G 0" 187 98/pE

V-490d Jooe) ywmoib paruep-jeiRleld Gl B 0 1" €0/5€

(1Baw) | auab pajejer-| Bsw GG 162 e ELLEE

OyJ pajejas-sel uewny 18 262 e 9z8l

uisday asesjo.d aulas| ¥0’ 69" veET €8T 1€ 6E9LE!

uajsues [23 L ¥6'C 197 1€ 8EGTE

(z-s18) z Bojowoy auaboouo snuia sisojse|qoipkia 68" X 68V 09C 176161
suondudseq ADIN oda 802 dAH 198 2q0.4d|

(penunuod) sy jeal) inoy e L Naq dejiano ay) buguasaidal sjes oqoad zg 8yl 'y o|qeL

86



microarray data were in good agreement. In addition, four other genes (PDK1,
SLC6AS8, inhibin and MCT3) that were upregulated in all four treatments and had
not been characterized as hypoxia regulated were also verified. Each of the four
treatments led to the upregulation of the PDK1 and SLC6A8 genes in the
microarray and gqRT-PCR analysis (Figure 6A). In addition, the qRT-PCR
expression pattern of inhibin correlated with the microarray data in three of the
four treatments, while MCT3 only verified in the DFO treatment group (Figure

6A).

There were also several down-regulated genes that were verified by qRT-PCR
(Figure 6B). Cyp1A1 was down-regulated in all four treatments in both the
microarray and q RT-PCR experiments and this is in good agreement with
previously published reports (14, 15). IL8 was upregulated in three of the four
treatments on the microarray and this pattern was verified in the gRT-PCR
results. Finally, four genes (HGFAL, IP30, MAOA and 15-PGDH) were down-
regulated in all four treatments on the microarray and this was confirmed on the

gRT_PCR, with one exception. Nickel induced a slight upregulation in the 15-

PGDH gene in the qRT-PCR (Figure 6B).

A direct comparison of the microarray and qRT-PCR data was performed by
compiling all of the values for all twelve genes under all four conditions and
plotting them on a Log2 chart (Figure 7). The graph was further analyzed by

linear regression and displayed a slope of 0.94 and an R? value of 0.58. These
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Figure 6. qRT-PCR verification of 12 genes.

The expression pattern for 6 upregulated genes (A) and 6 down-
regulated genes (B) was verified by qRT-PCR using sybr green as a
marker. The sybr green data (white bars) is directly compared to the
microarray data (hatched bars). Gene names are listed at the top of
each graph. HYP = 1% O,, COB = 100 uM CoCl,, DFO = 100 um
deferoxamine and NICK = 100 uM NiCl;
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results validate the microarray data analysis and suggest that there is very good

correlation between the two assays.

The results suggest that there is considerable overlap between the various
treatments; however, there is also a large subset of genes that were altered in a
treatment specific manner. The expression of these genes passed significance
and fold change cut-offs in only one treatment. For example, there were 121
probe sets that showed change in expression (p < 0.05 and greater than 2 fold)
following hypoxia treatment but were not significantly changed in the other three
treatment groups (Figure 5, Table 5). This subset included probe sets for the
guanine nucleotide binding protein, c-jun, MAP kinase phosphatase 1, ubiquitin-
conjugating enzyme E2 and asparagine synthetase (Table 5). The role these

genes play in the cellular response to hypoxia is currently being investigated.

There were also 92, 676 and 49 probes sets that were specific to cobalt, DFO
and nickel, respectively (Figure 5). These subsets include growth factors

(e.g. connective tissue growth factor, amphiregulin, and transforming growth
factor-beta), structural proteins (e.g. desmocollin, spectrin and adducin), and
genes for several important enzymes (e.g. glutathione-S-transferase, hepatic
dihydrodiol dehydrogenase, and s-adenosylmethionine synthetase). In addition,
each treatment altered the expression of various critical transcription factors and
cell cycle regulators. For example, cobalt exposure led to the decreased

expression of cyclin D1 (Table 6). Nickel altered the expression of the genes for
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Table 5. Top 20 up and down regulated genes specific to hypoxia
(1% O,) exposure

FOLD CHANGE

Probe Set | HYP | COB | DFO | NICK Descriptions
38680 _at -4.43] -1.37] -1.63| -2.05|Alu repeats in the small nuclear ribonucleoprotein E
36636 _at -4.00] 1.03f 1.09] -1.91|ornithine aminotransferase
36671_at -3.43| -1.34] -1.52| -1.78|asparagine synthetase
40629 at -3.05] 1.15] -1.61] -1.29|GPI-H mRNA
40074 at -3.05] -1.05] -1.31] -1.99{NAD-dependent methylene THF-DH cyclohydrolase
36604 at -3.04] 1.02| -1.66] -1.92]ubiquitin-conjugating enzyme E2
32777 at -3.00f 1.14{ -1.80] -1.90{CHDS5 protein
39983 at -2.90] -1.88] -1.92|{ -2.76|FKBP-associated protein FAP48
38029 at -2.80] -1.29] -1.07] -1.77|glycoprotein 4F2
41536_at -2.75] 1.27| -1.21] -1.77|AL022726 clone 625H18
34366_g_at | -2.75] 1.10| -1.33| -1.76|cyclophilin-33B (CYP-33)
36857 at -2.70] -1.30] -1.69] -1.90|DNA repair exonuclease (REC1)
38983 at -2.69| -1.11] -1.85] -1.73|/Al223047cDNA
33434 at -2.62] 1.46] -1.87| -1.52|Bet1p homolog (hbet1)
40250 at -2.60] -1.46] -1.97{ -2.51|Rev interacting protein Rip-1
402 s at -2.60] 1.56] -1.08] -1.54|ICAM-3 mRNA
262 at -2.58| -1.10] -1.42] -1.57|S-adenosylmethionine decarboxylase
40568 at -2.66] -1.11] -1.50] -1.92]vacuolar H+-ATPase
34356 _at -2.54] 1.23] -1.57] -1.80|polymerase |l complex component SRB7
38725 s at | -2.50] -1.81] -1.62| -1.86|N36295 cDNA
37657 _at 2.01| -1.03] 1.86] 1.50|PALM gene
38586 _at 2.03| -1.67] 1.10] 1.14|fatty acid binding protein (FABP)
41657 at 2.03] 1.33] 1.23] 1.54]serine threonine kinase 11
40186 _at 2.04] 1.54] 1.15] 1.83|MAP kinase phosphatase 4
1443 at 2.04] 1.50f 1.42] 2.78|HSMAPKP4 MAP kinase phosphatase 4
41366_at 2.12] -1.04] -1.40] 1.96|mRNA for KIAA1002
32583 at 2.13] 1.51] 1.81] 1.70|c-jun proto oncogene (JUN)
38757 _at 2.14] -1.14] 1.42| 1.87|PDGF associated protein
835 at 2.14] -1.89] 1.71] 1.87|PDGF associated protein
41061 at 2.17] -1.14] -1.15| 1.61]huntingtin interacting protein 1
34303 at 2211 1.23] 1.75] 1.86/AL049949 mRNA
40960_at 2.28| -1.02] 1.75| 1.79|beta-1,4-galactosyitransferase
HSACO07 2.31] -1.00{ 1.01f 1.09]beta-actin
37880 at 2.33] 1.25] 1.33] 1.67]L-alanine-glyoxylate aminotransferase
39385 at 241} -1.15] 1.48| 1.79|aminopeptidase N/CD13
38295 _at 2.47] -1.00] 1.53] 1.87|PBX2 mRNA
hum alu at | 2.55] -1.18] 1.69] 1.68]Alu-Sq subfamily
37884 f at | 2.66] 4.75] 2.50] 1.81]AI375033 cDNA
41872 at 2.69] 1.32] -1.37] 1.72|nonsyndromic hearing impairment protein (DFNAS5)
34610 at 8.57] -1.01f 1.65] 3.13[guanine nucleotide binding protein
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Table 6. Top 20 up and down regulated genes specific to CoCl,

(100 uM) exposure
FOLD CHANGE
Probe Set | HYP | COB | DFU | NICK Descriptions
41320 s at 1.56] -3.76] -1.57] -1.07|transcriptional repressor (GCF2)
2017 _s_at 1.90] -3.75] 1.13] 1.29]Human cyclin D (cyclin D1)
37637 at -1.20] -3.73] -1.62] -1.34|RGP3 mRNA
867 s _at 1.31] -3.58] 1.36] 1.26|thrombospondin-1
36638_at -1.27] -3.47f 1.11] -1.74|connective tissue growth factor
1143 s at -1.26] -3.41] -1.89] -1.68|Fibroblast Growth Factor Receptor K-Sam
38418 at -1.07] -3.10] -1.563] -1.23|PRAD1 mRNA for cyclin
33436 _at -1.42] -2.95] -1.12] -1.26{SOX9 mRNA
34517 at 1.31] -2.90] -1.20f 1.18/HMG-CoA-synthase
2020 at -1.31] -2.86] -1.86] -1.20|bcl-1 mMRNA
33389 _at -1.24] -2.75] -1.76] -1.26|cytochrome P450 (CYP51)
38686 _at -1.42] -2.64| -1.26] -1.27|vacuolar proton ATPase
31521 f at | -1.64] -2.60| -2.00] -1.51|H4/e gene for H4 histone
1787 at -1.08] -2.60] -1.30] -1.71|Cdk-inhibitor p57KIP2
34213 at -1.17} -2.57] 1.20] -1.58|mRNA for KIAAO869 protein
404 at -1.17] -2.54] -1.92]| -1.32]interleukin 4 receptor
1970 s at -1.09] -2.48] -1.85] -1.34|FGFR2 mRNA
866_at -1.24] -2.43| -1.70] -1.23|thrombospondin-1
33369_at 1.05] -2.42] -1.95] 1.44|AI535653 cDNA
40841 at -1.04] -2.37] 1.12] -1.33|/TACC1 (TACC1) mRNA
35284 f at | -1.63] 283] -1.72| -1.78|W28620 cDNA
37002_at 1.33] 2.91] 1.12] 1.32]biliverdin-IXbeta reductase |
38825_at 1.06] 2.95] 1.02] -1.06|fibrinogen alpha chain gene
1962 _at 166] 295] 1.04] 1.74|liver arginase
40838 at 1.56] 3.11] 1.46] 1.31|mRNA for KIAA0530 protein
35214 at -1.57] 3.32f -1.21] 1.73|UDP-glucose dehydrogenase (UGDH)
38876 _at -1.29] 3.70f -1.06] 1.34|AL080091 cDNA
31850 at -1.41] 3.89] 1.26] 1.27|gamma-glutamylcysteine synthetase
35724 at -1.23] 4.11] -1.46] 1.50|Pirin, isolate 1
32664 _at -1.16] 4.62] 2.07] 1.56|RNase 4
35686 s at| -142| 4.82] 2.03] -1.34[MTCP1gene
39365 i at 1.19] 4.95] 1.70] 1.12]protein phosphatase 1 (PPP1R5)
35194 _at 1.12] 5.05] 1.00{ 1.05|glutathione peroxidase-like protein
748 s at 1.20f 5.79] 3.44] 1.35|Mxi1 protein
34342 s at 1.16] 6.93] 1.01] 1.07|osteopontin mMRNA
39120 at -1.32] 9.41] -1.32] -1.49|AA224832 cDNA
37399 at 1.11] 9.57] 1.00] 1.03|mRNA for KIAAO119 gene
38379 at 1.16] 11.24] 1.02] 1.07|NMB mRNA
32805 at -1.30] 64.02] -1.95| -1.60]hepatic dihydrodiol dehydrogenase
32392 s at| 1.13] 80.74] 1.01] 1.19|bilirubin UDP-glucuronosyltransferase isozyme 2
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the transcription factors E2A and SL1 (Table 8). DFO had the largest unique set
of genes and it contained the transcription factors, c-fos, activating transcription
factor 3 and the farnesol receptor HRR-1 (Table 7). These results suggest that
each of these treatments has different functional consequences on cellular

homeostasis which distinguishes them from hypoxia exposure.

Discussion

Several dozen genes responded to both cellular hypoxia and its mimics. These
genes included known hypoxia regulated genes, such as IGFIl, VEGF and
carbonic anhydrase, but also many previously uncharacterized genes that were
altered by all four treatments. Several genes were involved in the processes of
adaptation and cell death, indicating a delicate balance between these processes
under hypoxic stress. Adaptive genes included the previously known glycolytic
enzymes and carbonic anhydrase, but also the creatine transporter, SLC6A8,
through which creatine may function to regulate the ATP supply within the cell
(16). Another gene induced by hypoxia and its mimics, PDK1, is responsible for
inactivating the pyruvate dehydrogenase (PDH) complex and thus regulating the
amount of glucose that is ultimately converted to acetyl-CoA. The upregulation
of PDK1 and subsequent inactivation of the PDH complex may act to divert

pyruvate to other metabolic pathways to cope with the hypoxic environment.

Conversely, apoptotic or cell death-promoting genes and cell proliferation

inhibitors were also found to be regulated by all three hypoxic stimuli. These
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Table 7. Top 20 up and down regulated genes specific to Deferoxamine

(100 uM) exposure

FOLD CHANGE
Probe Set | HYP | COB | DFO | NICK Descriptions
38519 _at -1.40] -1.92| -27.06] -1.18|farnesol receptor HRR-1
527 at -1.89] -1.64| -10.50{ -1.33|centromere protein-A (CENP-A)
1647 at -1.21] -1.81| -7.84] -1.22|RasGAP-related protein (IQGAP2)
40238 at -1.56] -1.33] -7.31| -2.03|Al674208 cDNA
1599 at -1.91] -1.62] -6.45] -1.76|protein tyrosine phosphatase (CIP2)

34851_at -1.56] -1.12] -6.30f{ -1.29|serine/threonine kinase (BTAK)
37173 at -1.96] -2.12| -6.22| -1.73]JCENP-E mRNA
37649 at -1.98] -1.22| -6.03] -1.61]hydroxymethylbilane synthase gene
38099 r at| -1.30] -1.67] -5.99] -1.33]acyl-CoA synthetase 4 (ACS4)
38717 _at 1.61] -1.27] -5.91| 1.77|AL050159 cDNA
40508 _at -2.00] 1.35] -5.77| -1.53|glutathione S-transferase A4-4 (GSTA4)
33701 _at -1.63|] -1.83] -5.68] -1.51|phenylalanine hydroxylase (PAH)
41211 _at -1.29] -1.19] -5.64| -1.03|mRNA for KIAAQ765 protein
34852_g_at| -1.43| -1.10] -5.60] -1.26|serine/threonine kinase (BTAK)
1945 at -1.75] -1.48] -5.56] -1.63|cyclin B
41352 at 1.19] 1.26f -5.51 1.58|beta-galactoside alpha-2,6-sialyltransferase
37302_at -1.76] -1.86] -5.48] -1.75|mitosin MRNA
38824 _at -1.86] 1.49| -5.41| -1.39|Tat-interacting protein TIP30
903 at -1.12] -1.93] -5.31| -1.54|phosphatase 2A B56-alpha (PP2A)
37235 g at| -1.78] -1.81| -5.24| -1.40|alpha-2-thiol proteinase inhibitor
39279 _at 1.07] -1.03| 6.44] 1.02|transforming growth factor-beta
35174 i at| 130f 1.13] 6.61] 1.45[elongation factor 1 alpha-2
38790 at 1.03] 1.94] 6.69] 1.29|p53/HEH epoxide hydrolase (EPHX)
38457 at 1.49] 1.02] 6.70] 1.09|troponin | fast-twitch isoform mRNA

1

36543 _at . -1.28] 6.86] 1.07]Coagulation factor Il
1890 _at 1.62] 1.58] 7.18] 1.15[TGF-beta superfamily protein
1733_at 1.16] 1.01] 7.66] 1.08|transforming growth factor-beta

39302 at 1.04] 291 8.02] -1.10|desmocollins type 2a and 2b

35617 _at 1.63] 1.28] 8.21] 1.73|BMK1 alpha kinase

37111 g at| 1.35| 1.48| 8.51] 1.35[fructose-6-phosphate,2-kinase

32899 s at] 1.32) 1.13] 9.05] 1.11|orphan hormone nuclear receptor RORalpha1

1113_at -1.03] -1.39] 10.03] -1.52[bone morphogenetic protein 2A
1915_s_at 1.28] 1.05] 10.25| 1.06|cellular oncogene c-fos
287 at 1.02] -1.05] 11.22] -1.09|activating transcription factor 3

40367 at 1.09] -1.23] 11.28] -1.10jmorphogenetic protein 2A

41038 at 1.47] 3.58] 11.46] -1.49|neutrophil oxidase factor (p67-phox)
39248 at -1.26] 1.53] 11.71] 1.22{N74607cDNA

34661_at -1.03} -1.30] 17.11] 1.68]mRNA for KIAA0350

33127 at 1.20] 1.71] 21.51] 1.09]lysyl oxidase-related protein (WS9-14)
1916_s_at 1.37] 1.12] 29.73] 1.12]cellular oncogene c-fos
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Table 8. Top 20 up and down regulated genes specific to

