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Exposures to a variety of agents, including the tumor-promoting agent 12-0-

Tetradecanoylphorbol-13-acetate (TPA), elicit inflammatory responses, which culminate 

with the release of reactive oxygen species (ROS) by phagocytes. Current hypotheses 

regarding tumor promotion include that ROS produced by phagocytic and epithelial cells 

may cause alterations in proliferation and/or differentiation of initiated cells within 

promoted tissues. Therefore, ROS production in response to TPA was investigated in 

HL60 phagocytes and MCF-7 mammary epithelial cells. 

The exposure of HL60 cells to TPA (0.1 |xM) induced superoxide production and 

accumulation of gp91phox mRNA, which encodes for the superoxide-producing subunit 

of NADPH oxidase. Inhibiting transcription indicated TPA did not increase gp9 Iphox 

mRNA stability. Transient transfection assays revealed that TPA-enhanced luciferase 

activity driven from a gp9Iphox promoter-reporter (p9Iphox). Inhibition of Activator 

Protein-1 (AP-1) activity by a transactivation mutant (TAM67) variant of c-Jun abrogated 

the TPA-responsiveness of p9Iphox. DNA binding assays with oligonucleotides derived 

from the gp9 Iphox promoter led to the identification of a non-consensus AP-l binding 

sequence (5'-TGAGTAA-3'=phox-TRE) located at -1090 of gp9 Iphox. Members of the 

Jun and Fos families contributed to the formation of an AP-1 complex at the phox-TRE. 

Furthermore, point mutations in the phox-TRE abrogated AP-1 binding and the 

responsiveness of the 1.5-kb gp9Iphox promoter to TPA. 
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In MCF-7 cells, TPA (0.1 ^iM) induced oxidation of the intracellular probe, 2', 7'-

dichlorofluorescin-diacetate (DCFH-DA), an indication of an increased oxidative state. 

Since gp91phox mRNA was not detected in MCF-7 cells in the presence or absence of 

TPA, ROS emitted by gp9 Iphox were ruled out as the source of oxidation. Due to its 

known peroxidase activity, the TPA-inducible cyclooxygenase-2 (COX-2) enzyme was 

investigated as the source of the increased DCFH-DA oxidation induced by TPA. Data 

supported that DCFH and DCFH-DA detected COX-2 activity in enzymatic and cellular 

assays, respectively. In vitro assays using recombinant human COX-2 yielded increased 

DCFH oxidation in the presence and absence of arachidonic acid. In cellular assays, the 

time-dependent TPA-induced DCFH-DA oxidation paralleled COX-2 expression and 

activity induced by TPA. Furthermore, the COX-2 specific inhibitor NS398 (50 and 100 

^M) inhibited the TPA-induced oxidation of DCFH-DA in MCF-7 cells. COX-1 and -2 

inhibitors, indomethacin and ibuprofen provided similar effects, but sulindac was less 

effective. 

In conclusion, gp9Iphox was regulated transcriptionally in response to TPA and 

the phox-TRE, which interacted with AP-1, was required for TPA-induced gp9Iphox 

promoter activity. These data support that increased ROS levels in TPA-promoted 

tissues may be due to ROS production by phagocytes. Additionally, the production of 

ROS by phagocytes may be mediated by AP-l dependent up-regulation of gp9Iphox. 

The increased oxidative state detected in MCF-7 epithelial cells following TPA exposure 

was attributed to increased COX-2 activity. Therefore, DCFH-DA may be useful to 

screen for drugs that may have potential to induce or inhibit COX-2. 



14 

I. BACKGROUND INFORMATION 

Reactive oxygen species as initiators and promoters of cancer 

According to the National Center for Health Statistics, Centers for Disease 

Control and Prevention, cancer is the second leading cause of death in the United States 

(Guyer et ai, 2000). Excluding basal and squamous cell skin cancer, approximately 1.2 

million people in the United States are diagnosed with cancer each year and an estimated 

550,000 people succumb to the effects of cancer annually (Ries et ai, 2001). Several 

physical, chemical, and natural agents have been identified that are risk factors to 

developing cancer (Rundhaug et ai, 1997). Most cancers arise due to repeated exposures 

to environmental agents and conditions causing genetic and epigenetic changes that 

promote the clonal expansion of initiated cells and their progression to a tumorigenic 

phenotype. 

Carcinogenesis can be considered to occur in a multi-stage process including 

initiation, promotion, and progression phases (Ruddon, 1995). Initiation can occur after a 

single exposure to a carcinogen or metabolites of pro-carcinogens that are capable of 

interacting with DNA. These DNA damaging agents act to induce irreversible mutations 

in protooncogenes and tumor suppressor genes, which can result in initiated cells. 

However, initiation alone is not sufficient for cancer to develop (Berenblum, 1941). 

Initiated cells must be promoted by repeated exposure to agents or conditions that 

stimulate their uncontrolled growth for cancer to develop. 
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In comparison to initiating agents, the molecular mechanisms of promoting agents 

are not as well understood. Tumor promoting agents generally act by stimulating signal 

transduction pathways and directly altering the regulation of cellular proteins that 

ultimately influence gene expression of genes whose products play a role in proliferation, 

differentiation, or apoptosis (Ruddon, 1995). The underlying mechanisms that regulate 

these genes and their products are important areas of investigation. 

Reactive oxygen species and the multi-stage model of carcinogenesis 

Reactive oxygen species (ROS), namely superoxide anion, hydrogen peroxide, 

hydroxyl radical, nitric oxide, singlet oxygen, and hypochlorous acid, are suspected to act 

at the initiation, promotion, and progression stages of carcinogenesis (Frenkel, 1992; 

Rosin et al, 1994; Feig et ai, 1994; Wiseman et aL, 1996). These ROS are suspected to 

have a role in carcinogenesis by causing DNA damage, altering expression and activity of 

protooncogenes and tumor suppressor genes, and increasing the rates of cell turnover by 

oxidative stress induced apoptosis. Figure I is a diagram of the multi-stages of 

carcinogenesis highlighting the potential role ROS may play in the development of 

tumors. 

An agent must be capable of causing damage to DNA that results in mutation of 

the DNA to be a tumor initiator. Reactive oxygen species are free radicals that contain 

oxygen atoms having unpaired electrons or oxygen containing non-radicals that can 

readily become radicals under biological conditions (Wiseman et aL, 1996). 
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Figure 1. Multi-stage model of carcinogenesis and the potential role of reactive oxygen 
species (ROS) in each stage of carcinogenesis. 
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Hydrogen peroxide is a biologically relavent non-radical ROS that can be converted into 

hydroxyl radicals (Wiseman et al, 1996). The unpaired electrons of oxygen radicals can 

readily react with nucleic acid, lipid, and protein resulting in alteration of these biological 

macromolecules. DNA repair enzymes may correct oxidative DNA damage, or if 

damage is extensive, the cell may undergo apoptosis. Alternatively, any DNA lesions 

that are repaired incorrectly, or left unrepaired may result in fixed mutations when the 

DNA is replicated. Irreversible fixed mutations that activate oncogenes and inactivate 

tumor suppressor genes result in cells with certain growth and survival advantages that 

render these cells initiated (Ruddon, 1995). ROS, especially the hydroxyl radical and 

singlet oxygen, are capable of mutating DNA via base-pair modifications that can result 

in point mutations (Wiseman et ai, 1996). 

Evidence implicating ROS in the promotion phase of carcinogenesis exists as 

well. First, many tumor-promoters induce the production of ROS (Fischer et al., 1985; 

Reiners, Jr. et ai, 1987; Mamett etai, 1994). In fact, superoxide anions may be required 

for promotion by the phorbol ester 12-0-tetradecanoylphorbol-13-acetate (TPA). 

Superoxide dismutase (SOD), an enzyme that removes superoxide, and copper (II) (3,5-

diisopropylsalicylic acid), a pharmacological SOD biomimetic, in separate experiments 

reduced the malignant transformation of JB6 mouse epidermal cell by TPA in dose-

dependent fashion (Nakamura et ai, 1985). Furthermore, the free radical generating 

compound benzoyl peroxide is a tumor promoter (Slaga, T.J., 1981). In addition, 

antioxidants are capable of inhibiting the effects of many tumor-promoting agents (Jang, 

1998 and Nakamura, 1985). Furthermore, several promoting agents have the capability 
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of reducing the activities of many enzymes that remove or detoxify ROS (Reiners, Jr. et 

ai, 1991). Superoxide anions may be required for the promotion of sicin cells to a 

transformed phenotype by TPA (Nakamura, 1985). Evidence exists indicating the 

increased growth rate of ras-transformed cells may be mediated in part by ROS (Irani et 

ai, 1997). In fact, many tumor cell lines produce elevated levels of hydrogen peroxide 

(Szatrowski et ai, 1991). These findings provide evidence that the ability of the cell to 

balance the oxidative state is important to maintain a normal phenotype. 