NiCl; (100 uM) exposure
FOLD CHANGE
Probe Set | HYP | COB [ DFO | NICK Descriptions
34898 at | -2.16] -1.75] 1.75] -2.92]amphiregulin (AR)
37701 _at -1.97| -1.61] -1.34] -2.88]helix-loop-helix basic phosphoprotein (G0S8)
35803 at | -2.91| -1.62| 1.25] -2.61|RhoE=26 kda GTPase homolog
41662 at | 4.46] 1.10] 1.00] -2.49]AL050272 cDNA
39351 at -1.85| -1.98] -1.29| -2.46|transmembrane protein (CD59)
36191 at -2.92] -1.32] -1.99] -2.45|mitochondrial transcription factor 1
36079 at | -2.63| -1.96] -1.49] -2.33|Pig3 (PIG3)
38678 at | -1.62| -1.12| -1.78] -2.28| AA733050 cDNA
32088 at -1.78] 1.04] -1.40] -2.28]basic-leucine zipper nuclear factor (JEM-1)
35842 at | -1.75] -1.19] -1.10| -2.20JAL049265 cDNA
40269 at | -2.08| -1.35(-2.00{ -2.13|hPrp18 mRNA
35006 at -1.47] -1.51] -1.61| -2.11|transcription factor SL1
32102 at | -1.56] -1.21] -1.04] -2.11]AB018273 mRNA
39506 at | -1.37] 1.05] -1.04] -2.09]AA933984 cDNA
39224 at | -1.24] -1.24]-1.33] -2.08|AB011152 mRNA
1536_at -1.19] 1.09] -1.34] -2.07|Cdc6-related protein (HsCDC6)
1119 at -2.07] -1.24] -1.43| -2.06|Human replication protein A
38381 _at -1.49] -1.565| -1.63| -2.06|syntaxin 3
39533 at | -1.81] 1.14] 1.14] -2.05|D87432 mRNA
339 at -1.96f -1.15] 1.49] -2.05]caveolin-2
31431 _at 1.71] 1.19] 1.24| 2.06{IgG Fc receptor
1047_s at | 1.41] 1.05] 1.09] 2.09|hepatocyte growth factor-like protein gene
41725 at 1.78] 1.17{ 1.81] 2.09|casein kinase | gamma 2
36784 at 2.40] -1.03] 1.96] 2.11|growth hormone and chorionic somatomammotropin
38406 f at| 1.96] 1.12] 1.19] 2.12]AI207842 cDNA
39358_at 1.61] 1.28] 1.54| 2.12|silencing mediator of retinoid and thyroid hormone
35154 at 1.63] 1.67{ 1.55] 2.13]W68046 cDNA
33630 s at| 1.34] 1.01]-1.09] 2.13|beta lll spectrin (SPTBN2)
1218 at 1.76] 1.24| 1.42| 2.13|v-erbA related ear-2
32146 s at] 2.01] 1.68| 2.24] 2.18|alpha adducin
1374 g at | 1.62] 1.82[ 1.29] 2.22|transcription factor (E2A)
39372 _at 1.88] -1.50] -1.14] 2.28{W26480 cDNA
38789 at 1.48] 1.80] 1.13| 2.29|transketolase
40850 at 1.96] 1.67[ 1.68] 2.29|FK-506 binding protein homologue (FKBP38)
446_at 1.85] -1.09{ 1.93| 2.37|casein kinase | gamma 2
32800 at 1.88] 1.04] 1.29{ 2.53|retinoid X receptor alpha mRNA
1373 at 1.84| 1.30| 1.70{ 2.57|transcription factor (E2A)
39560_at 1.55] 1.64] 1.00] 2.73|H10776 cDNA
32571 at 1.10] -1.08] -1.92| 2.73|S-adenosylmethionine synthetase
35547 at 5.15] 1.19] 3.27| 6.25|monocarboxylate transporter 2 (hMCT2)

95




include the known hypoxic targets BCL2/adenovirus E1B 19kDa-interacting
protein 3a (NIX), that can promote apoptosis or necrosis, depending on cell type
and circumstances and DEC1 (deleted in esophageal cancers 1) an anti-
proliferation and putative tumor suppressor gene (17-20). This list also included
the RTP801 (also known as DDIT4 and N-myc downstream regulated gene 1).
RTP801 (up regulated 80 fold by hypoxia) was previously described as a
hypoxia-inducible gene that plays a complex role in cellular viability (21). Under
certain conditions, it can act in a protective manner, however, under most
standard conditions, overexpression of RTP801 leads to cell death. Collectively,
these results indicate that hypoxia and its mimics induce a complex interplay
between adaptive and pro-apoptotic responses that ultimately dictate cell

survival.

Several genes that were identified and verified suggest a complex cellular
response to hypoxia. There is an initial upregulation of the glycolytic enzymes as
a way of coping with an inabilty to produce ATP through oxidative
phosphorylation. This upregulation may also be important to the maintenance of
critical cellular metabolites (22). This adaptive response is supported by other
cellular processes, such as creatine transport (SLC6A8) that may allow the cell to
survive in the hypoxic environment. The decrease in Cyp1A1 may be an attempt
to control oxygen usage in side reactions or partial limits due to aryl hydrocarbon
nuclear translocator (ARNT) availability. HGFAL (also known as GILT) is a

serine protease involved in cellular adhesion and down-regulated in all four
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treatments. A putative tumor suppressor gene, inhibin B was also down-
regulated. Inhibin B is capable of inhibiting follicle-stimulating hormone when
bound to inhibin a. Finally, IP30 (also known as gamma-interferon-inducible
protein (GILT)) is a lysosomal thiol reductase involved in disulfide bond reduction
at low pH and is down-regulated under all four conditions (23). The role these
proteins play in the adaptive or cell death response to hypoxia is currently

unknown.

Current genomic technology has begun to unravel the various signaling networks
that are influenced, both directly and indirectly, by hypoxia. Recent publications
have used HIF1a -/- cells to identify hypoxia-inducible genes using hypoxia and
hypoxia mimics such as cobalt and nickel chloride (11, 24). A direct comparison
between these genomic screens and those presented in this manuscript is
difficult due to limited published information and the differences in the gene
expression platforms. However, several points can be made: hypoxia and
hypoxia mimics (i.e. nickel, cobalt and deferoxamine) alter the expression of
glycolytic enzymes, apoptotic genes and several hydroxylases. The
hydroxylases include EGLN1 (also known as PHD2, HPH2), an enzyme
responsible for regulating HIF 1a stability. In addition, the transcription factor Jun
B is repreéented by two different probe sets on the U95 chip (32786_AT and
2049_S_AT), and both were significantly influenced by hypoxia and DFO
treatment but were unaffected by exposure to either metal (data not shown). In

Salnikow et al., Jun B was influenced in a HIF1a-independent mechanism (24).
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In contrast to Salnikow et al., we could detect no significant change for ATM or
focal adhesion kinase, perhaps because these genes were not detectably
expressed in Hep3B cells, not induced by the mimics employed in this

manuscript, or due to platform issues.

A direct comparison to the cDNA microarray results from our previously
published report and the current genomic screen is difficult due to platform,
species and cell type differences; however, several interesting points can be
made. First, when a direct comparison of Table 4 of this manuscript and table 3
(active genes from wild type fibroblasts under hypoxia and cobalt) of the previous
report was performed there were 4 genes that were common to both tables.
These include lactate dehydrogenase, prolyl 4 hydroxylase, aldolase and NIX.
The limited overlap is primarily due to platform and cell type differences.
Second, when a comparison of the 24 hour treatment times between the two
experiments is made, approximately 18% of the clones regulated by hypoxia in
the WT mouse embryonic fibroblasts are also influenced in the Hep3B cells (51
of 287 clones). Third, most of these clones were known hypoxia target genes,
including the glycolytic enzymes and the apoptotic gene E1B 19K/Bcl-2-binding
protein Nip3 (BNIP3) (11, 25). Fourth, the list also included some novel hypoxia
targets, such as 17-beta-hydroxysteroid dehydrogenase. The 11-beta
hydroxysteroid dehydrogenase gene has previously been shown to be a target of

hypoxia mediated down-regulation and the addition of this family member may
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suggest a global down regulation of steroid synthesis under hypoxic conditions

(26).

The genomic screen most similar to the one reported here was performed in
HepG2 cells and utilized the same platform (27). Of the 62 probe sets listed in
Table 4, 22 could be found in the Sonna et al. report. (27). Interestingly, only one
of these was a down-regulated gene (IP30, 925_at). When the analysis is
extended to the complete list of genes influenced by hypoxia at the 24 hour time
point (data not shown) and the Sonna et al. there was approximately 10%
overlap (47/452). These shared genes fell within the 95 confidence interval
reported in the Sonna et al. tables. Again, this overlap was weighted towards
upregulated genes (36 of 47 probe sets) even though a higher proportion was
down-regulated (314 of 452). There were some known hypoxia- regulated genes
found in the 24 hour chart not included in the Sonna et al. For example, the
hydroxylase genes, PLOD2 and P4H, were not mentioned by Sonna et al. but
were significantly altered in all four hypoxia treatments in this report (28, 29).
There were also several known hypoxia genes not included in Table 4 that were
found in the Sonna et al, including GAPDH and the glucose transporters.
Though each of these was influenced in one or more treatments, they did not
pass the significance and fold change cut-off in all four treatments. These results
suggest that there is a core set of hypoxia inducible genes in all cell types and
that each also harbors the ability to mount specific responses to low oxygen

availability.
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In a recent publication, serial analysis of gene expression (SAGE) was used to
identify genes that showed changes in gene expression by the loss of the Von
Hippel Lindau (VHL protein) (30). VHL plays an essential role in regulating
hypoxia signaling by recognizing the hydroxylated form of the HIF and recruiting
the ubiquitination machinery necessary for its degradation. Therefore, we
hypothesized significant overlap between our results and those derived from their
SAGE experiments (30). Indeed, there was extensive overlap, as 30 of the
probe sets in table 4 were found in at least one supplemental data table from the
VHL paper (30). These genes include plasminogen activator inhibitor, BNIP3
and IP30. As expected, these results suggest that there is considerable overlap
between the loss of VHL and changes in hypoxia signaling. There were also
considerable differences, possibly stemming from the different techniques, cell

types and/or methodology, or underlying biology.

Adaptive responses to hypoxia involve a complex network of signaling pathways
and are necessary for cell and organismal survival. Current study of hypoxia
relies heavily on mimics such as cobalt chloride and DFO, which presumably
function by inhibiting the iron-dependent hydroxylases that regulate HIF1a
stability. However, the possibility that cobalt and DFO have other activities that
may complicate analysis of these experiments has not been fully addressed. Our
results indicate that the overlap between these mimics and hypoxia is limited,

and suggests caution in their use. In addition, we show that many genes are
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induced by all three stimuli including glycolytic enzymes and other survival genes
(i.e. SLC6A8), hydroxylases and apoptotic genes. A detailed mechanistic
understanding of how cells respond to low oxygen, cobalt, and desferoxamine,
including their transcriptional programmes, will ultimately be required for a more
complete understanding of hypoxia- mediated signaling and how it relates to

critical processes of development and cancer.
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Abstract

Hypoxia is defined as a deficiency of oxygen reaching the tissues of the body
and it plays a critical role in development and pathological conditions, such as
cancer. Once tumors outgrow their blood supply, their central portion becomes
hypoxic and the tumor stimulates angiogenesis through the activation of the
hypoxia inducible factors (HIFs). HIFs are transcription factors that are regulated
in an oxygen-dependent manner by a group of prolyl hydroxylases (known as
PHDs or HPHs). Our understanding of hypoxia signaling is limited by our
incomplete knowledge of HIF target genes. cDNA microarrays and a cell line
lacking a principal HIF protein, HIF1a, were used to identify hypoxia regulated
genes. The microarrays identified a group of 286 clones that were significantly
influenced by hypoxia, and 54 of these were coordinately regulated by cobalt
chloride. The expression profile of HIF1a -/- cells also identified a group of
down-regulated genes encoding enzymes involved in protecting cells from
oxidative stress, offering an explanation for the increased sensitivity of HIF1a -/-
cells to agents that promote this type of response. The microarray studies
confirmed the hypoxia induced expression of the HIF regulating prolyl
hydroxylase, PHD2. An analysis of the members of the PHD family revealed that
they are differentially regulated by cobalt chloride and hypoxia. These results
suggest that HIF1a is the predominant o HIF isoform in fibroblasts and that it
regulates a wide battery of genes critical for normal cellular function and survival

under various stresses.
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Introduction

Hypoxia is defined as a state in which oxygen tension drops below the normal
limits of 30 - 60mm Hg found in tissue beds (1). Hypoxia plays a central role in
tumorigenesis but also has profound implications in normal cellular processes
and development (2). Organisms have developed a programmed response to
oxygen deprivation because of the critical role oxygen plays in energy production
and survival (3). Central to an organism's response to hypoxia is the
transcriptional upregulation of genes capable of stimulating glycolysis,
angiogenesis and erythropoiesis (4-6) (see chapter ‘“introduction”).
Understanding hypoxia signaling, its transcriptional control and a complete
assessment of target genes is critical to our ability to influence this signaling
cascade and thereby treat or prevent iliness that results in decreases in available
oxygen. The HIF1a:ARNT dimer is the most widely studied hypoxia signaling
factor. The HIF1a null animal is embryonic lethal due to vascularization defects,
severely limiting its use for, in vivo studies (7). Recently, a conditional null animal
was created for HIF1a using the Cre-LoxP system (8). Subsequently, an
immortal mouse embryonic fibroblast (MEFs) cell line was established from this
mouse model (8). The conditional animal and cell line make it possible to
understand the role of HIF1a in vivo at various developmental time points,

tissues, and under various conditions.

We used cDNA microarrays and the HIF1a null MEF cell line to study global

gene expression pattern under hypoxia. Our results demonstrate that HIF1« is
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the primary mediator of hypoxia signaling in MEFs. The microarray experiments
have detailed several groups of HIF1a dependent genes. Among these HIF1a
dependent genes are the glycolytic enzymes and several pro-apoptotic factors.
Most have been previously identified as hypoxia regulated, however some of
these had not been previously characterized as HIF driven genes. Among the
novel HIF1a dependent genes identified in the microarray experiments and
confirmed by relative real time PCR (rRT-PCR) was PHD2. In addition, PHD3
also showed HIF 1o dependent regulation. Overexpression of the PHDs was also
shown to lead to a decrease in hypoxia induced gene transcription. The
microarray study also gave some insight into the role of HIF1a in cellular
homeostasis. The direct comparison of untreated wild type and HIF1a -/- cells
identified a group of genes influenced by the loss of the HIF1a. protein. These
included genes that encode for proteins involved in protection against oxidative
stress. These results suggest that the HIF1a protein regulates a wide variety of

genes and may be partially regulated by feedback inhibition.

Materials and methods

Materials: Tissue culture media, supplements and fetal bovine serum were
obtained from Invitrogen, Inc, Carlsbad, CA. The synthesis of oligonucleotides
was performed by the macromolecular facility, Michigan State University, East
Lansing, MI. SYBR Green Dye and 6-carboxy-X-rhodamine were purchased
from Molecular Probes, Eugene, OR. AmpliTag™ Gold PCR buffer and

AmpliTaq™ Gold DNA polymerase were purchased from Perkin-Eimer,
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Wellesley, MA. All other chemicals were reagent grade and obtained from

Sigma-Aldrich Chemicals, St. Louis, MO.

Cell culture, nuclear extracts and Western blotting. Mouse embryonic fibroblast
cell lines were maintained in DMEM media (10% heat inactivated FBS, penicillin-
streptomycin (10 U/ml), non-essential amino acid (10 ug/ml), L-glutamine (2mM))
and grown at 37°C in 5% CO,. Hypoxia treatments were performed in an
oxygen-regulated incubator (Precision, Winchester, VA) or simulated by treating

the cells with 100 uM of CoCl; (dissolved in H20).

Wild type and HIF1a -/- cells were grown under control (20% O3), or hypoxic (1%
O.) conditions or in the presence of 100 uM CoCl; for 6 hours. Nuclear extracts
were prepared as described previously with minor modifications (9). Briefly, cells
were washed with cold PBS (4°C) and removed from surface by scraping in cell
lysis buffer (10 mM Tris-HCI, pH 8.0, 1 mM EDTA, 150 mM NaCl, 1 ug/mL each
of Aprotinin, Leupeptin, Pepstatin A and 1 mM PMSF) and homogenized. The
nuclei were removed by centrifugation (4000 rpm, 15 min) and the supernatant
was saved. The nuclei were lysed upon addition of nuclei lysis buffer (20 mM
HEPES, pH 7.9, 400 mM NaCl, 1 mM EDTA, and 1 mM DTT, iung/mL each of
Aprotinin, Leupeptin, Pepstatin A and 1 mM PMSF). Insoluble matter was
removed by centrifugation (10000 x g, 15 min). The protein concentration of the
supernatant was determined by standard colorimetric assay via manufacturer’s

instructions (Bio-Rad™, Hercules, CA). Equal amounts of protein for each
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sample were separated by SDS-PAGE, and Western blotting was performed with
a HIF1a specific antibody (Novus Biologicals, Littleton, CO). A horseradish
peroxidase conjugated secondary antibody was used to facilitate detection. The
blot was stripped and reprobed with a p-actin specific antibody (a generous gift
from Dr. John Wang, Michigan State University). The blots were exposed using

a chemiluminescent assay kit (Amersham Biosciences, Piscataway, NJ).

cDNA microarray production: The National Institute of Aging 15K clone set was
used for the production of the microarray (10, 11). The NIA 15K set was
supplemented with an additional96 clones to bring the total number of clones to
15,360. Each clone was PCR amplified with modified M13 forward and reverse
primers (Table 9). Each primer was modified on the 5’ end with an amino linker
to facilitate linkage to the aldehyde-modified glass substrate. Amplicons were
precipitated and the size and quality verified by agarose gel electrophoresis, then
resuspended in 3X SSC. The full 15K set was printed on Telechem™
Superaldehyde slides (Telechem International Inc., Sunnyvale, CA) using an
OmniGrid™ robot (GenMachines®, San Carlos, CA) with Chipmaker 2

microarray pins (Telechem International Inc).

Microarray expenimental design: The microarray experiments were performed
using a “Loop” design (12) (Figure 8). This design was chosen to increase the
statistical strength of the model, to allow for effective comparison among

treatments and cell types and to facilitate the long-term goals of the project.
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Figure 8. Experimental Design of Loop

Graphical representation of the 2V loop experimental design. Each arrow
represents a single microarray slide. The arrowhead represents the sample
labeled with Cy5 and the arrow tail represents sample labeled with Cy3.
Since the loop was performed twice, each treatment group sample was
labeled in 8 separate reactions, 4 with Cy3 and 4 with Cy5
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Total RNA from two independent 10 cm tissue culture plates (approximately 1
x107 cells) within each treatment were labeled. Each RNA sample was labeled
four times, twice with Cy3 and twice with Cy5. Two complete loops were
performed; therefore, four independent cultures were labeled twice, once with
each dye, equaling a total of eight individual labeling reactions per treatment
group. It is important to note that the loop design does not utilize the calculation
of expression intensity ratios but relies on the averaged expression within each
treatment over all of the labeling reactions (in this case 8). Expression patterns
are then statistically analyzed to determine those genes for which expression is
significantly changed (below). Ratios can be calculated for each treatment by

direct comparison of the averaged expression between the treatments of interest.

RNA extraction and cDNA microarray probe labeling and hybridization: RNA
extraction was performed using Trizol reagent (Invitrogen) via the manufacturer's
instructions and quantitated spectrophotometrically. 30 ug of total RNA from wild
type or HIF1a -/- cells grown for 24 hours under control (20% O;) or hypoxic (1%
0O.) conditions or in the presence of 100 uM CoCl, was used to generate probes
as follows: Total RNA was incubated with 6 ng anchored oligo-dT primers (5'-
T21VN-3'). The reverse transcription was performed using Superscript™ Il RNase
H- Reverse Transcriptase (400 U, Invitrogen) in the presence of aminoallyl dUTP
(aa-dUTP) (Amersham Biosciences, Piscataway, NJ), dTTP, dATP, dCTP and
dGTP (final dNTPs = 0.5 mM). The ratio of aa-dUTP to dTTP was 2:1. The

unincorporated nucleotides were removed using the QIAquick™ PCR purification
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kit (Qiagen Inc., Valencia, CA) according to the manufacturer’s instructions, after
substituting the wash buffer with phosphate wash buffer (5mM KPO,4, pH = 8.0 in
80% ethanol), and eluted with 4 mM KPO, (pH = 8.5). The probes were dried
under vacuum centrifugation and resuspended in 0.1 M Na,CO; (pH = 9.0) and
conjugated to monoreactive Cy3 and Cy5 dyes (Amersham Biosciences).

k™ nucleotide removal kit

Unincorporated dyes were removed using the QIAquic
(QIAGEN Inc.). Microarrays were prehybridized in pre-hyb buffer (6X SSC, 0.1 %
w/v SDS, 1 % w/v BSA) for 2 hours at 42°C. Cy3 and Cy5 labeled probes were
resuspended in hybridization buffer (50% formamide, 5X SSC, 0.1% SDS, 20 ug
Cot1 DNA, and 20 pg Poly (A)-DNA) and denatured at 95°C for 3 minutes. The
probes were hybridized for at least 20 hours to the microarrays at 42°C under
Lifter slips™ (Erie Scientific Company, Portsmouth, NH). Slides were washed as
follows: 1) brief wash with 1x SSC and 0.2% SDS at 42°C to remove the cover
slips; 2) 4 min in 1x SSC and 0.2% SDS at 42°C; 3) 4 min in 0.1x SSC and 0.2%

SDS at room temperature; and 4) twice for 2.5 min each in 0.1x SSC at room

temperature. Slides were dried and scanned immediately.

Microarray data analysis: Slides were scanned with an Affymetrix™ 428 scanner
(Affymetrix™, Santa Clara, CA) at 532 nm (Cy3) and 635 nm (Cy5). The images
were analyzed using GenePix™ Version 3.0 software (Axon™ Instruments Inc.,
Union City, CA) and output files were analyzed using GP3
(http://www.bch.msu.edu/~zacharet/microarray/gp3.html) (13). GP3

automatically flags spots with intensities below background levels, corrects for
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background signal, and normalizes the two channels using a z-score method.
The GP3 output values were normalized within the loop using the Centralizer
program (14) (http://cartan.gmd.de/~zien/centralization/). ~Genes differentially
expressed between treatments were identified by t-test (two tailed, unequal
variance, p <= 0.05 cut-off). All genes called present (signal > [background + 2
standard deviations of background]) were hierarchically clustered using

GeneSpring™, v 4.2.1 (Silicon Genetics, Redwood City, CA).

Relative Real-Time PCR analysis: Changes in gene expression observed by
microarray analyses were verified by real-time PCR, performed on an Applied
Biosystems Prism 7000 Sequence detection System (Foster City, CA) (for
detailed protocol see chapter 1 methods section). Gene names, accession

numbers, forward and reverse primer sequences are listed in Table 9.

Transient Transfection of Hep3B cells: Hep3B cells were maintained in DMEM +
5% FBS (growth media). Prior to transfection, cells were washed twice with
serum free medium (DMEM). Cells were transfected using lipofectamine
(Invitrogen, Carlsbad, CA) via manufacturer's instructions using 5 ul of
lipofectamine (LF) with an incubation time of 6 hours prior to addition of growth
media. Cells were transfected with an HRE-driven luciferase reporter, a -
galactosidase (BGAL) expression vector for control of transfection efficiency and
the various PHD expression vectors (A generous gift of Dr. Peter Ratcliff,

University of Oxford, United Kingdom). All transfections were normalized for
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DNA content with an empty expression vector. DNA was incubated with
rehydrated LF for 15 minutes prior to transfection. Cells were then treated with
DNA:LF mix for 6 hours. Following this, incubation medium was removed and
replaced with growth media and placed into control (20% O_) or hypoxia (1% O5)
incubator. Cells were incubated for 18 hours and assayed for luciferase and p-
Gal activity via standard assays (Promega, Madison, WI). Luciferase values
were normalized to BGal activity in each well and untreated empty expression

vector within experiments.

Results

Verification of the MEF cell line phenotype: A Western blot was performed on
the cell lines used in our microarray experiments to verify their phenotype. Wild
type and HIF1a -/- cells were exposed to CoCl; (100 uM) or hypoxia (1% O,) for
6 hrs. Nuclear extracts were prepared from treated and untreated cells and
analyzed using a HIF1a specific antibody (Novus Biologicals, Littleton, CO). As
expected, HIF1a was only detectable in the wild type cells. A very small amount
was observed in untreated cells but greatly increased following exposure to
cobalt or hypoxia (Figure 9). There was also a migratory shift in these treated
fractions suggesting a protein modification. The blot was reprobed with an

antibody specific to p-actin to verify loading (Figure 9).

Hierarchical Cluster analysis of microarray data: cDNA microarrays have given

researchers an opportunity to understand signaling networks as they relate to
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HIF1a +/+ HIF1a -/-

C Co* Hyp C Co? Hyp

HIF1la —>

Actin —>

Figure 9. HIF1a Western Blot

Wild type (HIF1a +/+) and Null (HIF1a -/-) cells were exposed to CoCl,
(Co?*, 100 pM) or Hypoxia (Hyp, 1% O,) for 6 hours or left untreated (C).
Nuclear extracts were prepared and proteins were separated by SDS-
PAGE, transferred to nitrocellulose membrane and probed with a HIF1a
specific antibody (upper panel). Blot was reprobed with B-actin to verify
equal loading (lower panel).
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g‘lobal changes in gene expression. Here microarrays were used to characterize
hypoxia signaling and the role of HIF1a in this process. Two cell lines were
used, the wild type and the HIF1a -/- MEFs. Each cell line was left untreated
(Control, 20% O,) or treated with hypoxia (1% O) or cobalt chloride (100 uM) for
24 hours. Cobalt has been extensively used as a hypoxia mimic and has been
shown to inhibit the activity of the PHDs (15). The microarray experiments were
performed in a “loop” design as described above (Figure 8) and statistically

analyzed (16).

Hierarchical cluster analysis of microarray data along treatments and
genes creates relationships between groups based on expression patterns
observed in the gene set as a whole. Here we used cluster analysis to identify
combinations of treatments and genotype that were similar at the gene
expression level and to identify groups of genes responding in a similar manner
among the various treatment and genotype combinations. As expected, results
from CoCl; and hypoxia treatments in the wild type cells clustered together
(Figure 10). This similarity in gene expression between these two treatments did
not extend to the null MEFs. These results suggest that CoCl; and hypoxia are
driving expression of a similar gene cluster and that HIF1a is essential for this
regulation. Interestingly, the HIF1a -/- cells under hypoxic conditions behaved
most like the null control cells (Figure 10). The loss of hypoxia signaling and
comparable expression pattern between hypoxia and control suggests that

HIF1a is central to hypoxia mediated signaling in these cells.
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WT Hypoxia
WT Cobalt

Null Hypoxia
Null Control
WT Control

Null Cobalt

Figure 10. Hi hical Cluster diag of entire data set

The microarray data was filtered to remove genes for which expression
was determined to be insignificant (signal < {background + 2 st. dev.
Background}). Expression results from the filtered data were clustered by
treatment and gene. The relationships are represented as a dendrogram
in both directions. Red represents a high level of expression and green
represents low expression.
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Statistical comparison of hypoxia and cobalt treatment in WT cells: The major
focus of these microarray studies was to identify a more complete battery of
hypoxia regulated genes. This was accomplished first by statistical assessment
of expression patterns within the data. Stringent criteria were set to minimize the
possibility of false positives. First, the results from wild type cells were screened
for all genes whose expression was significantly altered by treatment (p < 0.05
compared to untreated control). The results show that expression of 286 clones
was significantly (p s 0.05) altered by hypoxia and 252 were altered by cobalt
(Figure 11). Next, we determined the overlap within these two sets and found
that there were 54 clones representing 49 different genes that were in both of
these groups. These 54 clones were then analyzed for function and grouped
accordingly (Table 10). Finally, we determined how many of these genes were
also altered in the HIF1¢-/- cells under the same conditions. None of these 49
genes were altered in both hypoxia and cobalt in the null cells. However, seven
of the 49 genes in table 10 were significantly altered in the HIF1a -/- cells in
either cobalt or hypoxia treatment. The genes for metallothionein (clone A-2031)
and transglutaminase (clone H3137C06) were influenced in the HIF1a -/- cells by
cobalt. The HIF1a independent increase in metallothionein is most likely due to
its regulation by the metal transcription factor (17). Five of the 49 genes were
shown to be significantly influenced by hypoxia in the null cells. These genes
were pyruvate kinase 3 (clones H3030D10 and H3030D11), cathepsin L (clone
H3028F03), galectin 3 (clone H3016D10), tissue specific transplantation antigen

P35B (clone H3147H11) and one gene with unknown function (clone H3116A06).
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Cobalt

(198)

Figure 11. Analysis of CoCl, and hypoxia treatment in wild type

cells

The Venn diagram represents total number of genes unique to each
treatment group (in parentheses) and the number of genes shared
between the two treatments.
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Table 10. Significantly influenced genes in WT cells treated
with hypoxia or cobalt

H
H3019E08|g
H

Fold Changes
‘ID Gene Name Abbr. [W-Co [W-H [N-Co [N-H
Extracellular (GO= 0005615, 0005576, 0005578)
|H3003D12|proline 4-hydroxylase P4ha2 | 0.97| 1.05
H3011E02|chorionic 1otropin hormone 1 Csh1 0.81] 0.82
|H3027D05|lymphocyte antigen 6 complex, locus E Ly6e 0.88] 0.
IH3028F03 |cathepsin L Ctsl 1.28] 2.92
H3058D07|matrix metalloproteinase 23 Mmp23} 0.49| 0.55
H3109A05|CD24a antigen Cd24a 0.59| 0.62
H3T15F11 mamz‘g i A q
Mit ial (GO = 0005762, 0005739, 0005743)
H3016D08|BCL2/adenovirus E1B 19kDa-i ing prote{Bnip3| | 0.91] 0.95
H3029D09| mitochondrial ribosomal protein S11 Mrps11 1.40] 0.86
H3052D11[adenylate kinase 2 Ak2 0.93| 0.96]
H3137G05|mitochondrial ribosomal protein L17 Mrpl17 1.03[ 0.77
H3143D12|mitochondrial carrier homolog 1 (C. elegans) [Mtch1 | 1.45] 1.05[ 1.21
Glycolytic Enzymes (GO = 0006096)
3012A11]|glyceraldehyde-3-phosphate dehydrogenase |Gapd 2
yde-3-phosphate dehydrogenase |Gapd 6|

13023D06) phospho lycerate kinase 1 Pgk1
023H12|lactate dehydrogenase 1, A chain Ldh1
H3027E07|enolase 1, alpha non-neuron Eno1
H3027E08|enolase 1, alpha non-neuron Eno1 0
H3027E09]enolase 1, alpha non-neuron |Enot .75
H3030D10|pyruvate kinase, muscle Pkm2 0.69!
H3030D11[pyruvate kinase, muscle Pkm2 0.65
[H3031DO: 1, Aisoform Aldo1 0.92
H3149C10|triosephosphate isomerase Tpi 0.81
[] Proteins (GO = 0016021)
H3022E01|membrane bound C2 domain containing prote{Mbc2 1.04
H3151C09|CD 81 antigen Cds1 1.25
Enzymes and Misc Function (Various GO)
H3016D10]lectin, galactose binding, soluble 3 Igal3 1.32
H3016G08|cask-interacting protein 2 Caskingd 1.28
H3019C07|macrophage migration inhibitory factor Mif 1.05]
H3020C02|metallothionein 1 Mt1 1.1
A-2031 metallothionein 1 (image 1052401) Mt1 .561
H3031B12|minichromosome main. Def. 3 assoc. protein [Mcm3aj :
H3137C06|trans; 2, C polypeptide Tgm2 .88
H3T47HT] ﬁ?s—u_egmﬂc frans Iaﬁ?a{ on antigen P35B__|Tsta g
H3016F05|Similar to translation initiation factor 3, subunit|Eif3s4 0.91
H3130A05|proteasome 26S subunit, non-ATPase, 2 Psmd2 0.57]
Function L (Various GO)
[H3044B11|DNA segment, Chr 8 0.98] 0.94
H3065C11 sequence AU022848 0.80[ 0.90
}i 118D07] DNA segment, Chr 11 1.01] 0.97
H3128G06|expressed sequence AW215868 1.09] 1.22
H3134C05|hypothetical protein LOC223886 0.71] 0.53
H3142E06[RIKEN cDNA 1110031E24 gene G 4 0. 0.83] 1.13
H3148A03|DNA segment, Chr 10 __0.76] 067] 0.86] 0.88]
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Table 10. Significantly influenced genes in WT cells treated

with hypoxia or cobalt (

123

ED Gene Name [Abbr. [W-Co [W-H [N-Co [N-H
H3030G02{Neurophilin-like molecule | 77| 2 1.12] 1.12
H3108H01{Human from clone RP11-494N1 on chromosome 9 1.08] 0.99
H3116A06/Mus musculus, clone IMAGE:4024675, mRNA E 1.08/ 1.30]
H3132E05[Mouse from clone RP23-170G19 on chromosome X | 0.87] 0.81
Unknown (Various GO)
H3017G08) 0.93| 0.96
H3150A01 0.88| 1.00
H3022E07 0.79] 0.82
H3125B04) _164] 1.15[ 1.23
H3017D11 074] 0.88] 0.92
H3072E04 0.88| 1.06
H3123A12 0.78]| 0.95
H3146H09| _ 0.90] 1.05




It should be noted that the pyruvate kinase 3 gene was significantly
downregulated in the null cells while being significantly upregulated in the WT

cells under hypoxia.

Only 12 of the 49 genes in Figure 11 and Table 10 had been previously
associated with hypoxia signaling. The 54 clones were separatéd into 7
categories by ontology. The largest group that could be assigned a function
consists of glycolytic enzymes (11 clones, 7 genes, Table 10). These enzymes
are well known targets of the hypoxia signaling cascade. There were several
genes in other groups that also had been identified as hypoxia targets. Most
notably are proline-4-hydroxylase (P4H, clone H3003D12) and BCL2/adenovirus
E1B 19 kDa-interacting protein 3-like (BNIP3L or NIX, clone H3016D08). There
were also several groups that had not been previously identified as hypoxia
targets. These include a large group of matrix remodeling genes and cellular
antigens. The largest group included clones for which function has not yet been

assigned (Table 10).

Comparison of hypoxia and cobalt treatment in HIF1a -/- cells: As noted above,
only a handful of genes identified in Figure 11 and Table 10 were significantly
changed in null cells. None of these genes (metallothionein, pyruvate kinase,

transglutaminase, cathepsin L and galectin 3) were influenced in both treatments
in the null cells. To further clarify the HIF 1a independently regulated genes from

the microarray studies, a comparison between cobalt and hypoxia treated HIF 1
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-/- cells was performed. There were 376 clones significantly altered in these cells
upon exposure to hypoxia (1%, 24 hours) and 349 clones significantly altered
upon exposure to cobalt (100 uM, 24 hours) (data not shown). There were 65
clones that were shared between these two lists (Figure 12A). Of these 65
clones, none were found in the list for the wild type cells (Table 10, Appendix
data table 11). These 65 clones represented several different enzymes including
subunits of ATPase and biliverdin reductase B (BLRVB). BLRVB is downstream
of heme oxygenase 1 in the metabolism of heme. Heme oxygenase, a known
hypoxia regulated gene, converts heme into carbon monoxide, biliverdin and free
iron. BLRVB converts biliverdin into bilirubin (18-20). This suggests that the
pathway for heme degradation is not coordinately regulated under hypoxic
conditions. This group also contained a receptor for tumor necrosis factor and
raises the possibility that hypoxia and hypoxic mimics influence the expression of
the receptor of a factor known to play a role in hypoxia signaling (21, 22). These
65 clones presumably represent a subset of genes that can be influenced by
hypoxia and cobalt in a HIF1a independent manner and may involve HIF2a or

HIF3a since both are expressed in these cells at a much lower level then that of

HIF1a (data not shown).

Comparison of hypoxia treatment in wild type and HIF1a -/- cells: The
comparison described in Figure 11 and 12A were done using those genes that
were significantly changed by hypoxia and cobalt. To identify genes regulated in

a
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Hypoxia

Coban

Figure 12. Venn diagrams of various combinations of cell types and
treatments

Total number of genes unique to each treatment group (in parentheses) and
the number of genes shared between the two treatments (central shaded area).
(A) The Venn diagram representing genes significantly influenced by hypoxia
and/or cobalt in HIF1a -/- cells. (B) Comparison of WT and HIF1a -/- cells
following hypoxia treatment (1% 02, 24 hrs). (C) Comparison of WT and HIF1a
-/- cells following cobalt treatments (100 pM, 24 hrs).
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HIF1a independent manner by hypoxia alone, a comparison between hypoxia
treatments in wild type and HiF1a -/- cells was performed. There were 26 genes
that were significantly influenced by hypoxia in both cell types (Figure 12B,
Appendix data table 12). These genes included those described above (Figure
11, Table 10), as well as, procollagen. Hypoxia-induced collagen synthesis has
been previously described and may be critical to several disease states (23, 24).
Interestingly, procollagen is upregulated in the wild type cells and down-regulated
in the HIF1a -/- cells upon exposure to hypoxia, similar to the pyruvate kinase 3

gene mentioned above.

Comparison of cobalt treatment in wild type and HIF1«a -/- cells: A comparison
between wild type and HIF1a -/- cells was also performed for genes significantly
influenced by cobalt. Though cobalt is used as a hypoxia mimic, there is no
overlap between the 14 genes identified in this comparison and those found for
the hypoxia comparison (Figure 12B and 12C, Appendix data table 13). The 14
genes in this list include metallothionein and transglutaminase 2 (Tg2). Tg2 was

previously identified as a VHL/hypoxia target gene (25).