ROS, such as nitric oxide, that serve as second messengers to mediate signal 

transduction in endothelial and neuronal cells have been characterized (Garthwaite et ai, 

1988; Bredt era/., 1989; Moncadaera/., 1991). Signal transduction pathways transfer 

cellular stimuli through second messengers to the nucleus where the corresponding 

responses are changes in gene expression to react or respond to the effects of the specific 

stimulus. In cancer these pathways typically become unregulated or disregulated. There 

is growing evidence that other ROS may mediate signal transduction as well (Finkel, 

1999; Sundaresan et ai, 1995; Ohba et ai, 1994; Lo et ai, 1995). For example, 

treatment of COS-7 cells with exogenous hydrogen peroxide resulted in increased 

activity of the serine/threonine kinase, protein kinase-C (Konishi, 1997). Furthermore, 

the activity of the transcription factors NF-kB and AP-1 appear to be regulated by the 

oxidative state of the cell (Lo et ai, 1995; Cimino et ai, 1997). These transcription 

factors contain cysteine residues that alter the DNA-binding ability depending on the 

redox state (Dalton, 1999). Therefore, ROS may directly regulate the activity of these 

proteins by altering their redox state. 
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ROS have also been implicated in regulating the expression of many genes whose 

products play roles in mediating the cellular response to an increased oxidative state. 

Examples of ROS-induced genes include heme-oxygenase, glutathione-S-transferase, 

NAD(P)H:quinone oxidoreductase/DT diaphorase, ferritin, and possibly the transcription 

factors MAF and c-Fos (Dalton et ai, 1999; Cimino et al., 1997). 

Evidence implicating ROS in the progression phase of carcinogenesis also exists. 

ROS can be clastogenic causing chromosomal changes such as rearrangements, deletions, 

amplifications, and insertions by inducing strand breaks and strand cross-links (Weitberg, 

1983; Dutton et ai, 1985) and concomitant treatment with antioxidants reduces the 

amount of chromosomal damage (Weitberg, 1989). This chromosomal damage may be 

important during the progression phase of tumor development. Increased ROS levels 

may also be important to maintain a cancerous phenotype. For example, malignantly 

transformed cell lines that have higher levels of ROS than their non-malignant counter 

parts have been documented (Gupta et al., 1999). In addition, stable transfection of 

several tumor cell lines with the free radical scavenging enzyme manganese superoxide 

dismutase decreased the tumorigenicity of the cells (Church et ai, 1993; Yan et ai, 1996; 

Zhang era/., 1999). 

Cellular sources of reactive oxygen species and the regulation of oxidative state 

Biologically, reactive oxygen species (ROS) are produced directly by enzymes 

such as NADPH oxidase and inducible nitric oxide synthase (iNOS), or as by-products of 
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several cellular reactions such as the electron transport chain in nutochondria. ROS 

produced by phagocytic ceils function as part of the immune system, serving as 

microbicidals (Segal et ai, 2000), or when produced in smaller amounts to mediate signal 

transduction (Finkel, 1999). ROS mediate signal transduction most likely by directly 

regulating the activity of redox sensitive proteins and indirectly by regulating the activity 

of regulatory proteins such as thioredoxin (Dalton, 1999). 

Due to their reactive nature and ability to cause cellular and tissue damage the cell 

must protect itself from the overproduction of ROS. Cellular mechanisms exist to keep 

ROS levels in balance. The enzymes producing ROS are tightly regulated, a constant 

supply of antioxidants is maintained, and several scavenging enzymes exist that function 

to remove ROS. Examples of enzymes responsible for the removal of ROS and thus, the 

maintenance of the redox state are SOD, catalase, glutathione peroxidase, and DT-

diaphorase (NAD(P)H:quinone oxidoreductase (Baker et ai, 1996). Cells also maintain a 

host of non-protein biochemical antioxidants to regulate their oxidative state such as 

glutathione, ascorbate, tocopherols, and retinoids (Hsu et ai, 2000). Supplementation 

with many of these antioxidants is an area of potential cancer chemoprevention currently 

studied by many researchers. 

Despite efforts to protect against oxidative damage, it is hypothesized that under 

conditions resulting in chronic exposure of tissue to ROS that these agents may act to 

promote cancer by damaging tissue and altering the expression and regulation of 

protooncogenes and tumor suppressor genes. Highly regulated, inducible cellular sources 

that are candidates for producing tumorigenic ROS include NADPH oxidase, iNOS, 
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xanthine oxidase, cylcooxygenase-2, and lipoxygenases (Patel et al, 2000; Reiners et al., 

1987). 

Phagocytes: a source of initiating, promoting, and progressing reactive oxygen species 

Phagocytic cells such as neutrophils and macrophages are a primary source 

of nitric oxide and superoxide anion. Through a series of catalyzed and spontaneous 

reactions, superoxide and nitric oxide production by these cells leads to the production of 

several ROS and reactive nitrogen species (RNS). Most damaging are the hydroxyl 

radical, singlet oxygen, and peroxynitrite (Wiseman etal., 1996). It is well established 

from co-culture experiments that ROS produced by phagocytic cells can cause mutations 

in the DNA of target cells (Weitzman, 1981; Weitzman, 1984; Shacter, 1988; and 

Dizdaroglu, 1993). ROS from phagocytic cells were implicated when damage to DNA of 

co-cultured cells was prevented by the inclusion of the ROS scavenging enzymes or 

antioxidants (Weitzman, 1982; Weitberg, 1989; Dutton et al., 1985). However, the most 

compelling evidence that ROS from phagocytic cells were capable of inducing mutations 

in target cells was gained when phagocytic neutrophils from patients with Chronic 

Granulomatous Disorder (CGD), which lack the ability to produce detectable ROS due to 

a deficiency in one or more components of NADPH oxidase, did not produce mutations 

in target cells (Weitzman, 1981). There is also evidence that phagocytes are able to 

mediate mutagenesis in specific genes. For example, co-culture of phagocytic and mouse 

mammary epithelial cells resulted in drug resistant variants of the target cell line 
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(Yamashina, 1986). The results of these experiments, when considered together, 

implicate ROS from phagocytic cells as carcinogenic agents. 

Whether or not ROS from resident phagocytic cells are capable of initiating 

tumors in living organisms is still under consideration. Arguing against the hypothesis 

that ROS from phagocytes are carcinogenic is that it is possible that between DNA repair 

and the removal of cells with unrepairable damage by apoptotic mechanisms, the 

initiation of cells by phagocytic ROS may be prevented. However, mutagenic ROS from 

phagocytic cells may play a role during the progression stage of carcinogenesis when 

DNA repair and apoptotic mechanisms tend to be compromised (Dutton et ai, 1985; 

Gupta et al., 1999; Gupta et ai, 2001). In addition, lOT Vi fibroblasts were malignantly 

transformed when co-cultured with neutrophils (Weitzman, 1985). 

Inflammatory tumor promoters such as TPA, ultraviolet radiation (UV), and 

wounding recruit and activate phagocytic cells resulting in the production of ROS that are 

suspected to have a role in the promotion of initiated cells residing in promoted tissues 

(Janoff et al., 1970; Rundhaug et al., 1997). In support, Huberman et ai, (1979) have 

shown that the promoting ability of several tumor promoters is positively correlated with 

their ability to recruit, differentiate, and activate phagocytes. TPA, one of the most 

potent tumor promoter known, was the most active compared to the promoters tested at 

differentiating human promyelocytic HL60 cells into ROS-producing phagocytes 

(Huberman er fl/., 1979). 