Comparison of WT ctrl and HIF1a -/- ctrl cells: Finally, a direct comparison
between untreated WT and HIF1a -/- cells was performed to determine the role
of HIF1a in cellular homeostasis. There were 234 genes influenced by the loss
of HIF1¢, (data not shown). Of these, H19 was significantly upregulated by the

loss of the HIF protein. The three clones, H3144B07, H3144B06, H3140G12,
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displayed a WT control/HIF1a -/- control ratio of 0.067, 0.211 and 0.131
respectively (average 9 fold higher in HIF1a -/- cells). H19 is an imprinted gene
involved in development and not highly expressed following birth (26). The
reason for its aberrant expression following loss of the HIF 1a protein is unknown.
Another group of genes also stood out in this comparison of control cells. The
HIF1a-/- cells displayed a decreased expression level of genes involved in the
cellular response to oxidative stress. These genes include glutathione S
transferase-pu (GST-u, clones = H3134F05, H3119G08, H3159G05), superoxide
dismutase 1 (SOD1, clones = H3130B11, H3130B11), SOD2 (A-2062) and
catalase (A-2049). This decreased level of these protective genes may explain
why HIF1a -/- cells are more sensitive to oxidative stress (27). In addition, this
decrease adds to the growing evidence of the complex role hypoxia signaling

plays in normal cellular homeostasis and tumorigenesis.

The glycolytic cluster: One hypothesis of expression profiling is that genes that
cluster together are regulated in a similar manner. We wanted to identify novel
genes that may also play a role in the cellular response to hypoxia, and our
hypothesis was that they would behave similarly, at the expression level, to the
glycolytic enzymes. The glycolytic enzymes are critical to a cell's response to
low oxygen tension and are direct targets of HIF regulated transcription. We
isolated a cluster of glycolytic genes from our microarray data and looked for
functional information for several of the non-glycolytic genes (Figure 13). First,

three genes involved in apoptosis were found within this cluster. Two are known
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Wild Type HIF1a. -/

NO HIT (H3123A12)

TPI (H3149C10)

o ENOLASE (H3027E07)
HMGP 1 (H3027D07)

LDH 1 (H3023H12)

PGK (H3023D08)

o ENOLASE (H3023E08)
ENOLASE1 (H3022H02)
ENOLASE (H3027E09)
NAP1-L (H3030G02)

igM HEAVY CHAIN (H3085G01)
ALDOLASE A (H3017G08)
GAPDH (H3019E08)

GAPDH (H3025F11)
GAPDH (H3022E07)

NIX (H3103B07)

ALDOLASE (H3150A01)
TRITHORAX-like (H3013E11)
BNIP3 (H3136C07)

EST Al447804 (H3059F11)
EGL9 HOMOLOGUE 1 (H3145B03)
GAPDH (H3012A11)
ALDOLASE A (H3031D03)
PS RECEPTOR (H3142H08)
BASIGIN (H3020G04)
GAPDH (H3101C10)

P4-H (H3003D12)

Figure 13. Glycolytic enzyme cluster

The cluster of glycolytic enzyme genes (Fig. 4) was further analyzed to
identify novel hypoxia regulated genes. Four subsets of genes were
identified; the glycolytic enzyme”s genes (blue), apoptotic genes (green),
hydroxylases (red) and others (black). Red represents a high level of
expression and green represents low expression.
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(BNIP3 and NIX) and one is a novel (PS receptor) hypoxia-regulated gene (28,
29). The role that these genes play in the downstream events following acute

and chronic hypoxia is currently being investigated.

Second, there were two hydroxylases identified within this glycolytic cluster
(Figure 13). The first, P4-H, is a pro-collagen prolyl 4-hydroxylase and a known
hypoxia regulated gene (30). It functions in a similar manner to that of the PHDs,
however, it is unable to influence HIF stability in C. elegans (15). The second is
EGL-9 homologue 1, also known as PHD2. As mentioned earlier, the PHDs
negatively influence HIF signaling by controlling HIF stability. This result
confirms previously published data and supports the hypothesis that HIF1a may
be partially controlled by feedback inhibition (15, 31). It should be pointed out
that PHD2 was not listed in Table 10 (genes altered by cobalt and hypoxia in WT
cells) because the increase seen following cobalt exposure for this clone did not

pass statistical cut off (Figure 14).

Relative Real time PCR: We verified our microarray data by rRT-PCR using
SYBR® Green as a fluorescent marker. The glycolytic enzyme glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) is a known hypoxia regulated gene and
acted as a positive control for our SYBR® Green protocol. GAPDH was also
present on the microarray and shown to be regulated in a HIF1a-dependent
manner (Figure 11, 13 and Figure 14A). In addition, the loss of GAPDH

regulation by hypoxia in the HIF 1 -/- suggests that HIF1a is the primary

130



A Microarray B. rRT-PCR
3.0
P i < * [caron 7,
3 r—
£ P
@27 7 %—
51
7 B Z .
A A
c. Ctrl Co* Hyp B Ctrl Co?* Hyp
3.0 P
13 E P4H /* 510 P4H *
g 26—F s | =
i
8 207 | =
H B L 2 —
30 ] s -
2 o5 / 82 —p—
7 7
E. Ctrl Co? Hyp F. Ctl  Co? Hyp
2.
H 2“ PHD2 * § 19 P2 R
s = @8
£ 7 g y
° 7l °
g 1.0 / %— g 4] x %_
%
Ctrl Co® Hyp ctrl Co?* Hyp
Treatment Treatment

Figure 14. Comparison of microarray and rRT-PCR resuits

GAPDH (A, B), P4H (C, D) and PHD2 (E, F) were analyzed for expression
levels in wild type (hatched bars) and HIF 1a -/- cells (solid bars) by
microarray (A, C, E) and rRT-PCR (B, D, F) protocols. Each value was
normalized to the control level in the corresponding cell line. Ctrl =
untreated, Co?* = 100 uM CoCl, and Hyp = 1% O, for 24 hours. Averaged
expression within each treatment group was used to generate ratios (see
experimental design). * Represents p < 0.05 when compared to
corresponding control
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mediator of hypoxia signaling in MEFs. These results were confirmed in the rRT-
PCR. Six separate biological samples were analyzed for each separate
treatment in the two cell lines. There was a significant increase in GAPDH
message in the cobalt and hypoxia treated wild type cells when compared to the
control. This increase did not extend to the HIF1a -/- cell line (Figure. 14B). A
similar HIF1a-dependent expression pattern was seen on the microarray for P4-
H (Figure 13 and 14C). This result was also verified on the rRT-PCR (Figure.
14D). The results for the cobalt treatment were not as pronounced as that
following hypoxia exposure, though both were statistically significant. Finally, the
expression pattern of PHD2 was also confirmed by rRT-PCR (Figure. 14E and
14F). There was only a modest increase in expression when the microarray was
analyzed. The expression pattern among the treatment groups, however, was
identical to that of other known hypoxia regulated genes in the cluster (i.e.
increased in cobalt and hypoxia in wild type cells, no change in HIF1a -/- cells).
The rRT-PCR results confirmed that PHD2 transcription increased in response to
cobalt (> 3 fold) and hypoxia (> 6 fold) when compared to the control treatment
only in the wild type cells. These results suggest that HIF1a may indirectly
control its own stability by affecting the level of the prolyl hydroxylase that marks
it for degradation. This data also show the level of data compression that is often
seen in microarray data due to the dynamic range of the microarray scanner,
normalization and other mathematical manipulation necessary for comparisons
between multiple experiments and labelings (32). The difference in fold change

in the microarray data is consistently underestimated. The relative compression
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of the data for various genes ranged from 2 to 10 fold lower on the microarray

compared to rRT-PCR.

Given the implications of hypoxia-regulated PHD expression we also analyzed
the expression pattern of all three PHDs for their time and HIF1a dependent
expression by rRT-PCR. Wild type and HIF1a -/~ cells were left untreated or
exposed to hypoxia (1% O) or cobalt (100 uM) for 0.25, 2, 8, 24, 48 and 72
hours. PHD1 exhibited small but significant changes in expression at various
times, however these changes did not follow a pattern and did not appear
HIF1a dependent (Figure 15). PHD2 was significantly upregulated in a
HIF 1o dependent manner in the wild type cells as early as 15 minutes after
exposure in both the hypoxia and cobalt treated cells. PHD3 showed a large
increase (> 11-fold) in the wild type cells following hypoxia but not cobalt
exposure (Figure 15). The time course of this induction was also notably
different from that of PHD2. The mechanism that controls the expression
differences between the various PHDs has not been determined. These results
indicate that the PHD genes are regulated by hypoxia in different ways. In
addition, the identification of PHD2 and PHD3 as hypoxia-regulated genes
suggests that the hypoxia signaling cascade may be partially controlled by

feedback inhibition.

Finally, the microarray data suggests that loss of HIF1a leads to a down

regulation of the basal levels of oxidative stress genes. The basal level of
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Figure 15. Time course analysis of the PHDs by rRT-PCR

The expression levels of the various PHDs were analyzed by rRT-PCR in wild
type (left) and HIF1a -/- (right) cells. Each bar represents an average value of
6 samples normalized to the expression level of the control gene and graphed
as normalized expression. Black bars = untreated, White bars = 100 uM
CoCl, and Hatched bars = 1% O,. * Represents p < 0.05 when compared to
corresponding control.

134



expression of GST-u, SOD1, SOD2 and catalase were verified by rRT-PCR. As
seen in Figure 16, the basal levels of GST-u, SOD1 and SOD2 were significantly
repressed following loss of the HIF1a proteins. Catalase was not influenced in
this comparison. The decreased level of expression of these protective enzymes
may explain why HIF1a -/- cells are more susceptible to oxidative stress induced

damage (27).

PHD effects on HIF mediated transcription: The possibility that upregulation of
the PHDs might lead to a feedback inhibition of HIF mediated signal was tested
in transient transfection experiments. Hep3B cells were transfected with an HRE
driven luciferase reporter and the various PHD expression plasmids. The cells
were left at control (20% O3, ctrl) or hypoxia (1% O) for 18 hours and analyzed
for luciferase expression. PHD2 was capable of completely inhibiting HRE
mediated luciferase expression (Figure 17). PHD3 was also capable of inhibiting
this transactivation but to only 50% of controls (Figure 17). Finally, hypoxia
mediated transcription displayed a 40% reduction in the presence of PHD1,
however, this decrease was not significant. This supports the notion that these
enzymes play a role in regulating the initial HIF signal and are also involved in

attenuating the signal by feedback inhibition (15, 31, 33).
Discussion
Hypoxia mediated signaling is critical to normal development and is strongly

involved in several pathological conditions, including cancer and heart disease.
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Figure 16. Analysis of basal levels of GST-u, SOD1, SOD2 and catalase
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The basal level of expression of genes involved in the cellular response to
oxidative stress was analyzed by rRT-PCR. SOD1 (A), SOD2 (B), Catalase
(C) and GST-u (D) were analyzed in untreated control cells to determine
their relative levels of expression in wild type (hatched bars) vs. HIF1a -/-

cells (solid bars). ** Represents p < 0.05, * Represents p < 0.1.
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Figure 17. Transient transfection of Hep3b cells

Hep3b cells were transiently transfected with a HRE driven reporter
and one of the PHDs or an empty expression vector as a control.
Transfected cells were left untreated (Dark Bars) or exposed to
hypoxia (1% O, for 18 hours, Hatched Bars) Luciferase levels were
determined and normalized to co-transfected p—Gal activity and then
to untreated control.
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Characterizing the upstream and downstream events following onset of hypoxia
is critical to our ability to treat and understand these conditions. Recent
publications have increased our understanding of the upstream signals involved
in HIF stabilization and the role that hydroxylation plays in mediating the HIF:VHL
interaction (15, 34, 35). However, our understanding of the downstream events
is not as complete. For example, we do not know the events and proteins
involved in translocating HIFs into the nucleus. In addition, we do not know what,
if any, protein is involved in controlling the ability of HIFs to interact with ARNT or
ARNT2. Finally, we do not know the complete battery of hypoxia-regulated
genes. The microarray is an excellent tool to address the latter knowledge gap.
To this end we have used the NIA 15K gene set to identify novel hypoxia

regulated genes.

Our microarray experiments confirmed the expression of several known hypoxia
regulated genes, including glycolytic enzymes, pro-apoptotic genes and a prolyl
hydroxylase (Figure 11 and 13 and Table 10). These act as positive controls to
confirm that our treatments, microarray experiments and data processing are
valid. In addition, it gave added confidence to the results that we observed for
the novel hypoxia-regulated genes identified. To further validate the analysis a
comparison of the 49 gene identified in Figure 11 and Table 10 was made with a
recently published report that used serial analysis of gene expression (SAGE) to
analyze the effect of VHL and hypoxia on normal and tumor derived renal cells

(36). Given that the species and platforms are different, the extent of overlap will

138



be underestimated. However, of the 49 genes identified as hypoxia responsive
in this study, 12 were found to be hypoxia responsive in the SAGE study
(Appendix data table 14 and figure 3 of (36)). This number is most likely higher
due to the nature of SAGE and the genes represented on the microarray. For
example, GLUT1 and GLUT2 were shown to be hypoxia responsive via SAGE
while GLUT4 was found in this study (Appendix data table 14). In addition,

GLUT1 and GLUT2 are not represented in the NIA 15K.

The microarray confirmed that the hypoxic mimic, CoCl;, increases a battery of
genes similar to that of hypoxia. This overlap between expression patterns was
only partial, suggesting differences in secondary signals or downstream signaling
molecules. The exposure period was 24 hours and each treatment may initiate
other pathways and distinct secondary responses that will be observed at this
time point. It should also be pointed out that the results observed in these
studies with respect to the PHDs are in agreement with previously published
reports; however, the time course and differences seen between cobalt and
hypoxia treatments had not been previously described (15, 37, 38). Finally, the
microarray experiments suggest that HIF 1a is the primary cytoplasmic controller
of hypoxia signaling in MEFs. The role of HIF2a and HIF3a has yet to be

determined in these cells.

The identification of PHD2 and PHD3 as hypoxia-regulated genes implies that

HIF1a is subject to feedback inhibition (31). This feedback is not surprising when
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considering the implications of overstimulation of the hypoxia-signaling cascade.
For example, the VHL protein is thought to be a tumor suppressor in part
because of its ability to mediate the degradation of HIF (39). Once the VHL gene
is mutated, this ability is lost and HIF signaling goes unabated leading to the
overproduction of a number of factors such as VEGF. This unchecked
production of growth factors and other proteins may explain the
hypervascularization of VHL -/- neoplasms (39). The control of the hypoxia-
signaling cascade, both upstream and downstream, is therefore critical to normal
cells and tissue homeostasis. We speculate that the feedback loop would limit
the expression of the pro-apoptotic genes, thus giving the cell an alternative to
programmed cell death. For example, the oxygen concentration of the cell at
equilibrium may be “set” to limit damage due to small decreases in oxygen
tension. Once these small fluctuations are encountered, the HIF protein is
stabilized and the cell begins to transcribe the glycolytic, pro-apoptotic and PHD
genes. As the level of the PHDs increases, the equilibrium between the available
oxygen, PHDs and HIF stabilization is shifted in favor of HIF hydroxylation. The
increase in available PHDs would compensate for the small decrease in available
oxygen. However, at larger decreases in oxygen tension, the cell would not be
able to compensate by overproduction of the PHDs and the pro-apoptotic gene
transcription would continue until the cell began its programmed cell death. One
other feature of this feedback loop is the level of the individual PHDs within any
given tissue and cell type. PHD1 was not upregulated by cobalt or hypoxia so

presumably it would not be able to participate in this type of regulation.

140



Therefore, tissues that only express this isoform of the hydroxylase would not
exhibit feedback inhibition. This idea of tissue specific regulation and

hydroxylase differences is supported by recent publications (37, 38, 40).

The role of HIF1a in maintaining proper cellular function during development and
normal function is often neglected. The comparison of untreated WT and HIF1a
-/- cells clearly showed that HIF1a has an important role in normal homeostasis.
A battery of protective genes, such as SOD1 and SOD2, calmodulin (clones
H3019D01 and H3021E08) and genes encoding metal binding proteins
(metallothionein, clone 1-2031 and CRIP1 clone H3108G04) were shown to be
affected negatively by the loss of the HIF1a protein (see Figure 16, data not
shown). In addition, several genes were positively influenced by the loss of
HIF1a. These results suggest that a basal level of HIF1a must be present to
maintain transcriptional regulation for these genes. Alternatively, the loss of
HIF1a may upset the signaling balance within the cell and these changes are the

result.

In summary, these observations suggest a role for the PHDs in the feedback
inhibition of the hypoxia-signaling cascade. The results also support the idea
that cobalt and hypoxia exposure lead to the increase in the transcription of a
number of gene families, including hydroxylases, glycolytic enzymes and pro-
apoptotic genes. The interplay among these families and the regulation of the

downstream events may help to explain the role of hypoxia in mediating the
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damage following several pathological conditions, such as stroke and

cardiovascular disease.
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CHAPTER 2 APPENDIX

This section contains the supplementary data tables described in the results and
discussion sections of chapter 2.
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Appendix Table 11:
Genes significantly influenced by cobalt and hypoxia

in HIF1a -/- cells
ID Gene Name Abbr
Nuclear (GO = 0005634)
H3014H11|DNA segment, Chr 15, ERATO Doi 417, expressed
H3017F05}lamin A Lmna
H3100G09requiem Req
H3110HO03|Btg3 associated nuclear protein Banp
H3118B02|prothymosin alpha Ptma
H3135G01|myeloid ecotropic viral integration site-related gene 1 _|Mrg1
Membrane Proteins (GO = 0016021)
H3029C03|podocalyxin-like Podxl
H3035F09|Ras and a-factor-converting enzyme 1 homolog Rce1
H3090D12|mannose-P-dolichol utilization defect 1 Mpdu1
H3112F03|degenerative spermatocyte homolog (Drosophila) Degs _
H3140C05|tumor necrosis factor receptor superfamily Tnfrsf12a
H3151H12|RIKEN cDNA 1110025J15 gene
Enzymes (Various GO)
H3013B02|ATPase, H+ transporting, V1 subunit B, isoform 2 Atp6v1b2
H3021E11]ATPase, H+ transporting, V1 subunit A, isoform 1 Atpévia1
H3028F05Jornithine decarboxylase, structural Odc
H3042F09]dual specificity phosphatase 19 Dusp19
H3048G11]biliverdin reductase B (flavin reductase (NADPH)) Bivrb
H3095F 09| brain-specific ang. Inh. 1-associated protein 2 Baiap2
H3157A06]PET112-like (yeast) Pet112|
H3157D12|microsomal glutathione S-transferase 3 Mgst3
Misc Functions (Various GO)
H3002F 06 |eukaryotic translation initiation factor 3 Eif3
H3003H10j]actinin, alpha 1 Actn1
H3042H12]expressed sequence Al840044
H3078C09|oxysterol binding protein-like 2 Osbpl2
H3108H07|cortactin Cttn
H3138G07|vacuolar protein sorting 26 (yeast) Vps26
H3151F07|procollagen, type VI, alpha 1 Col6a1
Function Unknown
H3008B08|RIKEN cDNA 6330411E07 gene
H3014E12|signal recognition particle 72 Srp72
H3038G11|translocase of outer mitochondrial membrane Tomm20
H3043F08|protein phosphatase 1, regulatory subunit 2 Ppp1r2
H3057GO9RIKEN cDNA 6030440G05 gene
H3060C11|spermine oxidase Smox
H3071D02|kelch domain containing 2 Klhdc2
H3094E02|RIKEN cDNA A230106A15 gene
H3098D04|RIKEN cDNA 1300004C11 gene
H3103E10|Rho GTPase activating protein 18 Arhgap18
H3106H11|RIKEN cDNA 2400001E08 gene
H3110E06|RIKEN cDNA 9130011E15 gene
H3139F07|RIKEN cDNA 2410066K11 gene
H3144B07|H19 fetal liver mMRNA H19
H3146A07|RIKEN cDNA C130083N04 gene
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Appendix Table 11: (Continued)

Genes significantly influenced by cobalt and hypoxia
in HIF1a -/- cells

H3156C11|RIKEN cDNA 1700052N19 gene

Unknown

H3010B02

H3014F03

H3014G11

H3017C01

H3017D04

H3034H05

H3049F 11

H3051E02

H3056B11

H3065B07

H3094E01

H3096C07

H3098B01

H3101A07

H3101A11

H3107B03

H3111B07

H3115G07]

H3118H04

H3150D07

H3154E06

H3159A07
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Appendix Table 12:

Genes significantly influenced by hypoxia in Wild type and HIF1a -/- cells

iD Name Abbr.
H3003H10 |Rattus norvegicus non-muscle alpha-actin Actn1
H3016D10 | lectin, galactose binding, soluble 3 Lgals3
H3024B04 |Mus musculus chaperonin subunit 3 (gamma) Cct3
H3028F03 |Mus musculus cell-line LXB2 cathepsin L Ctsl
H3030D10 |Mus musculus pyruvate kinase, muscle Pkm2
H3030D11 |Mus musculus pyruvate kinase, muscle Pkm2
H3045G06 |translocated promoter region (TPR) NM_003292.1

H3048G11 |Similar to biliverdin reductase B Blvrb
H3059H07 |clone RP23-20N14 on chromosome 11

H3067C04 |Homo sapiens small nuclear ribonucleoprotein Snrpb2
H3088G10 |Similar to Absent in melanoma 1 protein Mina
H3094E01 [RP23-3209 on chromosome 2

H3103C03 |Similar to R13F6.10.p [Caenorhabditis elegans]

H3103G04 |ras association (RalGDS/AF-6) domain family Rassf1
H3116A06 |Mus musculus, clone IMAGE:4024675

H3118B01 |Mouse mRNA for prothymosin alpha Ptma
H3128C03 [RIKEN cDNA 5430419M09 gene (5430419MO09Rik)

H3129G12 |protease, serine, 15 Prss15
H3137C05 |RAB14, member RAS oncogene family Rab14
H3145H03 |mitogen activated protein kinase 3 Mapk3
H3146D12 |clone RP23-135F6 on chromosome 11

H3147H11 [tissue specific transplantation antigen P35B Tsta3
H3148E03 |capping protein (actin filament) muscle Z-line, beta Capzb
H3151F07 |procollagen, type VI, alpha 1 (Col6a1) Col6a1
H3153B03 |Mus musculus chromosome 8 clone RP24-324M11

H3157D03 |clone RP23-384K10 on chromosome 2
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Appendix Table 13:
Genes significantly influenced by cobalt treatment in
Wild type and HIF1a /- cells

ID Gene Name Abbr.
A-2031 Metallothionein-| (image 1052401) mt1
H3020E11 |M.musculus mRNA for cyclin F Cenf
H3024G12 [clone RP23-407M20 on chromosome 11

H3028F05 |[Mouse kidney ornithine decarboxylase mRN QOdc
H3029B11 |Mouse chromatin nonhistone high mobility Hmga1
H3049F11_[RIKEN cDNA 9930116P15 gene (9930116P15Rik)
H3067E01 |eukaryotic translation elongation factor 1 alpha 1 Eeflal
H3098B01 |Unknown

H3131A07 |Mus musculus peroxisomal/mitochondrial d Ech1
H3132E03 |Homo sapiens chromosome 17, clone hRPK.1

H3137C06 |Mouse transglutaminase (TGase) mRNA, com Tgm2
H3140C11_|Homo sapiens ATPase, H+ transporting, ly Atp6v0Ob
H3144B07 |Mus musculus H19 and muscle-specific Nct H19
H3151H12 |NMDA receptor glutamate-binding subunit Lag
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Appendix Table 14:
Comparison of genes in Table 2 with those presented
in Jiang et al. (ref.36)

Figure Identical Homologous

Fig 1A metallothionein L26 (L17)

p35 (H3147H11) L15 (L17)

elF3 29 (L17)

L13 (L17)

Fig 1B enolase L21 (L17)

Fig 1 Chronic Sommatatropin2 (csh1)

L13 (L17)

L37 (L17)

22 (L17)

L39 (L17)

41 (L17)

3 (L17)

12 (L17)

Fig 2C fibronectin Receptor beta Glut1 (Glutd)

lactate dehydrogenase elF2 (elF3)

GAPDH elF1a (elF3)

P4H MMP7 (MMP23)

elF3 L9 (L17)

21 (L17)

L37 (L17)

13 (L17)

128 (L17)

L41 (L17)

L22 (L17)

Fig 2D lactate dehydrogenase elF1a (elF3)

fibronectin Receptor beta elF4 (elF3)

micropain 26S elF2 (elF3)

MMP28 (MMP23)

MMP25 (MMP23)

(13 (L17)

28 (L17)

20 (L17)

15 (L17)

18 (L17)

L7 (L17)

Fig 2E enolase L7 (L17)

galactoside binding L30 (L17)

proline rich(H31116A06) elF2 (elF3)

elF3 L5 (L17)

3 (L17)
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Appendix Table 14: (Continued)
Comparison of genes in Table 2 with those presented

in Jiang et al. (ref.36)
Fig 3F Chronic Sommatatropin2 (csh1)
L22 (L17)
L3 (L17)
L12 (L17)
L13 (L17)
L37 (L17)
L39 (L17)
L21 (L17)
L41 (L17)
Fig 3G enolase
Fig 3 cathepsin L Glut1 (Glutd)
pyruvate kinase Glut2 (Glut4)
p35 (H3147H11) elF1 (elF3)
GPI elF2 (elF3)
galctoside binding elF4 (elF3)
BNIP3 Adenylate kinase 3 (ADK2)
BNIP3L 27a (L17)
GAPDH L12 (L17)
aldolase L29 (L17)
P4H L30 (L17)
ADK2 L9 (L17)
Transglutaminase 2 L10 (L17)
L30 (L17)
L27 (L17)
Fig 4H enolase lymphocyte ant 1 (lymA 3)
MUM2
transglutaminase 2
micropain 26S
Chronic Sommatatropin2 (csh1)
Fig 4 enolase L3 (L17)
mitochondrial carrier L12 (L17)
GAPDH L13 (L17)
L37 (L17)
L39 (L17)
L21 (L17)
L41 (L17)
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CHAPTER 3

Vengellur, Ajith., LaPres, John J. 2004. The Role of Hypoxia Inducible Factor
1alpha in Cobalt Chioride Induced Cell Death in Mouse Embryonic Fibroblasts.
Toxicological Sciences. 82:638-46.
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Abstract

Cobalt has been widely used in the treatment of anemia and as a hypoxia mimic
in cell culture and it is known to activate hypoxic signaling by stabilizing the
hypoxia inducible transcription factor 1o (HIF1a). However, cobalt exposure can
lead to tissue and cellular toxicity. These studies were conducted to determine
the role of HIF1a in mediating cobalt-induced toxicity. Mouse embryonic
fibroblasts (MEFs) that were null for the HIF1a protein were used to show that
HIF1o protein plays a major role in mediating cobalt-induced cytotoxicity.
Previous work from our laboratory and others has shown that two BH3 domain
containing cell death genes, BNip3 and NIX, are targets of hypoxia signaling.
These experiments document that BNip3 and NIX expression is HIF1a-
dependent, and cobalt induces their expression in a time and dose dependent
manner. In addition, their expression is correlated with an increase in BNIP3 and
NIX protein. Characteristically, the elevated level of BNIP3 was correlated with
an increased presence of chromatin condensation, one marker for cell injury.
Interestingly, this increased chromosomal condensation was not coupled to
caspase-3 activation as usually seen in a typical apoptotic response. These
results show that HIF1qis playing a major role in mediating cobalt-induced
toxicity in mouse embryonic fibroblasts and may offer a possible mechanism for
the underlying pathology of injuries seen in workers exposed to environmental

contaminants that can influence the hypoxia signaling system, such as cobalt.
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Introduction

Metals constitute a large percentage of the earth's crust and their biochemical
and geochemical cycles have been drastically altered by human activities.
Metals are stable and persistent environmental contaminants and tend to collect
in soils and sediments. Many of these metals, such as cobalt, nickel and
manganese are used in a wide variety of industrial applications, including the
production of alloys, paints and batteries. Exposure to these metals often occurs
in workers involved in these industrial processes. Environmental exposure has
now become a cause for concern. Metal smelting and other industrial processes
close to agricultural land and the use of bio-solids in the production of fertilizers
has increased the possibility that these metals are entering our food supply in
greater quantities (1). In addition, the recent approval of the gasoline additive,
methylcyclopentadienyl manganese tricarbonyl (MMT), increases the risk of
environmental contamination.  Accordingly, understanding the underlying

molecular mechanism(s) of metal-induced toxicity is of increasing importance.

Certain metals are also essential for human health. For example, cobalt plays a
critical role in the synthesis of vitamin B12. In contrast, excessive exposure to
cobalt is associated with several conditions, including asthma, pneumonia, and
hematological abnormalities (2). In addition, nickel, cobalt, cadmium and other
metals are known or suspected carcinogens (3). Despite numerous reports of
metal-induced toxicity, the underlying mechanism remains unclear. Studies in

various systems have shown that exposure to certain metals, such as cobalt,
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promotes a response similar to hypoxia. Hypoxia is defined as a state when
oxygen tension drops below nommal limits and it plays a central role in
development and several pathological conditions including stroke, cardiovascular
disease and tumorigenesis (4). Due to oxygen’'s critical role in energy
production, organisms have developed a programmed response to hypoxia that
increases glucose utilization and stimulates erythropoiesis and angiogenesis to
compensate for the decrease in available oxygen (5-8). The hypoxia inducible
factors (HIFs) are a family of transcription factors that mediate the response to
hypoxia by regulating the expression of genes capable of regulating glycolysis,
angiogenesis and erythropoiesis, such as erythropoietin (EPO), vascular

endothelial growth factor (VEGF), pyruvate kinase and many others (9-13).

Prolonged hypoxia can also induce genes involved in cell death (14). Cobalt and
nickel can activate hypoxia-mediated signaling pathways aberrantly under
normoxia by stabilizing the cytosolic hypoxia inducible factor 1o (HIF1a) (15).
For example, cobalt is thought to stabilize HIF1a by inhibiting the prolyl
hydroxylase domain- containing enzymes (PHDs), a family of enzymes that play
a key role in oxygen dependent degradation of the transcription factor (16). The
characterization of the PHD family of enzymes offers a direct link between metal
exposure and HIF mediated signaling. This direct link and the overlap between
gene expression patterns between hypoxia and cobalt exposure have led us to
hypothesize that HIFs may be necessary to the toxic effects of cobalt (17). This

hypothesis was tested using HIF 1a -/- cells and several markers of toxicity. Our
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results demonstrate that HIF 1o plays an important role in metal-induced toxicity.
Among the HIF1a dependent genes whose expression was altered by cobalt
treatment are the pro-apoptotic factors, BNIP3 and NIX. Overall, these results
suggest that cobalt-induced toxicity is dependent upon the HIF1a protein and its

ability to induce the expression of cell death promoting genes.

Methods

Materials — Tissue culture media and supplements were obtained from
Invitrogen, Inc. Cosmic calf serum was obtained from Hyclone. Oligonucleotide
synthesis was performed at the Macromolecular Facility, Michigan State
University, East Lansing, Ml. SYBR Green ™ real time PCR reagents were
purchased from Applied Biosystems™, CA. All other chemicals were reagent

grade and obtained from Sigma™ Chemical Company, MO.

Cell Culture and Toxicity assay — Mouse embryonic fibroblast cell lines were
maintained in modified DMEM media (10% heat inactivated FBS, penicillin-
streptomycin (10 U/ml), non-essential amino acid (10 ug/ml), L-glutamine
(2mM)). The cells were treated with 0, 1, 10, and 100 uM of CoCl; for 48 hours.
Cells were trypsinized, counted with a hemacytometer and 10,000 cells were
plated in 6 cm cell culture dishes. Cells were counted with a hemacytometer on

1, 2, 3, 4, and 5 days after plating.
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MTT Assay — Cells were grown in 96 well plates and treated with 0, 50, 100,
150 and 200 uM of CoCl; for 72 hours. The MTT assay was performed by
replacing the cobalt containing media with 100ul of media containing 5mg/ml of
MTT (3-(4,5-dimethylthiazolyl-2)-2, 5-diphenyltetrazolium bromide). The plates
were then incubated for 4 hours (37°C). Medium was then removed by
aspiration and 200ul of solvent (1:1 DMSO:ethanol) was added and the formazan
crystals solubilized with continuous agitation. OD measurements were taken at
550 and 630nm and the difference in OD relative to untreated controls was taken
as a measure of cell viability (18). For the CoCl; time course experiment cells
were treated with 150 uM CoCl; and MTT assay was performed on four
consecutive days and values are represented as a percent of time matched

controls within cell types.

Protein Extraction and Westemn Blotting — Wild type and HIF1a -/- cells were
grown under control (20% O), or hypoxic (1% Oz) conditions (NAPCO 7000
incubator, NAPCO, VA) or in the presence of 100uM or 150uM CoCl; and protein
extracts were prepared as described previously (19). Briefly, cells were washed
with cold PBS (4°C) and removed from surface by scraping on cold PBS and
collected by centrifugation. Soluble proteins were extracted with cell lysis buffer
(25 mM HEPES, pH=7.6, 2 mM EDTA, 10 % glycerol, 1 ug/mL of aprotinin,
leupeptin, pepstatin A and 1 mM PMSF) and three rounds of sonication (5 secs.,
4°C). Insoluble material was removed by centrifugation (16,000g, 1hour).

Protein concentrations were determined using Bio-Rad™ Bradford assay kit and
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BSA standards (20). An equal amount of protein was separated by SDS-PAGE,
and Western blotting was performed with BNIP3 and NIX specific antibody
(Sigma, MO and Exalpha Biologicals, MA respectively) using ECL
chemiluminescent detection kit (Amersham Pharmacia). A p-actin specific
antibody (a generous gift of Dr. John Wang, MSU) was used to verify equal

loading.

RNA Extraction and Reverse Transcription — RNA extraction was performed
using TriZol reagent (Invitrogen) via manufacturer's instruction. Briefly, cells
were treated for the specific duration and washed in 1X PBS (4°C). Cells were
removed by scraping in the presence of 1 mL of TriZol™ reagent. Phase
separation was accomplished by addition of chloroform and centrifugation
(16,000g, 15min). RNA was precipitated using isopropanol and was quantitated
spectrophotometrically. 1 g total RNA was used in subsequent reverse
transcription reaction using Superscript™ Il RNase H- Reverse Transcriptase

(Invitrogen) via manufacturer’s instructions.

Real-Time Quantitative PCR Analysis — The measurement of BNip3 and NIX
mRNA levels were performed using real-time PCR technology and SYBR® Green
as a detector on an Applied Biosystems Prism 7000 Sequence detection System
(Foster City, CA) (Table. 15). For detailed protocol see chapter 1 methods

section.
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Cell Staining and Caspase Assay - Cells were left untreated or exposed to CoCl;
(150 uM, 48 hrs or staurosporine (1uM, 3 hrs) and stained with Hoechst 33342
dye (1 pg/ml, 15 min.). Cells were viewed and photographed with fluorescent
microscopy. The percentage of apoptotic nuclei were determined by counting
the number of cells displaying a dense nuclear staining. At least 200 cells were
counted in at least 3 separate fields for each treatment and values are displayed

as a percent of total nuclei.

Caspase assays were performed using EnZChek caspase-3 assay kit #2
(Molecular Probes) via the manufacturer's instructions. Briefly, cells were left
untreated or exposed to CoCl; (150 uM, 48 hrs) or Staurosporine (1 uM, 3 hrs).
Cell extracts were obtained by scraping the cells in lysis buffer and cleared by
centrifugation. = The caspase-3 activity in the supernatant was analyzed
spectrophotometrically (caspase activity in the cell lysate leads to the cleavage of
the non-florescent substrate into a florescent product). The specificity of the
caspase 3 activity was determined by the addition of a caspase-3 inhibitor (Ac-

DEVD-CHO Inhibitor).

Statistics - Statistical analysis was performed between treated and untreated or

vehicle controls using t-test (two tailed, unequal variance, p <= 0.05 cut-off).
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Results

Growth Curve Analysis of wild type and HIF1a -/- cells under CoCl, treatment:
An equal number of untreated and cobalt exposed (100 uM, 48 hrs) Wild type
and HIF 1a -/- cells were plated onto 6 cm cell culture dishes. The cells in each
plate were counted on each of the subsequent 5 days. Wild types cells showed
little or no growth following CoCl, (100uM) treatment (Figure 18). In contrast,
HIF1a -/- cells exposed to CoCl, were initially slow to grow compared to
untreated controls, but had a much higher survival compared to wild type treated
cells. Wild type cells showed a lower rate of cell proliferation and the total cell
viability was lower than HIF1a -/- cells under cobalt treatment even after 5 days.
These results suggest that HIF1a plays a role in mediating cobalt-induced

growth inhibition.