The primary source of superoxide anions from phagocytic cells is the highly 

regulated, multi-component enzyme, NADPH oxidase (Robinson et al., 1995). This 
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complex is responsible for producing the superoxide anion utilized in the respiratory 

burst by leukocytes to kill invading pathogens such as bacteria and fiingi. The NADPH 

oxidase complex consists of the proteins gp91phox, p22phox, p40phox, p47phox, and 

p67phox (Leusen et ai, 1996; Robinson et ai, 1995). Cellular proteins that function to 

regulate the complex include the GTP binding proteins p21rac and rapl A, along with the 

GDP disassociation inhibitor rho (Leusen etai, 1996; Robinson etai, 1995). NADPH 

oxidase components are expressed almost exclusively in phagocytic cells. However, 

there is growing evidence that components of the complex or closely related proteins may 

function in other cell types (Shiose et ai, 2(X)1; Fukui et ai, 2(X)1; Suh et ai, 1999; 

Moulton ef a/., 1998; Jones era/., 1996). 

The gp91phox of NADPH oxidase subunit is a primary a source of reactive oxygen 

species 

The function of gp91phox and the other components of NADPH oxidase 

As the promyelocytic cell completes the final stages of terminal differentiation, 

several cellular events occur. Many of these changes are the end result of modulations in 

gene expression. Differentiation requires expression of the appropriate cellular receptors, 

adhesion molecules, and proteins, such as components of the NADPH oxidase complex, 

INOS, peroxidases, and lysozyme that provide functional ability to these cells. In short, 

the cell prepares for its functional endpoint, phagocytosis and killing of pathogens and 
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tumor cells. The nitric oxide produced by iNOS and the superoxide anions produced by 

the NADPH oxidase are the primary sources of microbicidal free radicals. These reactive 

molecules are used directly and as precursors in the production of additional ROS that 

contribute to the killing of invading bacteria and fiingi. The purpose of the free radical 

production is to protect the host from immediate danger. However, free radicals may also 

damage macromolecules, cells, and tissues. Additionally, the nitric oxide and hydrogen 

peroxide molecules produced are diffusible and could potentially serve as autocrine or 

paracrine signaling molecules (Frenkel, 1992). Thus, chronic recruitment and activation 

of phagocytic cells in a specific tissue can lead to long term exposure of that tissue to 

potentially high levels of reactive oxygen and nitrogen species. 

Expression of gp91phox 

Mature phagocytic cells are capable of producing large amounts of superoxide 

anions that serve as precursors to a deluge of free radicals. The subunit of NADPH 

oxidase responsible for producing the superoxide anions is known as gp91phox. The 

gene encoding gp91phox is located at Xp21.1 (Royer-Porkora et al., 1986). The 

gp9lphox mRNA and protein are expressed primarily in macrophages, neutrophils, 

eosinophils, and B-lymphocytes (Royer-Porkora et al, 1986; Barker et ai, 1988). 

However, there is growing evidence gp91phox or highly related proteins may be 

expressed in other cell types (Shiose et al., 2001). The gp9lphox gene product is post-

translationally modified. Immediately after translation, gp91phox is estimated to have a 
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molecular weight of 65 kDa (Yu et ai, 1999). It is then heavily glycosylated and 

subjected to other post-ttanslation modifications that result in a final molecular weight of 

91 lcDa(Dinauereffl/., 1988; Yu ef a/., 1999; Royer-Porkora e/a/., 1986). 

The gp9lphox protein is also post-translationally modified by mannosidases in 

the Golgi complex and has several hemes inserted before it forms a stable heterodimer 

with p22phox (Yu et ai, 1999). This heterodimeric complex is known as 

flavocytochrome bssg (Leusen et ai, 1996). Nearly all (85 - 95%) of the cellular 

flavocytochrome bssg is sequestered in the granules of resting or inactive neutrophils 

(Kobayashi et ai, 1998; Vaissiere et ai, 1999). Upon activation of phagocytic cells the 

heterodimer associates with the cell membrane, or can remain associated with the 

membrane of specific granules. The gp91phox component gives the NADPH oxidase 

complex the functional ability to transfer electrons from NADPH to molecular oxygen on 

the opposing surface of the membrane (Leusen et ai, 1996). The p40phox, p47phox, and 

p67phox proteins are cytosolic in resting or inactive leukocytes (Leusen et ai, 1996). 

These proteins translocate to membranes upon activation where they interact with the 

cytochrome bssg portion of the oxidase. Interactions between the flavocytochrome bssg 

and the cytosolic subunits, p47phox and p67phox are required for NADPH oxidase 

activity (Deleo et ai, 1999). The translocation of p47phox and p67phox by Racl or Rac2 

occurs after the phosphorylation of p47phox on key serine residues (Inanami et ai, 

1998). Utilizing a cell-firee system the complex can be formed and activated with a 

variety of stimulating agents. In these assays PKC, PKA, and MAP kinases (p38 and 

ERK) can phosphorylate p47phox (El Benna et ai, 1996a; El Benna et ai, 1996b). In 
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VIVO, phosphorylation of p47phox by PKC may be required to form an active complex 

(Morozov er a/., 1998). 

Mutations resulting in the loss of NADPH oxidase activity cause Chronic 

Granulomatous Disorder (CGD) (Segal et ai, 2000). Patients with this heterogeneous 

inherited disorder are prone to bacterial and fungal infections due to their inability to 

produce the microbicidal superoxide anions (Dinauer et ai, 1988). This inherited 

inability to produce the respiratory burst can result from mutations in gp91phox, 

p22phox, p47phox, and p67phox. However, approximately 65% of the CGD cases are 

due to deficiencies in the activity or levels of gp91phox. This underscores the 

importance of the gp91phox subunit to the function of the NADPH oxidase. Lx)ss of the 

X-linked gp91phox gene transcript and subsequent protein has been associated with 

deletion, nonsense, and missense mutations (Frey et ai, 1988; Dinauer et ai, 1989; 

Francke et ai, 1985; Newburger et ai, 1994). Additionally, mutations causing splicing 

errors of the pre-mRNA have been reported (Schapiro etai, 1991; De Boer etai, 1992). 

Variants of CGD have also been reported in which the patients have reduced levels of 

gp91phox mRNA and subsequently reduced respiratory burst by their neutrophils 

(Newburger et ai, 1994). Careful analysis of some of these cases revealed the lower 

gp9lphox mRNA levels were due to mutations in the 5' regulatory region of the gene. 

Since the isolation and sequencing of 1.5 kb of the 5' proximal promoter region of the 

gp9lphox gene in 1991 by Skalnik and coworkers (Skalnik et ai, 1991) very little 

characterization of this promoter with respect to upregulation of the gene has been 

published. In fact, published research has predominantly focused on the activity of the -
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450 to +12 bp region of the 5'-proximal promoter in various hematopoetic cell lines. 

Most of the work has focused on the basal activity of the promoter, or activity after 

terminal differentiation has been completed. Studies have not been published regarding 

the TPA-responsiveness of the gp91phox promoter. 

Agents inducing the expression of gp91phox include the differentiating agents 

TPA, I, 25-(0H)2 D3, ATRA, DMF, and DMSO, along with the cytokines IFN-y, TNF-a, 

M-CSF, and GM-CSF, and the bacterial product lipopolysaccarhide (LPS) (Royer-Pokora 

etal., 1986; Levy ef a/., 1990; Newburger^ra/., 1991; Gupta gf a/., 1992). An increase 

in the transcription rate of gp91phox measured using nuclear run-on assays accounts for 

most, if not all the accumulation in mRNA following treatment with these agents. 

Glucocorticoids may have a negative effect on the expression of gp91phox. For example, 

dexamethasone pretreatment of the promyelocytic cell line, THP-l, prior to IFN-y and 

TNF-a treatment, alone or in combination, inhibited the induced expression of gp91phox 

and p47phox (Condino-Neto et ai, 1998). The decrease in gp91phox mRNA was 

correlated with decreased NADPH oxidase activity. 

The 5'-regulatory region (promoter) of the gp91phox gene 

The -450 to +12 bp promoter region with respect to the putative transcription start 

site has been studied in transient transfection experiments. A summary of the cis-

elements identified and depicted in Figure 2, adds support to the feasibility of 

determining the mechanisms involved in TPA-induced up-regulation of gp91phox. 
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-450 BID/yyi(-412) BID/YYI(-355) 
CDP(-350) 

GATA-3(-253) 

-250 BID/yyi(-225) BID/yyi(-145) CP1(-121) 
BID/yyi(-90) 

CDP(-220) CDP(-150) CDP(-llO) 

TATA 

-60 HAF-I(-53) CPI(-47) 
PU.l(-53) 
Elf-1 (-53) 

Figure 2. The -450 to +12 gp91phox proximal promoter region and the DNA binding 
proteins known to bind within the region. The center of the binding site with respect to the 
transcriptional start site is given in parentheses. Transcriptional activators are named in non-bold 
type, while repressor proteins are listed in bold type. BID, binding increased during 
differentiation; CDP, CCAAT displacement protein; CPl, CCAAT-enhancer binding protein-l; 
HAF-1, hematopoietic-associated factor-1 
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One of the first transcription factors identified as important for gp91phox 

transcriptional regulation was CCAAT-enhancer binding protein-1 (CPl). A member of 

the CCAAT-enhancer binding transcription factors, CPl, binds to one of two CCAAT 

boxes located -123 to -119 bp of the gp91phox promoter (Skalnik et ai, 1991). A 

repressor of gp91phox transcription, CCAAT displacement protein (CDP) competes with 

CPl for binding to this region of the promoter (Skalnik et al., 1991). Binding activity of 

CDP to the gp9lphox promoter is reduced during granulocytic and monocytic 

differentiation of promyelocytic leukemia cell lines. Over-expression of CDP in 

transiently transfected HL60 cells did not inhibit differentiation, but inhibited the 

expression of gp91phox upon terminal differentiation to macrophages by TPA and 

granulocytes by ATRA and DMF (Lievens et al., 1995). There are three other CDP 

binding sites in the gp91phox promoter. They are centered at -150, -220, and -350 (Luo 

et al., 1996). Another possible repressor of gp91phox, GATA-3, has been shown to bind 

to a region from -267 to -246 of the gp91phox promoter, which contains a GAT A 

consensus site, and repress transcription (Sadat et al., 1998). GATA-3 is expressed in 

eosinophils, but not in neutrophils, macrophages, and B-lymphocytes, which also express 

gp91phox (Sadat et al., 1998). Therefore, GATA-3 may be a cell-type specific regulator 

of gp9lphox transcription. 

The hematopoietic specific ets family member, PU.l, may be required to trans-

activate the gp91phox promoter. PU.l has been shown to bind to an inverted PU.l 
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binding site (Pu box) centered at -53 of the promoter (Suzuki et ai, 1998). This work 

also revealed that co-transfection with constructs expressing PU. 1 into cells that did not 

have endogenous PU. 1 resulted in 6-fold higher transactivation of a -100 to +12 bp 

gp91phox promoter-reporter construct compared to cells receiving only the gp91phox 

promoter-reporter construct. Other evidence pointing to the importance of PU. 1 in 

gp91phox expression comes from work with PU.l deficient transgenic mice. Along with 

an aberrant phenotype, neutrophils from these mice do not express detectable gp91phox 

mRNA. Neutrophils from these mice are respiratory burst deficient even though they 

have detectable levels of p22phox, p47phox, and p67phox mRNA (Anderson et ai, 

1998). 

Another complex thought to be important to the induction of gp91phox 

transcription is denoted as hematopoietic-associated factor-1 (HAF-1). This factor binds 

to and protects an area from -60 to -45 of the gp91phox promoter in DNase footprinting 

assays (Lievens et ai, 1995). The HAF-1 complex is not found in cells that do not 

normally express gp91phox (Eklund et ai, 1995). Therefore, it may be a hematopoietic 

specific factor. However, the mechanism of HAF-I induced transcription is unknown. 

HAF-1 is found at equivalent levels in hematopoietic cells that are not actively 

transcribing gp91phox as well as those that are transcribing (Lievens et ai, 1995). 

Additionally, HAF-1 DNA binding activity does not increase or decrease after treatment 

of promyelocytic cells with IFN-y, TP A, or ATRA, agents known to increase gp91phox 

mRNA levels. Further evidence indicating the importance of HAF-1 comes from 

gp91phox promoter-reporter studies. These studies indicate a -100 to +12bp gp91phox 
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promoter/reporter construct that retains HAF-1 binding is not inducible, but a -450 to 

+12 bp construct is (Lievens et al., 1995). This result indicated that specific gene 

regions, and possibly other factors in addition to HAF-1, are important for induced 

transcription of gp91phox. However, HAF-1 binding is required for proper gp91phox 

expression because mutations resulting from single nucleotide substitutions in the HAF-1 

site of the gp91phox promoter abrogate HAF-1 binding and result in a variation of CGD 

caused by reduced expression of gp91phox (Newburger et al., 1994). Additionally, a 

promoter-reporter construct that mimics the CGD promoter mutation in removing the 

HAF-1 binding is not inducible with IFN-yin transient transfection of the reporter 

construct into promyelocytic cells (Lievens et ai, 1995). 

These findings highlight the importance of HAF-1 to gp91phox transcription, but 

indicate it is not the only factor responsible for upregulating gp91phox transcription. 

Recently, it has been shown that the Elf-1 U:anscription factor and the interferon 

consensus sequence-binding protein (ICSBP) are two components of HAF-1 (Eklund et 

al., 1998; Voo et al., 1999). However, it was estimated that these factors only account 

for a portion of the estimated molecular weight of HAF-1. Therefore, the complete 

identity of the HAF-1 complex is unknown. 

Another complex that binds to the gp91phox promoter is BID, which is short for 

binding increased during differentiation. BID binds to three sites in the promoter 

centered at -355, -225, and -145 (Eklund et ai, 1996a). As the name implies binding 

activity of BID increases after treatment of promyelocytic leukemia cells with TPA, IFN-

y, or ATRA followed with DMF (Eklund et ai, 1996a). Recently, the transcription factor 
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YYl has been identified as one of the components of all three BID complexes (Jacobsen 

etai, 1999). 

The tumor promoting phorbol ester, 12-0-TetradecanoylphorboM3- acetate 

12-0-Tetradecanoylphorbol-13-acetate and tumor promotion 

The phorbol ester, 12-0-tetradecanoylphorbol-13-acetate (TPA), is a tumor 

promoter in the mouse sidn tumor model (Randhaug et al., 1998). While TPA has 

pleiotropic effects on the cell, two major effects of TPA are its ability to affect the 

proliferation and differentiation of cells. TPA induces the proliferation and inhibits the 

differentiation of subsets of keratinocytes (Yuspa et al., 1982). Conversely, TPA is also 

effective in causing hematopoietic cells to stop proliferating and terminally differentiate 

into phagocytic cells (Rovera et al., 1979). Upon differentiation, phagocytic cells such as 

neutrophils and macrophages can become activated to produce ROS and RNS. The 

NADPH oxidase complex via its production of superoxide is at the forefront of this 

cascade of free radicals. TPA is unique among differentiating agents in that it can also 

cause activation of the NADPH oxidase complex (Leusen et al., 1996). 

12-0-tetradecanoylphorbol-13-acetate and hematopoietic cell differentiation 

The HL60 cell line is a promyelocytic cell line that can be induced to differentiate 

along a monocytic pathway to functional, macrophage-like cells by TPA. The HL60 cell 
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line was established from the peripheral blood leukocytes of an adult female with acute 

promyelocytic leukemia (Collins et ai, 1977). HL60 cells can be passed indefinitely in 

minimal essential media supplemented with fetal bovine serum (Collins et al, 1977). 

During routine cell culture of HL60 cells most of the cells in the population are 

myeloblasts and promyelocytes. More mature myeloid cells including myelocytes, 

metamyelocytes, and banded and segmented neutrophils can also be seen during routine 

culture of HL60 cells. Additionally, there is a small fraction of cells that resemble 

monocytes (Collins et ai, 1977). HL60 cells are tumorigenic when injected into athymic 

nude mice (Collins et ai, 1978). HL60 cells can be induced to differentiate along a 

granulocytic, monocytic, or macrophoage-like pathway (Collins, 1987). Agents inducing 

HL60 cells to terminally differentiate into functional granulocytes or 

monocyte/macrophages are listed in Table I. 

In response to differentiating agents HL60 cells stop proliferating (Collins et ai, 

1978). The current hypothesis with respect to the diffentiation is that these cells exit the 

cell cycle and commit to a specific differentiation pathway. Evidence in support of this 

comes from early events in HL60 differentiation that include upregulation of the cyclin 

dependent kinase inhibitors p27'^' and (Wang et al., 1996b; Jiang et ai, 

1994). The upregulation of p2l leads to the hypophosphorylation of the Rb protein 

(Akiyama et ai, 1990). Thus, the cells are unable to pass the restriction point in Gi phase 

of the cell cycle due to the sequestering of the E2F family transcription factors by Rb. 
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Table 1. Agents that induce myeloid differentiation of HL60 cells'. 