Cell Toxicity Assay of CoCl, treated cells using MTT Assay: The growth curves
described in figure 18 suggest that HIF1a plays an important role in cobalt-
induced growth arrest; however, it does not prove that HIF1a is involved in
cobalt-induced toxicity. To determine the role of HIF1a in the cytotoxicity
induced by CoCl;, wild type and HIF1g -/- cells were treated with varying
concentrations of cobalt (0, 50, 100, 150 and 200uM CoCl;) when cells had
reached approximately 40% confluence. After incubation of 72 hours, cell
viability was evaluated using the MTT assay. The cytotoxic effects of cobalt were
significantly attenuated in the HIF1a -/- cells when compared to the WT cells

(Figure 19A). To determine the time course of cell injury, MTT assay was
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performed on the wild type and HIF1 o -/- cells following exposure to 150 uM
CoCl,. As shown in figure 19B, CoCl; exposure resulted in progressive increase
in toxicity to wild type cells compared to HIF1a -/- cells. These results support
the growth curve analysis presented in Figure 18 and suggest that HIF1a plays

an important role in cobalt-induced cytotoxicity.

Quantitative Real-time PCR Analysis of the BCL2 family genes, BNip3 and NIX
genes. Our lab and others have described the regulation by hypoxia of two
members of the BCL2 family, BNip3 and NIX (17, 21-23). Global expression
analysis using cDNA microarrays of cobalt-induced genes in WT and HIF1¢ -/-
cells has shown that this regulation is HIF1a. dependent (17). The expression of
these genes was evaluated by quantitative real-time PCR (qRT-PCR) using
SYBR® Green as a detector. RNA was extracted from untreated and hypoxia- or
cobalt-exposed WT and HIF1a -/- cells. BNip3 was upregulated 8 fold in a
HIF1a-dependent manner following cobalt (100 pM) or hypoxia (1% O)
exposure (Figure 20A). In addition, NIX also showed a HIF1a-dependent
expression pattern and was induced more than 12 fold after cobalt exposure
(Figure 20B). These results suggest that cobalt upregulates BNip3 and NIX in a
HIF1a-dependent manner and are consistent with cobalt-induced activation of

HIF1a-regulated cell-death signaling pathways.

Time course analysis of BNip3 mRNA levels under CoCl, or hypoxia treatment:

The time course of BNip3 upregulation by cobalt and hypoxia was also analyzed
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by qRT-PCR. WT cells were left untreated or exposed to CoCl; (100 uM) or
hypoxia (1% O;). Total RNA was extracted at various time points (0.25 to 72
hours) after treatment and analyzed for BNip3 and HPRT expression. BNip3
expression levels reached maximum expression at 8 hours following exposure to
CoCl; (Figure 21A). This expression level remained stable for the duration of the
time course. The BNip3 expression pattern following exposure to hypoxia in the
WT cells gradually increased and reached a maximum after 48 hours of
treatment (Figure 21A). BNip3 was not regulated by cobalt or hypoxia at any

time point tested in the HIF 1a -/- cells (data not shown).

Dose response analysis of BNip3 mRNA levels under CoCl,: The regulation of
BNip3 mRNA expression in cells was determined by qRT-PCR following
exposure to 0, 50, 100, 150 and 200 pM CoCl; for 24 hours. As shown in figure
21B, wild type cells showed marked upregulation of BNip3 mRNA at all doses
tested with a maximum effect at 150uM CoCl,. The HIF1a -/- cells displayed no
significant changes in Bnip3 transcript levels at any dose (Figure 21B). The Ct
value and actual transcript levels of BNip3 in WT cells ranged from18.1 to 22.6
and 9.2E05 to 4.5E04 respectively (data not shown). The expression level of the
control gene HPRT was also analyzed and shown not to significantly change

following exposure to any concentration of CoCl; in either cell type (Figure 21B).
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Westem Blot Analysis of BNIP3 and NIX levels: Western blot analysis was
performed to determine the levels of BNIP3 and NIX proteins in CoCl, treated
cells. Wild type and HIF1a. -/- cells were treated with cobalt (100 and 150 pM) or
hypoxia (1% O) for 48 hours and total protein was extracted and separated by
SDS-PAGE. There was a dramatic increase in BNIP3 levels following cobalt and
hypoxia exposure and this increase was dependent upon the presence of HIF1a
(Figure 22, upper panel). The multiple bands represented in the BNIP3 Western
blot are due to progressive proteolysis and has been previously reported to be
indicative of cellular stress (24). NIX protein levels also showed a marginal
increase in CoCl; and hypoxia treated wild type cells (Figure 22, middle panel).
Both BNIP3 and NIX levels were unchanged in CoCl; treated HIF 1a. -/- cells. B-

actin was used to verify equal protein loading (Figure 22, lower panel).

Cell Morphology: The results suggest that cobalt may be promoting cell death by
inducing HIF1a-mediated upregulation of pro-apoptotic genes. Apoptosis is
correlated with morphological and biochemical changes within the cell, such as
nuclear condensation, DNA fragmentation, and caspase activation. However,
BNIP3 overexpression has been shown to induce a necrosis-like, caspase-
independent cell death (25). To determine if cobalt treated cells were undergoing
classic apoptosis or something similar to BNIP3 induced necrotic cell death,
chromosomal staining and caspase-3 assay were performed in the WT and

HIF1a -/- cells.
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Cells were left untreated or exposed to cobalt (150 puM), or staurosporine
(0.01uM) for 48 hours and stained with Hoechst33342 nuclear dye.
Staurosporine is a known inducer of apoptosis and was used as a positive
control (26). Cobalt induced a moderate level of chromatin condensation in the

WT cells, while little, if any, was observed in the HIF1a -/- cells. In contrast,
staurosporine treated WT and HIF1a -/- cells showed marked chromatin
condensation (Figure 23A). The percentage of condensed nuclei in each
treatment was also determined. Cobalt treated wild type cells induced a 3 fold
increase in the percentage of condensed nuclei (Figure 23B). These
experiments, taken together with the previous gene expression and Western blot
results, suggest that HIF1a-mediated gene activation may be involved in

promoting cobalt-induced cell death.

Caspase-3 Assay: As mentioned previously, caspase-3 activation is another
hallmark of apoptosis and is considered one of the final steps in the process (27).
To determine whether CoCl, treatment causes activation of caspase-3 in a
HIF1a-dependent manner, WT and HIF1a -/- cells were exposed to cobalt (150
puM) or staurosporine (1uM) and extracts were prepared (Figure 24A, B).
Caspase-3 activity in the extracts was assessed by fluorimetric analysis in the
presence and absence of a caspase-3 inhibitor (Ac-DEVD-CHO, Molecular
Probes). WT as well as HIF1a -/- cells showed no significant increase in
caspase-3 activity following CoCl; treatment. This was not due to a general lack

of activity in the assay since the positive control, staurosporine, showed a
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marked activation of caspase-3 in the WT and HIF1a -/- cells. This activity was
abolished in the presence of the caspase-3 inhibitor confirming the specificity of
the assay (Figure 24). These results suggest that cobalt induced cytotoxicity
involves HIF1a-dependent upregulation of BNIP3 or NIX leading to a caspase-

independent necrosis-like cell death.

Discussion

Hypoxia is a characteristic feature of a number of pathophysiological conditions
such as cancer, stroke, cardiac ischemia etc. (28). Cobalt chloride has been
widely used as a hypoxia mimic in both in vivo and in vitro studies (29).
However, the role of aberrant hypoxic signaling in cobalt-induced toxicity has not
been addressed. Previous work has shown that on a global gene expression
level, both cobalt and hypoxia regulate a similar group of genes (17). The
observed similarity in gene expression appears to be dependent upon a
functional HIF1a protein (17, 30). The experiments described here characterized
the mechanism of action of cobalt chloride-induced cell deatﬁ and determine the

role of HIF 1« in this process.

Cell viability and proliferation studies show that wild type cells are more
susceptible to cobalt-induced toxicity when compared to HIF1a -/- cells. Given
that HIF1q is a transcription factor, it seemed likely that this toxicity is dependent
upon gene activation. Previous genomic screens and other reports have

identified BNip3 and NIX as target genes of hypoxia signaling (14, 17, 23).

176



Expression of these pro-apoptotic factors was shown to be HIF 1a dependent and
to occur at a dose and in a time frame similar to that of cobalt-induced cell
damage (Figure 19 and 21). These results offer a direct link between the cobalt
exposure, hypoxia signaling and activation of genes involved in cell injury.
BNIP3 and NIX are BH3 domain-containing proteins belonging to the pro-
apoptotic family of genes and their increased expression is correlated with
increased cell death (31). Here we show that these mitochondrial proteins are
not mediating cell death through the classical caspase-3 activation pathway.
There have been earlier reports that increases in BNIP3 lead to caspase
activation in primary cardiac myocytes undergoing hypoxia (22). However, in
other cell types, BNIP3 induces a cell death similar to necrosis, which doesn’t
involve caspase activation (21). In addition, it has been shown that BNIP3
causes a necrosis-like cell death in cells through the mitochondrial permeability
transition pore which involves the loss of mitochondrial potential but without
caspase activation and cytochrome C release (25). This is not surprising, as
there are alternate pathways of apoptosis that do not require caspase activation
such as the AIF pathway (32). One important point is that caspase-dependent
apoptosis is an energy requiring process. At least during hypoxia, ATP levels in
the cell are low due to the inhibition of oxidative phosphorylation. Therefore, it is
possible that the cells initiate an apoptotic process but resort to a necrotic
pathway due to reduced ATP levels. At present it is not clear if ATP levels are
reduced under cobalt treatment however, the morphological study of CoCl;

treated cells show moderate chromatin condensation in the absence of caspase
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3 activation. Taken together, it seems likely that the HIF 1a-dependent increase
in BNIP3 and NIX leads to caspase-independent, necrotic-like cell death similar
to what has been demonstrated in 293T, MCF7, other MEFs and various tumors

(23, 25, 33).

Cobalt and nickel are known to activate hypoxic signaling, and nickel-induced
transformation of fibroblasts requires a functional hypoxia signaling pathway (34,
35). The mechanism of action of CoCl, mediated stabilization of HIF1a. under
normoxia is not completely elucidated. It isthought to inhibit the iron containing
HIF prolyl hydroxylase enzyme, which plays a critical role in mediating the normal
hypoxic signaling by modifying HIF1a protein and targeting it for degradation.
The chemical characteristics of cobalt also allow it to compete for iron at reactive
sites of various enzymes, rendering these enzymes inactive. The first published
reports of the PHD family of enzymes characterized this inhibition and helped
explain the ability of cobalt to act as a hypoxic mimic (16). Recent reports also
suggest that cobalt exposure may not displace iron at the catalytic site within the
hydroxylase but may sequester the available ascorbate in the cell. Since
ascorbate is necessary for the transition of iron between oxidation states, this

would effectively inhibit PHD activity (36).

The hypoxic signaling pathway is known to activate cell survival genes involved

in glycolysis, angiogenesis and erythropoiesis (8, 37, 38). In addition, in some

cell types, cobalt and hypoxia exposure has been shown to inhibit apoptotic
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pathways (39). Under chronic hypoxia, however, this pathway also activates
genes involved in cell cycle arrest and death including pro-apoptotic genes (14).
These reports and our current results suggest a complex and at times,
contradictory picture for cobalt induced damage. The protective effects of cobalt
were shown using a very different experimental paradigm and this may explain
the differences in results. Piret et al exposed HepG2 cells to tert-butyl
'hydroperoxide (t-BHP) under serum-free conditions to characterize cobalt’s
inhibitory effects (39). In contrast, we utilized MEFs in the presence of serum
and absence of outside apoptotic stimuli. Treatment time may have also been a
factor since the HepG2 cell's cobalt exposure was limited to 8 hours in the serum
containing controls. These differences highlight the complexity in metal-induced
toxicity and suggest multiple pathways may be involved. For example, the
observation that cobalt toxicity was only partially attenuated in the HIF1a -/- cells
suggests that cobalt-induced cell death involves HIF1a dependent and
independent mechanisms (Figure 18). HIF1a independent mechanisms may be
require other functioning HIFs in the MEFs or the possible disruption of one or
more of the essential enzymes that require iron as a cofactor, which may
ultimately affect cell viability. Also, the effect of oxidative stress due to the
production of reactive oxygen species on various cell processes and integrity of
cellular components such as proteins, DNA and lipid bi-layer cannot be
underestimated. Consistent with this hypothesis, cobalt chloride treatment is
known to induce stress responsive proteins such as metallothionein in wild type

and HIF1a -/- cells (17, 40).
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In summary, WT and HIF1a -/- cells were treated with cobalt chioride and toxicity
was studied using cell count and MTT assays. Wild type cells showed a marked
decrease in viability as well as cell proliferation compared to HIF1a -/- cells. Wild
type cells showed an increase in the expression of the cell death gene, BNip3
mRNA and protein upon CoCl; treatment. The cell death and expression of
BNip3 mRNA overlapped in both the time course and dose response studies.
This study shows that cobalt chloride exposure in mouse embryonic fibroblast
leads to a necrosis-like cell death which is dependent on the presence of
functional HIF1a protein. This indicates that the pathology of cobalit-induced
toxicity might be due to the activation of aberrant hypoxic signaling leading to the
increase in the cell death promoting genes such as BNIP3 and NIX levels and

subsequent necrosis.
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CHAPTER 4

THE ROLE OF HiF1a IN METAL-INDUCED TOXICITY IN MOUSE

EMBRYONIC FIBROBLASTS
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Abstract

Hypoxia inducible factor 1a is a major transcription factor that mediates cellular
response to hypoxia and is regulated by iron-dependent HIF prolyl hydroxylases
(PHDs) which modify and target HIF1a protein for degradation under normoxia.
Divalent metal ions such as cobalt and nickel and iron chelators such as
desferoxamine can stabilize HIF1a under normoxia by inhibiting the PHDs.
Previously, it was shown that cobalt's ability to stabilize HIF 1« is directly related
to its toxicity. To determine the role of HIF1a in the toxicity of other divalent
metals, wild type and HIF1a null MEF cells were assessed for cadmium-induced
damage. Cobalt exposure leads to stabilization of HIF1a and activation of gene
transcription of pro-cell death BNip3 gene, leading to increased cell death in the
wild type cells. In contrast, cadmium treatment does not affect the HIF1
transcriptional signaling but leads to caspase activation and apoptotic cell death,
which is greater in the HIF1a null cells. Cadmium exposure also leads to greater
oxidative stress compared to cobalt exposure, which is again significantly higher
in the HIF1a null cells. Surprisingly, HIF1a null cells have a greater basal level of
reactive oxygen species compared to wild type cells and have reduced mRNA,
protein and activity of Cu/Zn superoxide dismutase enzyme (SOD1). Moreover,
HIF1a null cells had higher total glutathione levels following cobalt and cadmium
exposure compared to wild type cells, pointing to decreased capacity to cope
with oxidative stress. Overall, our results suggest that cobalt-induced cell
damage is promoted through HIF1a stabilization and subsequent transcriptional

activation of cell death genes. Cadmium-induced cytotoxicity is due to ROS

186



generation and the compromised nature of the ROS scavenging system in the

HIF1a -/- cells.
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Introduction

Metals ions are critical for many processes necessary for cellular homeostasis,
including the function of almost one third of all enzymes (1). The reactive nature
of these metal ions also makes it necessary for cells to maintain a tight regulation
on their concentration and localization and any deviation from this normalcy can
adversely affect life processes by reacting with other cellular components such
as proteins, lipids and nucleic acids (2). Most living organisms require an aerobic
environment for survival and have a well developed signaling system to adapt to
any fluctuations in oxygen availability. Hypoxia inducible factor 1a (HIF1a) is a
major transcription factor that regulates the cellular and physiological response to

decreases in oxygen concentrations (i.e. hypoxia) (see “Introduction” chapter).

Insults that mimic hypoxia such as cobalt or nickel exposure and iron chelators
such as deferoxamine can activate HIF signaling by stabilizing HIF1a (3). In the
present study the effects of exposure to two divalent metals, cobalt and cadmium
were compared in two strains of mouse embryonic fibroblasts (MEFs) to
establish the role of Hl1a in mediating these effects. We show that HIF 1a. plays
a protective role against cadmium-induced toxicity while promoting cobalt-
induced toxicity. The results also indicate that basal expression of HIF1a under
normoxia plays a crucial role in maintaining the levels of cellular antioxidants

such as SOD1 and SOD2 and glutathione levels.

Methods
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Materials — Tissue culture media and supplements were obtained from
Invitrogen, Inc. Cosmic calf serum was obtained from Hyclone. Oligonucleotide
synthesis was performed at the Macromolecular Facility, Michigan State
University, East Lansing, MI. SYBR Green ™ real time PCR reagents were
purchased from Applied Biosystems™, CA. All other chemicals were reagent

grade and obtained from Sigma™ Chemical Company, MO.

Cell Culture and Toxicity assay — Mouse embryonic fibroblast cell lines were
maintained in modified DMEM media (10% heat inactivated FBS, penicillin-
streptomycin (10 U/ml), non-essential amino acid (10 ug/ml), L-glutamine (2mM)
and Hepes Buffer, pH 7.0 (10mM). Cells were grown in 96 well plates and
treated with 0, 100, 150, and 200 uM of CoCl, for 72 hours or 0, 1, 2, 5 and 10uM
CdCl; for 72 hours. MTT assays were performed (see chapter 3 methods
section). For figure 27C wild type and HIF1a -/- cells were treated with CoCl,,
CdCl; and menadione alone or with N-acetyl cysteine, Tempol or melatonin for

72 hours and MTT assay was performed.