Differentiated 
Jym 

Differentiating 
Agent" 

Optimal 
Concentration % Mature 

DMSO 1.25% 83% 

Acetamide 150 mM 71% 

N-Methylacetamide 20 mM 68% 

N, N-Dimethylacetamide 10 mM 73% 

N-Methylformamide 150 mM 81% 

N, NMD methylformamide 60 mM 84% 

Piperidone 37.5 mM 78% 

1 -Methyl-2-peperidone 4 mM 65% 

Triethylene glycol 100 mM 60% 

all-/ran5-retinoic acid 1 ^M 90% 

Magnesium restriction 0.01 nM 75% 

Granulocyte 

Monocyte/ 

Macrophage 

TPA 

Mezerein 

PDD 

PDB 

PDA 

1, 25-(0H)2 D3 

DOPPA 

1 to 160 nM 

16 nM 

1 nM 

100 nM 

100 nM 

100 nM 

500 nM 

95% 

90% 

70% 

70% 

50% 

90% 

90% 

' From: (Collins et al., 1978; Breitman et ai, 1980; Covacci et ai, 1998; Rovera et al., 1979; 
Huberman era/., 1979; Wangef a/., 1997; Macfarlaneera/., i994). "DMSO, dimethyl 
sulfoxide; TPA, 12-0-Tetradecanoylphorbol-13- acetate; PDD, phorbol-12,13-didecanoate; 
PDB, phorbol-l2,l3-dibutyrate; PDA, phorbol-12,13-diacetate; 1,25-(OH)2 D3,1,25-
dihydroxyvitamin D3; DOPPA, 12-deoxyphorbol 13-phenylacetate 20-acetate 
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In conjunction with these events, cyclin A and Cdk2 mRNA are decreased to near 

zero levels within one hour after the induction of differentiation of HL60 cells by TPA 

(Horiguchi-Yamada et al., 1994). Cyclin A and Cdk2 when complexed together are 

involved in G| passage (Brown et al., 1999). Additionally, cyclin E mRNA is depleted 

within one hour after TPA treatment (Horiguchi-Yamada et al., 1994). 

Also, in support of a model requiring cell cycle arrest prior to the commitment of 

HL60 cells to differentiation, bcl-6 mRNA and protein levels increase as early as three 

hours following TPA or DMSO treatment of HL60 cells (Yamochi et al., 1997). Bcl-6 is 

a ubiquitously expressed transcriptional repressor that is negatively associated with 

cellular proliferation and is pro-apoptotic (Albagli et al., 1999). 

Changes in morphology during monocytic/macrophage differentiation include an 

adherence to the cell culture plate, a decrease in granulation, an increase in the presence 

of cytoplasmic vacuoles, a decrease in nuclear to cytoplasmic ratio, and the appearance of 

extended cellular-membrane processes (Rovera et al., 1979a). After granulocytic 

differentiations of HL60 cells to neutrophils the cells become smaller, there is a decrease 

in the nuclear to cytoplasmic ratio, a decrease in granulation, and a reduction or 

disappearance of nucleoli, and other changes in the nucleus (Collins et al., 1978). 

Accompanying the morphological changes in HL60 cells during differentiation 

are biochemical changes as well. These changes typically occur during the final stage of 

differentiation of myeloid cells, thus, correlating with the function of these cells. 

Common occurrences during the final stage of granulocytic and monocyte/macrophage 

differentiation include superoxide production by NADPH oxidase, ability to phagocytose 
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foreign particles, bacterial killing, and increases in lysozyme and peroxidase activities 

(Newburger eM/., 1979). 

Currently, very little is known of the molecular mechanisms that influence which 

genes are upregulated and which are downregulated to influence the differentiation 

pathway HL60 cells commit to upon stimulation to differentiate. Two events that may be 

important in causing the differentiation of HL60 cells to proceed down a 

monocytic/macrophage or a granulocytic pathway include AP-1 and PKC activities. 

During monocytic/macrophage differentiation, AP-1 binding activity is increased (Szabo 

et al, 1991). However, during granulocytic differentiation AP-l binding activity is 

decreased (Mollinedo e/a/., 1993). The downstream effectors of AP-1 binding during 

monocytic/macrophage differentiation are largely unknown. For a review of myeloid-

specific genes regulated by AP-1 see Clarke et ai, 1998. Interestingly, among the genes 

identified as primarily expressed in granulocytes, none appear to be regulated by AP-I 

(Clarke et ai, 1998 and ref. within). 

Protein Kinase C 

Currently, eleven isoforms of the serine/threonine kinase, protein kinase C (PKC), 

have been identified and classified into three distict classes based on their biochemistry 

of activation (Goodnight et ai, 1994). These classes are conventional, novel, and 

atypical PKC enzymes. Diacylglycerol (DAG), which is a product of the hydrolysis of 

inositol phospholipids or phophatidylcholine, is the natural ligand that activates PKC 
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(Nishizuka et ai, 1992). Conventional PKC enzymes are calcium dependent, while novel 

and atypical PKC enzymes do not require calcium. TPA is potent activator of 

conventional and novel PKC enzymes, but not atypical enzymes (Rundhaug et ai, 1998). 

In fact, it is through PKC activity that most of the effects of TPA are exerted, including 

possibly the activation of the NADPH complex. TPA exposure results in the activation 

of PKC, which through various signal transduction pathways, leads to alterations in gene 

expression as well as the recruitment and •'ctivation of ROS and RNS producing 

phagocytes. The activation of these cells includes the formation of the NADPH oxidase 

complex, which is the source of the respiratory burst. Due to the potential tumor 

promoting capability of phagocytic derived ROS and RNS it is desirable to elucidate the 

mechanisms by which the NADPH oxidase complex can become upregulated and 

activated in the presence of tumor promoting agents. Better understanding of these 

mechanisms could provide additional information regarding the role of NADPH oxidase 

in protecting against invading pathogens and its hypothesized role in the etiology of 

cancer, arteriosclerosis, rheumatoid arthritis, and tissue injury. 

Undifferentiated HL60 cells express PKC-ot, pn, 8, and isoforms, but not PKCy 

(Macfarlane er a/., 1994). Activation and translocation of PKC are required for 

differentiation along a monocytic/macrophage lineage. Evidence for this is provided by 

HL60 variant cell lines in which there is no evidence of PKC translocation to the 

membrane or increases phosphorylation of PKC substrates following stimulation by TPA. 

It was subsequently learned that these cells were resistant to differentiation with TPA 

(Homma et ai, 1986). However, they could be differentiated along a monocytic lineage 
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with 1, 25-(0H)2 D3 (Honuna etal, 1988). While 1,25-(OH)2 D3 is not a ligand for 

PKC, it does induce expression of PKC-P (Macfarlane et al., 1994). Furthermore, 

pretreatment of the TPA differentiation resistant HL60 variant cells with ATRA 

increased the levels of PKCp mRNA and protein, which rendered them susceptible to 

differentiation by TPA (Yang era/., 1994). Additionally, 12-deoxyphorbol 13-

phenylacetate 20-acetate (DOPPA), which selectively activates PKCP, induced 

monocytic differentiation of HL60 cells (Macfarlane et al., 1994). Conclusive evidence 

implicating PCKP as the isozyme required for monocytic/macrophage differentiation 

came from transfection studies introducing PKCp into TPA resistant HL60 variant cell 

lines that were deficient in endogenous PKCp. Results of these experiments showed 

complete restoration of monocytic/macrophage, morphological and functional 

differentiation upon TPA treatment (Tonetti et al., 1994). 

Further evidence supporting a role for PKC in differentiation of 

monocyte/macrophages was provided by research revealing that sphingomyelinase, an 

enzyme that produces PKC inhibiting sphingoid bases, can completely block TPA 

induced differentiation of HL60 cells (Kolesnick et al., 1989). The natural PKC ligand, 

DAG, induces sphingomyelinase, but TPA does not (Schutze et al., 1994). Thus, 

sphingomyelinase may be a mechanism to block monocytic and macrophage 

differentiation. 