Protein Extraction and Western Blotting — Wild type and HIF1a -/- cells were
grown in normal medium or in the presence of 150uM CoCl; or 1, 5 or 10uM
CdCl; or 150uM CoCl; and 5uM CdCl; and protein extracts were prepared (see
chapter 2 methods). For BNIP3, SOD1, and SOD2 westerns, total cell lysate
was used. Briefly, cells were washed with cold PBS (4°C) and removed from the

surface by scraping in cold PBS and collected by centrifugation. Soluble proteins
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were extracted with cell lysis buffer (25 mM HEPES, pH-7.6, 2 mM EDTA, 10 %
glycerol, 1 ug/mL of aprotinin, leupeptin, pepstatin A and 1 mM PMSF) and
sonication (5 secs., 4°C). Insoluble material was removed by centrifugation
(18000g, 20 min.) and protein concentrations were determined using Bio-Rad™
Bradford assay kit and BSA standards (4). An equal amount of protein was
separated by SDS-PAGE, and western blotting was performed with anti-HIF 1
(Novus Biologicals, CO) and BNip3 and p-actin (Sigma) and SOD1 and SOD2
specific antibodies (Santacruz Biotech) using ECL chemiluminescent detection

kit (Amersham Pharmacia).

RNA Extraction and Reverse Transcription and Real-Time Quantitative PCR
Analysis — RNA extraction was performed using TriZol reagent (Invitrogen) via
manufacturer’s instruction. The measurement of BNip3, SOD1and SOD2 mRNA
levels was performed using real-time PCR, on an Applied Biosystems Prism
7000 Sequence detection System (Foster City, CA). For detailed protocol see
chapter 1 methods section. Primers were designed using the web based
application Primer3 (http://www-genome.wi.mit.edu/cgi-
bin/primer/primer3_www.cgi) biasing towards the 3’ end of the transcript giving a
gene-specific product (Table 16). The relative abundance of mRNA was

calculated from the Ct values normalized to HPRT.

Creation of stable BNip3 shRNA cells —
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Table 16. qRT-PCR primers

Gene Accession Forward Reverse

HPRT NM 013556 AAGCCTAAGATGAGCGC | TTACTAGGCAGATGGCC
AAG ACA

BNip3 NM 009760 GGCGTCTGACAACTTCC | AACACCCAAGGACCATG
ACT CTA

SOD1 NM_011434.1 | GAGACCTGGGCAATGTG | TTGTTTCTCATGGACCAC
ACT CA

SOD2 NM_013671.3 | AACTCAGGTCGCTCTTC GCTTGATAGCCTCCAGC
AGC AAC

Table 17. shRNA Sequences

Gene Accession Sequence

shCTRL TGCGTCTTGTTCATCTCCT

shBNip3 #1 NM 009760 GGCAGCCTGCGCCGCTCAGC

shBNip3 #2 NM 009760 TGCCATTGCTGAAGTGCAGC
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Target sequences were obtained using Ambion’'s siRNA target finder
(http://www.ambion.com/techlib/misc/siRNA_finder.html) and were analyzed by
BLAST to determine specificity (Table 17). Oligos were designed and PCR was
performed to create a shRNA cassette carrying U6 promoter sequence, sense-
loop-antisense sequence and terminator sequence. The shRNA cassettes were
cloned into a lentivial vector and packaged using 293T cells via transient
transfection with helper plasmids to generate infectious virus (obtained form
University of California, San Diego). GFP construct was used as a control. Wild
type cells were plated at the density of 2 x 10* cells per 6 cm issue culture dish
and were infected with the virus overnight. Cells were split and individual
colonies were isolated and Puromycin-selected to create the stable shRNA
expressing cells. Scrambled target sequence with no similarity to any known

gene was also cloned and infected to use as shControl.

Cell Staining and Caspase Assay - Cells were left untreated or treated with 5 uM
CdCl; for 24 hours and stained with Hoechst33342 dye (1 ug/ml, 15 min.). Cells
were viewed and photographed with fluorescent microscopy. Caspase assays
were performed using EnZChek caspase-3 assay kit (Molecular Probes) using
the manufacturer’s instructions. Briefly, cells were left untreated or exposed to
CdCl; (5 uM, 24 hours or Staurosporine (1 uM, 4 hrs). Cell extracts were
obtained using the lysis buffer provided and the caspase-3 activity in the

supernatant was analyzed spectrophotometrically.
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Determination of ROS levels — Cells were left untreated or treated with 200pM
CoCl; or 5uM CdCl; for 24 hours or 1mM H;O; for 1 hour. Cell were trypsinized,
pelleted, and treated with 5uM CM-H,DCFDA (Molecular Probes, OR) for 30
minutes in serum free media. Cells were washed with PBS and re-éuspended in
PBS supplemented with 10% cosmic calf serum and analyzed on a BD
FACSDiva® flow cytometer. Fluorescence intensity (490nm excitation and
520nm emission) of 1 x 10* cells for each samples were measured and

experiments were performed in duplicate.

Determination of superoxide dismutase activity — Total cellular superoxide
dismutase activity was measured using superoxide dismutase assay (Cayman
Chemicals, MI) as per manufacturer's description. Briefly, treated cells were
harvested, pelleted, and lysed by sonication in buffer containing 20mM Hepes
(pH = 7.2), 1mM EGTA, 210mM mannitol and 70mM sucrose. Supernatant was
collected after centrifuging at 1500g for 5§ minutes, and an aliquot was used for
performing the superoxide dismutase assay and enzyme activity was quantified
using a standard curve. Mn-SOD levels in the sample were determined using 3

mM KCN to inhibit the activity of Cu/Zn-SOD activity.

Determination of Glutathione levels — Total glutathione levels were determined
using spectrophotometric assay (Cayman chemicals, Ann Arbor, MI) as per
manufacturer’s instructions. Briefly, treated cells were harvested by scraping in

ice cold PBS and pelleted by centrifugation (1000g, 5 minutes). Cells were
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sonicated in 1X MES buffer and insoluble material was removed by centrifugation
(5000g, 5 minutes). Supernatant was deproteinated by the addition of an equal
volume of 10% metaphosphoric acid and neutralized by adding 4M
triethanolamine. Glutathione concentration was determined by performing a
coupled kinetic assay. In this assay, glutathione is used by glutathione reductase
to convert a colorless tetrazolium salt into formazan which was measured

spectophotometrically. The results were normalized to total protein levels.

Statistics - Statistical analysis was performed between treated and untreated

samples using t-test (two tailed, unequal variance, p <= 0.05).

Results

Cadmium and Cobalt Toxicity to MEFs - Wild type and HIF1a -/- mouse
embryonic fibroblast (MEFs) cells were plated in 96 well plates and treated with
50, 100, 150 or 200uM CoCl;, (Figure 25A) and 1, 2, 5 or 10uM CdCI, (Figure
25B) for 72 hours. Cell viability, determined by MTT assay, was markedly
reduced in both wild type and HIF1a -/- cell lines under cobalt and cadmium
treatment in a dose dependent manner. However, cobalt-induced cytotoxicity
was markedly higher in the wild type cells compared to HIF1a -/- cells as we
have reported earlier (5). In contrast, cadmium chloride treatment caused
significantly greater cytotoxicity in the HIF1a -/- cells compared to the wild type
cells. The results indicate that HIF1a might be playing different roles in cell

survival following cobalt and cadmium exposure.
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Figure 25. Cytotoxicity of CoCl, and CdCl, to MEFs

A. Wild type (WT, white bars) and HIF1a -/- (black bars) cells were left
untreated (0) or exposed to 100,150 or 200uM CoCl, (100, 150, 200) for
72 hrs. Cell viability was assessed using a standard MTT assay.

Control values within cell type were set to 1. *, p<0.05. B. Wild type
(WT, white bars) and HIF1a -/- (black bars) cells were left untreated (0)
orexposed to 1, 2, 5, 10 uM CdCl, (1, 2, 5, 10) for 72 hrs. Cell viability
was assayed using a standard MTT assay. Control values within cell
type were setto 1. . *, p<0.05.
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Previously, we reported that CoCl—induced cytotoxcity correlated with an
increase in nuclear condensation; however, this condensation occurred in the
absence of caspase-3 activation (5). To expand these findings, WT and HIF 1 -
/- MEFS were treated with CdCl;, and nuclear morphology and caspase-3
activation was assessed. Wild type and HIF1a -/- cells showed significant levels
of nuclear condensation characteristic of apoptosis following metal exposure,
however, the null cells were more sensitive (Figure 26A). As seen in Figure 26B
HIF1a -/- cells displayed a greater caspase-3 activation following cadmium
exposure than the WT cells. This bias was not evident in the positive control,

staurosporine treated samples (Figure. 26B).

HIF1« protein levels under cobalt and cadmium treatments — Given that HIF1 is
primarily regulated at the level of protein stability, the ability of both metals to
stabilize HIF1a was tested. Wild type cells were treated with various
concentrations of metals, and HIF1a protein levels were determined by western
blot analysis (Figure 27A). HIF1a -/- cell extract treated with 150uM CoCl; was
used as a negative control. HIF1a protein levels were detected only in the wild
type cells under CoCl, treatment. There were some non-specific bands present
in all the lanes. In contrast to published reports in 293 cells exposed to hypoxia,
cadmium co-treatment did not significantly reduce the HIF1a protein levels in
cobalt treated MEFs (Figure 27A) (6). These results suggest that the ability of
WT to be refractory to cadmium-induced cytotoxicity is not mediated by metal-

induced HIF 1a stabilization.
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Figure 26. Ch ization of Cadmi induced Cell Death.

A. Wild type (WT) and HIF1a. -/- cells were left untreated (Control) or
exposed to 5 uM CdCl, for 24 hours and nuclear morphology was
observed after staining with Hoechst 33342 dye using fluorescence
microscopy. B. Wild type (WT, white bars) and HIF 1o -/- (black bars)
cells were left untreated (CTRL) or exposed to CdCl, (CdCl,. 5pM, 24
hours), or staurosporine (1 pM, 4 hours). Caspase-3 activity was
measured using EnZChek caspase-3 assay kit #2 (Molecular Probes). *,
p<0.05, n=4

197



Figure 27. Hypoxia signaling and cytotoxicity to CoCl, and
CdCl,

A: Wild type (WT) cells were left untreated (CTRL) or exposed to
150 uM CoCl2, 1, 5 or 10 uM CdCl, or 150 pM CoCl, and 10 uM
CdCl, for 24 hours. HIF1a -/- cells extract treated with 150uM CoCl,
was used as a negative control. Nuclear protein was extracted and
separated by SDS-PAGE, transferred to nitrocellulose membrane
and probed with a HIF1a (upper panel) or B-actin (lower panel)
specific antibody. B, C. BNip3 mRNA expression levels were
analyzed by qRT-PCR (SYBR Green) in wild type (WT, white bars)
and HIF1a -/- cells (black bars) as described in methods section.
Cells were left untreated (0), 150uM CoCl, (B, 150) or 5uM CdCl,
(C, 5) for 24 hours. Each value was normalized to the control level
in the corresponding cell line. *, p<0.05 compared to control with in
the cell type, n=4 D. BNip3 protein levels were determined in wild
type (1), HIF1a -/- (2), shControl (3), shBNip3 #1 (4), and shBNip3
#2 (5) after treatment with 150uM CoCl, or 5uM CdCl, for 24 hours
using a BNip3 specific antibody and p-actin was used as a loading
control (Lower Panel). E. Wild type (WT), HIF1a -/-, shControl
(shCtrl), shBNip3 #1 and shBNip3 #2 cells were exposed to 150uM
CoCl, (Co?*, white bars) or 5uM CdCl, (Cd?*, black bars) for 72
hrs. Cell viability was assayed using a standard MTT assay.
Control values within cell type were set to 1. *, significant compared
to wild type treatments, p<0.05, n=4.
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Figure 27. Hypoxia signaling and cytotoxicity to CoCl, and
CdCl, (continued)
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BNip3 mRNA and protein expression following cobalt and cadmium treatments —
Previously our group and others have shown that the mRNA and protein levels of
BNip3, a BH3 domain containing, cell death promoting factor, are increased
under cobalt chloride treatment in a HIF 1« dependent manner (5, 7). In contrast,
CdCl, treatment caused a reduction in the BNip3 mRNA levels in wild type and
HIF1a -/- cells which was not statistically significant (Figure 27B and 27C). In
addition, cadmium was unable to induce BNIP3 protein levels in either cell type,
while cobalt treated cells led to an increase in BNIP3 protein in WT cells (Figure
27D). These results confirm our earlier observations and suggest that cadmium-

induced cell damage is not mediated by BNIP3 (5, 7, 8).

To further characterize the role of BNIP3 in cobalt-induced toxicity, we created
several cell strains with reduced BNIP3 expression levels using RNAi. WT cells
were infected with a lentiviral vector expressing one of two independent shRNA
constructs that specifically targeted BNip3 or a scrambled shRNA sequence as a
negative control. Following selection of stable cell strains, BNIP3 protein levels
were assessed by western blot analysis. The two independent BNip3 shRNAs
showed greater than 80% reduction in the BNIP3 protein levels (Figure 27D).
The cell lines were then treated with 150uM CoCl, for 72 hours and an MTT
assay was performed to determine the role of BNip3 in cobalt-induced
cytotoxicity. Both BNip3 shRNA expressing cell strains had reduced cobalt-
induced cell death compared to the scrambled control. In fact, the results were

comparable to HIF1a -/- treated cells (Figure 27E). Moreover, knock-down of
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BNIP3 levels in wild type cells did not influence the cell viability upon cadmium
treatment significantly (Figure 27E). These results suggest that HIF 1a-induced
BNIP3 protein expression plays a role in cobalt chloride induced toxicity but not

in cadmium-induced toxicity in MEFs.

Oxidative stress under cobalt and cadmium treatment — Since HIF1a activation
and genes such as Bnip3 do not appear to play a role in cadmium induced
toxicity, oxidative stress was characterized in the two cell lines. Cadmium and
cobalt are known to produce reactive oxygen species (ROS) in various cell types
(9, 10). To begin to characterize the role of oxidative stress in metal-induced cell
death in the MEFs, the ROS levels were measured in WT and HIF1a -/- cells
following cobalt, cadmium, and hydrogen peroxide exposure. Cells were left
untreated or treated with 150uM CoCl;, 5uM CdCl; or 1mM H,0; for 24 hours,
and ROS were measured using flow cytometry and CH-H,DCFDA dye.
Cadmium treatment caused a significant increase in ROS only in the HIF1a -/-
cells while cobalt was unable to alter the ROS profile in either cell type (Figure
28A). The lack of response in the WT cells from either metal was not due to any
cell-specific mechanisms, as the positive control, H,O, treated WT displayed a
marked increase in ROS generation. Interestingly, the HIF1a -/- cells have a
higher basal level of ROS compared to wild type cells (Figure 28B). These
results suggest a possible mechanism for the specificity of cadmium-induced
toxicity seen in the HIF1a -/- cells and indicate that HIF1a -/- cells are

experiencing an increased ROS load under basal conditions.
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Figure 28. Oxidative stress in CoCl, and CdCl, mediated cytotoxicity.
A. Wild type (WT) and HIF1a -/- cells were left untreated (CTRL), or
exposed to 1mM H,0, (H,0,, 2hours), 200uM CoCl, (Co?*, 24 hours), or
5uM CdCl, (Cd?*, 24 hours). Reactive oxygen species generated in the cell
were measured using the ROS sensitive dye CH-H,DCFDA and flow
cytometry. B. Comparison of the levels of ROS generated in wild type (WT)
and HIF1a -/- cells untreated. C. Wild type and HIF1a -/- cells were left
treated with 150uM CoCl,, (C02*), 150uM CoCl, , 5uM CdCl, (Cd?*) or
20uM menadione (MEN) alone or with 10mM N-acetyl cysteine (NAC),
1mM Tempol (TMP) or 1mM melatonin (MLT) for 72 hours and cell viability
was measured using MTT assay. Control values within cell type were set
to 1.*, significant compared to single treatment, p<0.05, n=4
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Figure 28. Oxidative stress in CoCl, and CdCl, mediated
cytotoxicity (continued)
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Figure 28. Oxidative stress in CoCl, and CdCl, mediated
cytotoxicity (continued)
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Protection against toxicity by antioxidants — Cadmium is known to create
oxidative stress by sequestering the cellular glutathione pool through interactions
with their sulfhydryl groups and effectively preventing their ability of to scavenge
ROS. Cobalt is a well known Fenton metal that generates hydroxyl radicals by
interacting with HO, and superoxide (11, 12). N-acetyl cysteine (NAC), a known
antioxidant, acts as a precursor for glutathione and can protect cells against
oxidative injury caused by metals and other agents (13). Wild type and HIF1a -/-
cells were treated with CoCl,, or CdCl; in the presence and absence of NAC for
72 hours, and MTT assays were performed to assess cell viability. The results
show that NAC prevented metal-induced cell damage in both cell types
suggesting that ROS-mediated cobalt and cadmium-induced cytotoxicity. NAC
also protected against menadione, a redox cycling agent known to generate
oxidative stress in cells (Figure 28C) (14). . Among the other antioxidants tested,
only melatonin at 1mM concentration showed any protection against cadmium
exposure in wild type and HIF1a -/~ cells, and this effect was specific to
cadmium-induced toxicity. Tempol, an SOD mimetic did not protect against
either cobalt or cadmium exposure in either of the cells. Moreover, at 1mM
concentration and even at 250uM concentration tempol reduced the cell viability
in the control cells (Figure 28C, data not shown). These results suggest that
oxidative stress plays a greater role in cadmium-induced toxicity compared to

cobalt-induced toxicity.
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Superoxide dismutase levels in CoCl, and CdCl; treated cells - Mammalian cells
generate ROS as a result of several different metabolic processes and have
evolved a variety of mechanisms for the efficient removal of these harmful
species (15). For example, superoxide is generated as a by-product of ETC
reactions due to incomplete electron transfer and is rapidly removed from the
cellular space by superoxide dismutases (SODs), which convert the superoxide
into oxygen and hydrogen peroxides (16). To determine if cobalt or cadmium
altered SOD expression, the mRNA levels of SOD1 and SOD2 were analyzed by
gRT-PCR. In agreement with our previously published report, SOD1 and SOD2
mRNA levels were significantly lower in the untreated HIF1a -/- cells compared to
WT cells (Figure 29A and B). CoCl; treatment did not change the expression of
SOD1 and SOD2 in wild type or HIF1a -/- cells. Although not statistically
significant, CdCl, treatment caused a marginal reduction in SOD1 and SOD2
mRNA levels in HIF1a -/- cells. To determine if these changes in mRNA
expression correlated with changes in SOD protein levels, SOD1 and SOD2
were analyzed by western blot analysis. In agreement with the mRNA data,
SOD1 protein levels were lower in the HIF1a -/- control cells compared to wild
type cells (Figure 29A). Metal exposure did not alter the levels of SOD1 in the
wild type whereas cobalt exposure lead to increase in SOD1 protein levels in
HIF1a -/- cells (Figure 29C). In contrast, SOD2 protein levels were higher in the
HIF1a -/- cells compared to WT cells and CdCl; treatment caused a reduction in
SOD2 protein levels. Finally, total SOD and SOD2 activity were determined and

SOD1 activity was deduced by subtracting the latter from the former value. The
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Figure 29. Expression and activity of superoxide dismutases

Transcript levels of SOD1 (A) and SOD2 (B) were determined using qRT-
PCR in wild type (WT, white bars) and HIF1a -/- cells (black bars) as
described in methods section. Each value was normalized to the control level
in the corresponding cell line. Cells were left untreated (CTRL) or treated
with 150uM CoCl, (Co?*) or 5uM CdCl, (Cd?*) for 24 hours. C. Protein
levels of both SOD1 (Top Upper panel) and SOD2 (Bottom Upper panel)
were determined by Western blotting in wild type (WT) and HIF1a -/- cells. B-
actin levels (Top and Bottom lower panels) were used a loading control.
Cells were treated as in A and B. (D) SOD1 enzyme activity in wild type (WT,
white bars) and HIF1a -/- (black bars) cells were determined as described
in the methods. Cells were treated as in A and B. *, significant compared to
untreated cells within the cell type, p<0.05 n=4. #, significant compared to
wild type cells, p<0.05, n=4.
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results show that SOD1 activity is consistently lower in all HIF1a -/~ cell
treatments compared to WT cells (Figure 29D). These results suggest that
HIF1a -/- cells have a reduced capacity to cope with superoxide stress compared
to their WT counterparts and that cadmium exposure alters the SOD expression

profile and activity in these null cells.