The requirement for PKCP in granulocytic differentiation has not been as well 

established. However, PKCP levels and activity increase within 48 hours after treatment 

with the granulocytic differentiating agent ATRA treatment (Yang et al., 1994; 



39 

Hashimoto et ai, 1990). Therefore, this evidence supported a possible role for PKCP in 

granulocytic differentiation as well as monocytic/macrophage differentiation of HL60 

cells. Evidence indicates PKCa and PKC5 may not participate in granulocytic 

differentiation since their levels decrease after U-eatment with ATRA (Hashimote et ai, 

1990). However, they could play a role in early differentiating events. 

12-0-Tetradecanoylphorbol-13-acetate and Activator Protein-1 

The Activator Protein-1 complex 

Activator Protein-1 (AP-1) is a transcription factor that modulates the expression 

of genes important for proliferation, differentiation, neoplastic transformation, and 

apoptosis (Angel etal., 1991). Activation of PKC by TPA leads to increased AP-1 

activity (Karin et ai, 1997). Classical and novel PKC enzymes can activate the protein 

kinase Raf-1, while atypical isoforms of PKC do not (Schonwasser et ai, 1998). 

Activated PKC stimulates the Raf-l/MEK/ERK and the MEKK-I/SEK-l/JNK signal 

transduction pathways that lead to increased transcription of AP-1 members, c-fos and c-

jun (Karin, 1995; Foletta et al, 1998). In addition to increased transcription of AP-1 

components, activated PKC can also lead to post-translational phosphorylation of AP-1 

members (i.e. c-Jun) by JNKs that increases AP-1 transactivation. 

AP-1 complexes consist of members of the Jun and Fos families that form dimers 

through interactions at their leucine-zipper regions. The Jun proteins, c-Jun, JunB, and 
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JunD, can homodimerize or heterodimerize with the Fos proteins, c-Fos, FosB, Fra-l, and 

Fra-2, and some members of the activating transcription factor (ATF) family, ATF-2, 

ATF-3, B-ATF (Hen*era/., 1994; Karin etai, 1997). Fos proteins are unable to form 

homodimers. 

The consensus DNA sequence bound by AP-1 in response to TP A and other AP-l 

activating agents such as mitogens, cytokines, and UV is 5'- TGA^/cTCA (Lee et ai, 

1987; Angel et ai, 1987; Karin, 1995). This TPA-response element (TRE), which is also 

known as an AP-1 site, is preferentially bound by Jun-Jun and Jun-Fos dimers (Karin et 

ai, 1997). Different AP-1 complexes may regulate target genes differently. The 

nucleotide make-up of the TRE and possibly the adjacent sequences may serve to 

regulate the composition of the AP-1 complex bound to the TRE (Ryseck et ai, 1991). 

This mechanism could contribute to the magnitude of AP-1 mediated transcriptional 

activation. Jun-Fos heterodimers may form more stable complexes with the TRE. These 

dimers display stronger transactivation potential than Jun-Jun homodimers (Halazonetis 

etai, 1988; Nakabeppu e/a/., 1988). Further regulatory mechanisms depend on the 

dimerization partners present. For example, c-Jun proteins when homo- or hetero-

dimerized with c-Fos or FosB and JunD heterodimers of Fra-1 or -2 have transactivation 

potential (Angel er a/., 1991; Suzuki ef a/., 1991). However, c-Jun heterodimers 

containing Fra-1 or -2 do not activate target genes (Suzuki et ai, 1991). Therefore, the 

dimerization of different members and the regulation of their presence add a complex 

level of regulation to AP-l mediated gene transcription. 
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Genes such as collagenase, stromelysin, urokinase-type plasminogen activator, 

metallothioneinellA, SV40 early promoter, and IL-2 contain TRE and are regulated by 

AP-l (Angel etal, 1987; Fisher era/., 1998; Domann etal, 1994). AP-l has been found 

to bind degenerate sequences of the TRE (Lee et ai, 1987; Angel et al, 1987; Edwards et 

al, 1992; Moulton era/., 1994; Yamaguchi e/a/., 1999). For example, the sequences of 

TRE in the SV40 early region and the TIMP-1 promoters are 5'-TGACTAA and S'-

TGAGTAA, respectively (Angel er a/., 1987; Edwards e/a/., 1992). Other examples of 

genes with functional TRE and the sequence bound by AP-l are listed in Table 2. TRE 

can exist in close proximity to the transcriptional start site or they can be distant, as is the 

case with the macrophage scavenging receptor (Wu et ai, 1994) (Table 2). 

Activator Protein-1 activity 

AP-l induces the expression of many genes in response to several stimuli 

including growth factors, cytoidnes, UV, oxidative stress, and TPA (Angel et ai, 1991). 

AP-l activity is regulated transcriptionally, post-transcriptionally, and post-

translationally (Karin et ai, 1997). Regulatory mechanisms mediate AP-l activity by 

controlling the abundance, DNA-binding, and transactivation potential of AP-l. Most of 

the increases in abundance of AP-l are the result of increased transcription from the jun 

and fos promoters following activating stimuli (Angel et ai, 1991). The c-jun promoter 
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Table 2. Activator Protein-1 (AP-1) regulated genes and the TRE sequences. 

Gene TRE sequence' Position' Reference 

Human collagenase TGAGTCA -72 (Angel et al., 1987b) 
SV40 TGACTAA 120 (Angel etai, 1987a) 
Polyoma virus TGCGTCA 5129 (Angel era/., 1987a) 
Interleukin 2 TCAGTCA -185 (Fujita fl/., 1983) 
Murine macrosialin TGAGTCA -131 (Li etai, 1998) 
Ovine Interferon x TGTGTCA -594 (Yamaguchi era/., 1999) 
CDllc TGAGTCA -61 (Mollinedo era/., 1993) 
MSR^ TGTGTCA -65 (Moulton et al., 1994) 
MSR TTAGTCA -4.5 kb (Wu era/., 1994) 
MSR TGATTAA -4.1 kb (Wue/a/., 1994) 
TIMP-1 TGAGTAA -59 (Edwards era/., 1992) 

'Sequence of the consensus TRE is TGA°/cTCA (Lee et al., 1987; Angel et al., 1987a). 
"Positions are the relative base pair position of the first T. 
^ MSR: Macrophage scavenging receptor 
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contains a required TRE that is bound by heterodimers of c-Jun and ATF-2 (Karin 1997). 

Activation of the MAPK related protein, JNK, leads to phosphorylation of c-Jun (Hibi et 

al, 1993; Derijard et ai, 1994) and ATF-2 (Gupta et al., 1995; Van Dam et al., 1995). 

The end result is increased transcription of c-jun. 

The c-fos promoter contains three important cw-elements that mediate its up-

regulation in response to different stimuli. The cAMP response element (CRE) is bound 

by CREB and possibly ATF in response to increased cAMP and Ca"^ levels (Karin et al., 

1997). In response to interferons, the Sis-inducible enhancer element (SE) is bound by 

signal transducers and activators of ttanscription (STAT) factors (Darnell et ai, 1994). 

Cytokines, mitogens, and stress inducing agents lead to increased c-fos transcription via a 

serum response element (SRE) in the c-fos promoter (Treisman, 1992). To activate 

transcription, serum response factor (SRF) complexes with ternary complex factors 

(TCF) such as Elk-l at the SRE of the c-fos promoter (Treisman, 1994). Transcription of 

c-fos is increased after Elk-l is phosphorylated by ERK, JNK, or p38 MAP kinases 

(Whitmarsh er a/., 1995; Cavigelli era/., 1995; Raingeaud era/., 1995). This event is 

rapid in response to mitogens; thus, c-fos is one of the inmiediate early genes (Karin et 

ai, 1997). 

Levels of AP-1 members may be regulated post-transcriptionally by changes in 

mRNA stability and alternative splicing. Indirect evidence for this is that TPA treatment 

increased c-jun mRNA 15-fold while the measured increase in c-Jun protein was only 3-

to 4-fold (Angel et ai, 1988). Furthermore, the half-life of c-jun mRNA in TPA-treated 

HL60 cells exposed to cyclohexamide and actinomycin D was greater than 2 h, while the 
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half-life was 30 min in cells treated with TPA and actinomycin D (Sherman et al., 1990). 

FosB may also be regulated post-transcriptionally. For example, alternative splicing of 

fosB mRNA results in FosB proteins with different transactivation potentials (Nakabeppu 

et al, 1991). AP-l levels can also be modified by changes in protein stability. 

Phosphorylation of c-Jun by MAPK increases the half-life of c-Jun by inhibiting its 

ubiquitin-dependent degradation (Treier et al., 1994; Musti et ai, 1997). The half-life of 

c-Fos may also be altered by phosphorylation (Okazaki et al., 1995; Tsurumi et al., 

1995). 

Phosphorylation, protein-protein interactions, and oxidation-reduction mediate the 

post-translational regulation of AP-l activity. Phosphorylation of serines 63 and 73 of c-

Jun by JNK increases the transcription activity of AP-l dependent promoters (Smeal et 

al., 1992). JNKs are able to interact with the delta-region of the amino-terminal 

activation domain of c-Jun (Hibi et al., 1993; Derijard et al., 1994). The JNK-docking 

site has been localized to amino acids 30-60 of c-Jun (Kallunki et ai, 1996). The ability 

of two serine residues to become phosphorylated is dependent upon proline residues that 

flank each of the serines (Kallunki et ai, 1996). JunB contains a JNK docking site, but 

lacks the flanking prolines (Kallunki et al., 1996). Therefore, JunB is not phosphorylated 

by JNK and thus, may not be regulated by phosphorylation at serines 63 and 73. JunD 

lacks the docking site, but contains the flanking prolines (Kallunki et al., 1996). 

Therefore, JunD may only become phosphorylated at serines 63 and 73 in the presence of 

c-Jun or JunB. The apparent mechanism for increased transcriptional activation 

following phosphorylation of serines 63 and 73 is the resulting higher affinity for the 
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transcriptional co-activator CREB binding protein (CBP) (Bannister et al, 1995). 

Phosphorylation at these sites is also known to result in the interaction of c-Jun and p300, 

a transcriptional co-activator similar to CBP (Kamei et al., 1996). With respect to Fos 

proteins, phosphorylation of c-Fos on threonine 232 by fos-regulated kinase (FRK) in 

response to signaling by p21Ras increases the activity of c-Fos (Barber et al., 1987; Deng 

et al., 1994). 

As mentioned earlier, the AP-1 members present under various conditions are 

important in determining which dimerizations will occur. These protein interactions are 

important because AP-1 complexes of different composition have different 

transactivation potentials (Ryseck gr a/., 1991; Suzuki era/., 1991). Other protein-protein 

interactions that are known to regulate AP-1 activity, and appear to be independent of 

phosphorylation, include interactions with Jun activation domain binding 1 (JABl) and 

p202 proteins. JAB 1 is a coactivator that interacts with c-Jun and JunD, but not JunB 

(Claret et al., 1996). JABl is thought to enhance transcription by stabilizing the AP-1 

complex at AP-1 sites. The protein p202, which is induced by interferon, interacts 

directly with c-Jun and c-Fos to inhibit their activity (Min et al., 1996). Min et at., also 

found that p202 inhibits the activity of NF-KB subunits p50 and p65. 

DNA-binding activity of AP-1 is controlled by post-translational phosphorylation 

and oxidation-reduction. While phosphorylation of c-Jun at serines 63 and 73 increases 

AP-1 activity, phosphorylation of c-Jun at serines 149,243, and threonine 231 near the 

carboxyl-terminal, DNA-binding domain has been found to inhibit AP-1 DNA binding 

activity (Boyle et al, 1991). A PKC-activated phosphatase is responsible for 
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dephosphorylating these sites in response to AP-1 activating stimuli (Alberts et al, 

1993). To deactivate c-Jun, glycogen synthase kinase 3 may be responsible for 

phosphorylating serine 243 (Boyle et al., 1991; Nikolakaki et al., 1993). Threonine 231 

and serine 249 are phosphorylated by casein kinase n (Lin et al., 1992) and by DNA-

dependent protein kinase (Bannister et al., 1993). 

The redox regulation of AP-1 also affects its ability to bind DNA. Cysteine 

residues at 154 of c-Fos and 272 of c-Jun are thought to be the targets for redox 

regulation of AP-l. Substitution of these sites with serine results in increased binding of 

DNA by AP-1 and the loss of redox regulation (Abate etal., 1990). Oxidants inhibit the 

DNA binding of AP-1 (Cimino et al., 1997). However, antioxidants restore the DNA 

binding activity of AP-1 (Cimino et al., 1997). Ref-1, a redox factor, is thought to 

regulate the redox status of these cysteines in cooperation with thioredoxin 

(Xanthoudakis et al., 1992). Increased thioredoxin, which is important to maintain the 

redox state of the cell, is known to increase AP-1 DNA-binding activity (Schenk et al., 

1994). Redox regulation of AP-1 is important to maintain a normal phenotype because a 

recombinant c-Fos that has lost sensitivity to redox regulation has an increased ability to 

malignantly transform cells (Okuno et al., 1993). 

Involvement of Activator Protein-1 in phagocytic cell differentiation 

AP-1 DNA-binding activity increases from 1 to 24 h following TPA-induced 

monocytic differentiation of HL60 cells (Szabo era/., 1991; Mollinedo era/., 1993). The 
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increase in AP-1 DNA-binding indicates that AP-1 regulated transcription is important 

during monocytic/macrophage differentiation. With respect to individual AP-1 members, 

c-Jun, JunB, JunD, c-Fos, Fra-I, and Fra-2 mRNA levels increase at different times 

following TP A- and la, 25-(OH)2 Ds-induced differentiation of HL60, Ml, and U937 

cells (Mitchell e/fl/., 1986; Matsui e/a/., 1990; Szabo etal., 1991; Mollinedo ef a/., 

1991; Liebermann era/., 1994). Increases in JunB and c-Fos mRNAs were detected 

within 15 min of TP A adminisUration. This was followed by Fra-1 and Fra-2 at I and 2 h, 

respectively. Increased JunD levels were detected initially at 6 h with a further increase 

at 24 h post-TPA. Increases in c-Jun were not detected until 24 h following TPA 

treatment. Thus, while most AP-1 members are induced in these cells in response to 

TPA, there is a differential expression pattern with respect to time of induction for 

individual members. These results indicate specific AP-1 complexes may be required at 

different stages of monocytic/macrophage differentiation. Because individual AP-1 

family members are regulated post-translationally by different mechanisms it will be 

important for future studies to determine which specific AP-1 complexes are present and 

their roles during monocytic differentiation. 

Further evidence implicating AP-1 in monocytic differentiation is that antisense c-

Fos oligodeoxynucleotides inhibited the differentiation to mature macrophages of both 

normal myeloblasts and Ml cells over expressing c-Fos to mature macrophages (Lord et 

ai, 1993). However, c-fos knockout mice contradict the apparent requirement for c-Fos 

during macrophage differentiation. While these mice lack functional c-Fos, they do not 

show impaired monocyte/macrophage development (Wang et ai, 1992). Taken together. 
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these results indicate that different family members may substitute for c-Fos in vivo, or 

the c-Fos requirement may only exist in a subset of monocytic cells. 

Several genes expressed in hematopoietic cells are regulated by AP-1 (Clarke et 

al, 1998; Valledor era/., 1998; Liebermann e/a/., 1998). Macrophage specific genes 

activated by AP-1 include the macrophage scavenger receptor, lipopolysaccharide 

receptor (also known as CD 14), macrophage mannose receptor, natural resistance-

associated macrophage protein, and macrophage metalloelastase (Clarke et al., 1998). 

Genes expressed in both monocytic and granulocytic lineages that are regulated by AP-1 

include CD 16, formylpeptide receptor, and lysozyme (Clarke et al., 1998). AP-1 family 

members are important regulators of basal and induced transcription of many genes. 

Additionally, increased AP-1 activity is associated with tumor development. However, 

until this work, AP-1 has never been shown to have a direct role in mediating the 

production of large amounts of ROS by the gp91phox subunit of NADPH. 

Statement of the problems and specific aims 

The scientific goal of this project was to contribute to current knowledge 

regarding mechanism(s) that mediate TPA-induced ROS production by phagocytic cells. 