Glutathione concentration in cells treated with CoCl. and CdCl> — Glutathione
plays a critical role in various detoxification reactions within the cell by acting as a
reducing agent (17, 18). Cadmium is known to deplete the cellular glutathione
pool by covalently binding to its sulfhydryl groups and compromises the cell's
ability to protect against oxidative stress (12). To determine if metal exposure
can alter the glutathione pool within the WT or HIF1a -/- cells, total cellular
glutathione was determined by a spectrophotometric assay (19). In contrast to
the SOD activity, HIF1a -/- cells showed higher total glutathione levels under
control conditions compared to WT cells (Figure 30). Both cell types showed an
increase in total glutathione following metal exposure and the absolute levels

remained higher in the HIF1a -/- cells under these conditions. These results

suggest that HIF1a modulates a cell's ability to regulate cellular glutathione

Discussion
Divalent metal ions play a critical role in various cellular processes in all living
things (1). Metals such as iron, manganese, magnesium, zinc, copper and cobalt

are essential elements because of their critical role in the activity of various
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Figure 30. Cellular Glutathione levels under CoCl, and CdCl,

treatments

A. Total cellular glutathione levels in wild type (WT, white bars) and
HIF1a -/- (black bars) cells were determined as described in the
methods. Cells were left untreated (CTRL), with 150uM CoCl, (Co?*) or
5uM CdCl, (Cd?*) for 24 hours. *, significant compared to respective
controls, p<0.05, n=4. #, significant compared to wild type cells, p<0.05,

n=4.
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enzymes and metalloproteins (20). However, overabundance of metals can lead
to imbalances in cellular processes due to their ability to form intra-molecular
interactions and generate reactive intermediates (21). These cellular imbalances
can lead to downstream effects and compromise a cell's ability to cope with
oxidative stress. Hypoxia is a form of oxidative stress and the cellular response

to decreases in oxygen availability are predominantly regulated by HIF1a.

In this study we investigated the effect of two divalent metals, cobalt and
cadmium, on their ability to interfere with the HIF1a pathway. The results
demonstrate that HIF1a -/- cells are more sensitive to cadmium-induced toxicity.
This is in contrast to the cobalt-induced toxicity, which is more toxic to wild type
MEFs. Presumably, this difference is due, in part, to the two metal's ability to
activate of HIF1a. pathway aberrantly (5). Cobalt is capable of stabilizing HIF1a
and promotes HIF1-mediated signaling; however, cadmium treatment does not
cause HIF1a stabilization and was unable to drive the expression of hypoxia-
regulated genes. It was reported that cadmium treatment can cause a reduction
in HIF1a protein stabilized under hypoxia in 293T cells (6). This is in contrast to
what was observed in MEFs, as cadmium was unable to inhibit CoCl—induced
HIF1a stabilization. This difference is most likely due to cell specific factors and

the differences in “hypoxia” treatment.

The aberrant activation of HIF1a signaling by cobalt leads to increased

expression of various adaptive and cell death promoting factors in the wild type
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cells which are absent under cadmium exposure. For example, the pro-cell
death factor BNip3 was induced only in wild type cells following cobalt exposure
and this results in a caspase-independent necrotic cell death (5, 22). Under
cadmium exposure, wild type and HIF1a -/- cells undergo apoptosis
characterized by caspase activation and chromatin condensation but
independent of BNip3 expression. Interestingly, cadmium-induced changes in
caspase-3 activity and nuclear condensation were more pronounced in the
HIF1a -/~ cells. The experiments using shBNip3 clones showed that BNip3
activation is a major factor in the increased cell death under cobalt treatment in
wild type cells. In contrast, BNip3 does not play any role in mediating cadmium
induced cell death (Figure 27E). However, cadmium has been shown to
modulate the expression of pro-apoptotic bax and cell cycle regulator p53
proteins in a variety of cell lines including alveolar type 2 cells promoting
apoptotic cell death. The role these proteins play in MEFs is currently under

investigation (23).

Another important characteristic of cadmium exposure was increased ROS levels
in the HIF1a -/- cells compared to wild type cells. Redox active metals such as
iron, cobalt and nickel are thought to produce ROS through Fenton-like reactions,
while redox inactive metals such as mercury and cadmium are thought to deplete
cellular sufhydryl antioxidant reserves and interfere with cellular antioxidant
enzymes such as glutathione transferases and glutathione peroxidases, leading

to oxidative stress (12, 24). Although cobalt is a more direct ROS producer
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compared to cadmium, under these experiments there was much higher ROS
levels following cadmium treatment compared to wild type cells. This is
consistent with earlier reports that suggests the need for a much higher dose of
CoCl; to generate any significant ROS generation (25). The most intriguing
observation was that HIF1a -/- cells had a much higher level of ROS in the
untreated cells compared to the wild type cells (Figure 28B). Similar results were
observed by another group in MEF cells where they found increased production
of H202 in HIF1a -/- cells compared to wild type cells (26). Their data suggests
that HIF1a -/- cells have lower levels of pyruvate dehydrogenase kinase1
(PDK1), a key inhibitory enzyme for the pyruvate dehydrogenase complex. This
complex regulates the ability of pyruvate to enter the mitochondria, and the
authors argue that increased carbon flux through the tricarboxylic acid cycle
(TCA cycle) and subsequent electron flow through ETC in HIF1a -/- cells leads to
increased oxidative stress. Our data also suggest that the most effective method
to counter cadmium toxicity is to increase the glutathione reserves by treating
with N-acetyl cysteine (NAC), a precursor for glutathione. This is consistent with
many other studies (11, 13). NAC also marginally protected against CoCl,
mediated toxicity in both cell types. NAC is a well known cobalt chelator and the
protection it offers against cobalt may primarily be due to the effective decrease

in functional cobalt within the cell (27).

Oxidative stress can be a result of reduced elimination of reactive species. We

have earlier reported that HIF 1o -/- cells have a lower level of SOD1 and SOD2
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mRNA compared to wild type cells (28)( Figure 29A, B). Overall levels of SOD1
protein and activity were also low in the HIF1a -/~ cells compared to their wild
type counterparts. This might be a major factor in the increased oxidative stress
in basal HIF1a -/- cells and cadmium treatment might further increase the
oxidative stress. The basal level of SOD1 is transcriptionally regulated by the
binding of C/EBPa, SP1, EGR1 and WT1 proteins (29). YY1, a protein that binds
to the upstream negative response element of SOD1 promoter, negatively
regulates its expression (30). It is not known if any of these proteins are
influenced by HIF1a protein. The protein levels of the major mitochondrial SOD,
SOD2 (Mn-SOD), were higher in the HIF1a -/- cells, but activity levels were not

significantly different compared to wild type cells.

Cellular glutathione pool shows a marked increase in wild type and HIF1a -/-
cells under CoCl; and CdCl; treatments. The higher glutathione levels in the
HIF1a -/- cells compared to wild type cells in all treatments studied may suggest
an increased demand for glutathione for a cell under oxidative stress or an
inability to utilize the available pool (Figure 30). We have shown earlier that
mRNA levels of two major mitochondrial xenobiotic enzymes, GSTu1 and
GSTa1, are significantly lower in the HIF1a -/- cells compared to wild type cells
(28, 31)(data not shown). A reduction in the levels and activity of glutathione
utilizing enzymes may result in an increased cellular glutathione pool. Also it is
not known how much of the total glutathione pool is in the reduced form that is

required for conjugation reactions.
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We have performed a comparative analysis of the effect of two divalent metal
ions cobalt and cadmium on HIF1a signaling pathway. Taken together, our
results suggest that cobalt-induced cell damage is promoted through HIF1a
stabilization and subsequent transcriptional regulation where, cadmium-induced
cytotoxicity is due to ROS generation and the compromised nature of the ROS
scavenging system in the HIF1a -/- cells. We show that HIF 1a plays a protective
role against cadmium exposure putatively by its ability to maintain the activity of
cellular antioxidant capacity whereas aberrant and constitutive activation of
hypoxic signaling under cobalt exposure leads to cytotoxic effects by the activity
of pro-cell death factors. This study points to the significant role played by HIF1a

in the presence of oxygen and its role in maintaining cellular homeostasis.
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SUMMARY AND DISCUSSION

The present studies were focused on understanding the relationship between
environmental metals, such as cobalt and cadmium, and biological pathways that
are essential in sustaining life. The prevalence of metals in our environment is a
growing concern with the increase of “disposable” electronics, the EPA approved
use of bio-metal-containing solids and industrial waste in the production of
fertilizers and the industrial production necessary to expand the global economy.
The wholesale release of these metals into the environment can lead to their
large scale accumulation in soil and subsequently in the food chain. Therefore,
understanding the toxicity of these metals is a growing environmental issue.
Characterizing this toxicity is dependent upon comprehension of the basic
biology involved in their signaling and this type of knowledge is critical if we are
to understand the adverse effects metals have on human health. An attempt was
made to understand the molecular mechanism of the metal induced toxicity using

mouse fibroblasts as a model system.

Although certain metals are essential nutrients, excessive exposure to a wide
range of metals can lead to a variety of toxic endpoints. Metals such as cobalt,
nickel, and cadmium can interfere with several important pathways, one of which
is the hypoxia signaling cascade. The hypoxia signaling pathway is activated
under reduced levels of oxygen and helps the organism to maintain energy

levels. Improper regulation of this pathway is involved in diseases such as
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cardiac ischemia, stroke, and cancer. Cobalt and nickel exposure can mimic
hypoxia by stabilizing HIF1a protein. Global gene expression profiling using
oligonucleotide array as described in chapter 2 showed that cobalt, hypoxia, and
desferoxamine treatments resulted in similar patterns of gene expression in
Hep3B cells. This suggested that a common signaling system was being
induced under these conditions and we hypothesized that certain divalent metals

might induce toxicity in cells by unnaturally activating HIF1a signaling.

We were fortunate that engineered mouse embryonic fibroblasts (MEFs) were
available to perform these experiments. Two MEF cell strains were used, a wild
type (WT) cell that was genotypically normal and a HIF1a -/- cell that was
identical to the WT cells except they lacked a functional HIF1a locus. These
cells enabled us to determine the role of HIF1a in mediating metal-induced
toxicity. As predicted, cobalt and hypoxia induced similar global changes in gene
expression in the wild type cells and this overlap was not observed in the HIF1a
null cells. These results suggest that cobalt and hypoxia are working in a similar
manner as observed in the Hep3B cells and indicated that HIF1a is the major
HIFa isoform in MEFs. Cobalt exposure induced the HIF1a-dependent
expression of genes involved in adaptive response, including glucose transport,
glycolysis, angiogenesis, and erythropoiesis. There were also changes in non-
adaptive genes, such as BNip3, a BH3 domain containing pro-cell death factor
involved in apoptosis and necrosis in various cell types. BNip3 protein levels

showed HIF1a-, dose- and time-dependent increase upon cobalt exposure. Cell
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morphology under cobalt exposure also displayed chromatin condensation in the
absence of caspase-3 activation suggesting this increased expression of Bnip3
had functional consequence. Finally, cell lines that expressed shRNA targeting
Bnip3 were partially protected against cobalt-induced damage and behaved like
HIF 1« -/- following metal insult. This was a clear indication that metals like cobalt
that are capable of aberrantly stabilizing HIF1a and activating the hypoxic
signaling cascade, can result in cellular damage through direct transcriptional

regulation of cell death promoting factors.

The in vivo effect of cobalt exposure during cobalt treatment of anemia is
characterized by polycythemia, an over-production of read blood cells. /n vivo,
the production of red blood cells is primarily regulated by erythropoietin (EPO), a
growth factor produced by the kidney and liver and known HIF1 target gene. In
the Hep3B cell culture model, cobalt was capable of increasing EPO expression
and it is thought cobalt exposure, in vivo, would lead to a similar aberrant EPO
expression, leading to the observed polycythemia. Gene expression under
cobalt exposure in fibroblasts also suggests a potential role of various genes in
mediating other in vivo effects. For example, chronic cobalt exposure through
inhalation results in many pathological conditions, such as asthma, alveolitis and
pulmonary fibrosis. BNip3, a cobalt induced gene is known to be associated with
tissue necrosis and might play a role in tissue necrosis under cobalt exposure
eventually leading to fibrosis. The various genes expressed under cobalt
exposure might also be playing a role in other symptoms such as allergic

dermatitis and cardiomyopathy.
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The fact that loss of HIF1a protects against cobalt-induced toxicity establishes a
role for the hypoxia signaling cascade in the cytotoxicty of hypoxic-mimicking
metals, but what part, if any, does it play in the toxicity of divalent metals that do
not stabilize HIF1a, such as cadmium? The results were very different; HIF1a
null cells were more susceptible to cadmium-induced damage than their wild type
counterparts. HIF1a null cells exposed to cadmium exhibited chromatin
condensation and caspase-3 activation characteristic of apoptotic cell death but
lacked the expression of BNip3. Manipulation of Bnip3 levels by shRNA also did
not affect the toxicity of cadmium. HIF1a protein is thought to be degraded
under normoxia without mediating any transcriptional activity. But it is clear that
HIF1a protein directly or indirectly affects cellular processes that lead to
protection against cadmium in wild type cells. These results suggest that the
HIF1a protein has cellular functions under normoxia, either non-transcriptional or

transcriptional.

Metals, by their nature can generate reactive intermediates causing oxidative
stress in cells. Cobalt is a Fenton metal that produces hydroxyl radicals by
reacting with hydrogen peroxide and superoxide. In contrast, cadmium depletes
cellular glutathione levels interfering with the activity of various cellular
antioxidant enzyme systems and generating oxidative stress indirectly. Cellular
ROS measurements indicated that ROS levels are greater under cadmium
treatment compared to cobalt exposure. Again HIF 1a null cells had much higher

ROS levels under cadmium exposure compared to wild type cells suggesting a
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possible explanation for increased cytotoxicity in those cells. Interestingly, there
was a higher basal ROS levels in the HIF1a null cells compared to wild type
cells. There are two possible reasons for such an increase in ROS levels:
increased ROS generation or decreased ROS scavenging activity. Recent data
and results presented in this thesis suggest that HIF1a regulates PDK1, the
kinase responsible for regulating pyruvate’s fate within the cell. It is possible that
the loss of HIF1a in the null cells results in increased pyruvate flux through TCA
cycle due to disregulation of PDK1, even under normoxia. This would result in
more carbon moving into the mitochondria and the TCA cycle and lead to an
increase in the activity of the electron transport chains. The increased ETC flux
would tax the normal ROS maintenance machinery resulting in the change in
basal levels in ROS observed in the HIF1a -/- cell. In addition, this increased
oxidative stress would tax the cells in such a way that a metal capable of
promoting further oxidative damage through direct competition of these same
systems (e.g. glutathione), such as cadmium, would be more cytotoxic under

these conditions.

Our data suggest another possible explanation for the increased ROS levels in
the HIF1a null cells. We observed differences in ROS scavenging enzymes,
SOD1 and SOD2, and the antioxidant glutathione between HIF1a -/- and wild
type cells. For example, SOD1, the major cytosolic dismutase, levels were low in
cadmium treated HIF 1o null cells potentially compromising their ability to cope

with the greater oxidative stress. These observations point to a potential role of
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HIF1a in the maintenance of cellular redox status. This maintenance happens in
the absence of cellular stress and again suggests that HIF1a has a role in
cellular physiology outside of responding to hypoxic conditions. In fact, the
results suggest that this “normoxic” role for HIF1a in cellular homeostasis might
be equally important to its role in hypoxia adaptation. The maintenance and
possible surveillance role of HIF1a for the redox state of the cell might actually
establish its basal activity. For example, if ROS play a direct role in HIF1a
stability as has been proposed by various research groups, then the ability of
HIF1a to directly influence the basal expression level of genes, such as SOD1,
which in turn controls the ROS levels within the cell would create a feedback

circle to regulate oxidative stress.

Divalent metals, especially cobalt and cadmium are an important environmental
contaminants and their presence will only increase over the coming years. Our
dependence on disposable electronics and the ever increasing industrialization of
our world will ensure that metals will become prominent environmental
contaminants. Understanding the cellular and physiological response to these
metals will help our understanding of the toxicological concerns that they pose.
The research presented in this thesis also has implications outside of the field of
toxicology and the environment. As mentioned above, hypoxia signaling is
critical for several pathological conditions, as well as normal development and
immune function. In addition, the cascade has now become a viable target for

cancer chemotherapy due to its role tumorigenesis. We hope that the present
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study will create a foundation for the analysis of this critical signaling pathway
and will allow us to relate downstream effects to HIF1a and other proteins
involved in the hypoxia signaling network. This research will establish a basis for
a systems biology approach to the study of hypoxia and its role in normal and

stress mediated biology.
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