ROS produced by phagocytes are suspected to mediate tumorigenesis of initiated cells 

within tissues exposed to inflammatory tumor promoting agents such as TPA. However, 

little is known regarding the molecular mechanisms involved in up-regulating phagocyte 

ROS production in response to promtion. The gp91phox subunit of NADPH oxidase 

transfers elecurons from NADPH to molecular oxygen on the opposing membrane surface 



49 

resulting in superoxide production. This superoxide radical production leads to a burst of 

ROS that are capable of diffusing into cells that compose tissues and subsequently alter 

their redox state. Thus, these cells, if initiated, become targets for promotion by ROS. 

Because the tumor-promoting agent TPA can recruit and activate phagocytes in mouse 

skin and gp9lphox harbors the NADPH oxidase catalytic site of superoxide production, 

the mechanisms of gp91phox mRNA accumulation in response to TPA were investigated 

in human promyelocytic HL60 cells. 

The specific objective of this study was to determine if the accumulation of 

gp91phox mRNA, which encodes for the superoxide-producing component of NADPH 

oxidase, was due to transcriptional regulation by the oncogenic transcription factor AP-1. 

At the time of this study, TPA had been well established in its abilities to increase AP-I 

activity. Thus, it was postulated that non-consensus TRE(s) located in the 1.5 kb 

gp91phox proximal promoter (Figure 3) were important for TPA-induced gp9lphox 

mRNA accumulation and subsequently, increased superoxide production. An alternate 

model to the direct action of AP-I at the gp9Iphox promoter is that additional effectors 

could directly regulate the transcription rate of gp91phox in response to increased AP-l 

activity. 

With respect to ROS production, the increased expression of gp91phox would be 

expected to lead to increased catalytic sites for superoxide production. A review of 

published literature revealed that AP-1 dependent mechanisms of increased gp9Iphox 

mRNA levels had not been reported. Therefore, the plan of study was to determine the 
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TCTAGAA<XTTTATTCTGTTITrAAATTTrTTArrri'lATATnTACCTTTAAAACATTTTTGTTAAAA(jCTAAGA 
#1 

CACAAACATACACATTACCCTAGGCCCACACAAAGTCAGGATCATTAATATCACTGTCTTCCACCTCCACATTT 
#2 

TGCCCCACTGGACAGTCTTCAAGGGCACTAACATGCATGAAnCTGTCATCTATGACAGCAATGCATTCTTCTG 

GAATACCTTCTGAAGGACCTGCCTGAGATTCmTACAGTTAACmTTTATAAGTAGGAGTATACTCTAAAATA 
#3 #4 #5 

ATGATTAAAAGTATAGTCTAGTAAATAAATGAACCAGTAACATAGTCATCTATTTTTACTATCAAGTACTATG 

TAATGTACATAATTGTATGTGCTATACmTACAACTGGCAGCTCAGTAGGnTGTTTACACCAGCATTGCCACA 
#6 #7 

AACACATGAGTAATGTGTTATGCTACAATGTCACTAGATGGTAGGAATTTTTCAGCACACACACACAAGTATA 

TATATTATATATTATATTATATATTATATATATATATGTATATATATATATATATATAGAGAGAGAGAGAGAGA 

GAGAGjy3AGAGAGATCGAGTCTrGCTCTGTC^.^CCAGGCTGGGGJ^AATGACACAATCTCGCCTCACTGCAA 

CCTGACTCCCAGGTTCAAGTGATTCTCCTGCCrCAGCCTCCTGAGTAGCTGGGACTACAGGTGCCCACCACCA 

TGCCCAGCTAAnTTTGTATnTTAGTAGAGACGGGGTTTCACCATGTTGGCCAyj^JTGGTCCCAAACTCCTGAC 

CTCAAGTGATCCACCCCACTCAGCCTCTCAAAGTGCTGGGATTACAGGCGTGAGCCACCGTGCCTGGCCAACA 

CCATTATAATCnTATCGGACCACTGTCATACATGTCGTTCATCATTCGCCAAACCATCTGTATTTATATATGTAT 

CTTTCAAATTATATATATATATATATATATATATATATATGATAGCTATACATGAACATACACACACACATATAT 

AGACATATATAGCACATAAAATrGGCACATATTAAGCATmGTAAATATCAACCATTACAATTGTTACTACTT 

#13 
TTCTCAGCAAGGCTATGAATGCTGTTCCAGCCTGTCAAAATCACACCTGnTAATGTGTTTTACCCAGACGAAG 

#14 
TCATGTCTAGTTGAGTGGCnTAAAAATTGTGATCAAATAGCTGGTTAGTTAAAAAGTTATTTCACTGTGTAAAA 

TACATCCCTTAAAATGCACTGTTATTTATCTCTTAGTTGTAGAAATTGGnTCATTTTCCACTATGTTTAATTGTG 

#15 
ACTGCATCATTATAGACCCnil'll'IGTAGTTGTTGACCTTTAAAGATTTAAGTTTGTTATGCATGCAAGCTTTT 

CAGTTGACCAATGATTATTAGCCAATTTCTGATAAAAAGAAAAGGAAACCGATTGCCCCAGGGCTGCTGTTTTC 

ATTTCCTCATTGGAAGAAGAAGCATAG TATA GAAGAAGGCAAACACAACACATTCA ACCTCTGCCACCATG 

Site # Score Sequence Position 

1 81.4 AAAGTCA -1435 10-1429 
2 77.3 GCTGTCA -1351 to-1345 
3 76.3 TGATTAA -1243 to-1237 
4 79.5 TGAACCA -1214 to-1208 
5 87.6 ATAGTCA -1203 to-1197 

6 84.7 TGAGTAA -1090 to-1084 
7 80.4 AATGTCA -1070 to-1064 
g 83.5 TGACACA -900 to -894 
9 83.5 TGACTCC -874 to -868 
10 82.3 TGCCTCA -848 to -842 
11 81.6 TGAGTAG -835 to -829 
12 77.6 TGAGCCA -678 to -672 
13 82.5 GAAGTCA -360 to -354 
14 75.3 TGAGTGG -345 to -339 
15 76.3 TGACTGG -208 to -200 

B 

Figure 3. Candidate TRE in the gp91phox promoter identified using a computer screening program. 
The gp91phox promoter (GenBank accession No. M66390 was screened for cis-elements using 

TFSEARCH and TRANSFAC (Heinemeyer et al, 1998). A, Candidate TRE are underlined and in bold 
type. The putative initiation ATG codon and TATA box are overlined. B, The score, sequence, and 
position relative to the transcription start site of candidate TRE in the gp91phox promoter. The score (score 
= 100.0 • ['weighted sum' - min] / [max - min]) is based on binding data (Heinemeyer et al, 1998). The 
position is 5' relative to the transcription start site of gp91phox. 
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time-course of TPA-induced gp9lphox mRNA accumulation and superoxide anion 

production. Additionally, the scope was to determine the primary mechanism of 

gp9Iphox mRNA accumulation in response to TPA. In addition, the minimal gp91phox 

promoter region required for TPA-responsiveness would be determined. The final 

objective of this study was to determine if any of the candidate non-consensus TRE 

harbored in the gp9lphox promoter had a functional role in response to TPA. 

To address theses questions the following specific aims were proposed: 

Specific aim 1: To determine if the gp91phox gene was transcriptionally regulated 

in response to TPA and if so, the minimal gp91phox 5' regulatory region that was TPA-

responsive. 

Specific aim 2: To determine if candidate non-consensus TRE in the gp91phox 

proximal promoter interacted with AP-1. 

Specific aim 3: To determine if any AP-1 binding sites identified in specific aim 2 

were important for the TPA-responsiveness of the gp9lphox promoter. 
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n. MATERIALS AND METHODS 

Materials and cell culture 

HL60 and MCF-7 cells were obtained from the American Type Culture 

Collection (Manassas, VA, USA). Fetal bovine serum was from Hyclone Laboratories, 

Inc. (Logan, UT, USA). The 2', 7'- dichlorofluorescin diacetate (DCFH-DA) was from 

Molecular Probes, Inc. (Eugene, OR, USA). Poly dl-dC oligonucleotides were from 

Amersham Pharmacia Biotech, Inc. (Piscataway, NJ, USA). All other oligonucleotides 

were obtained from Sigma-Genosys (The Woodlands, TX, USA). Vent DNA polymerase 

was from New England Biolabs (Beverly, ME, USA). The Reverse Transcription (RT) 

and Hybspeed kits, ribosomal 18S primers and competing primers, transcription vectors 

Triplescript and pTRI-cyclophilin were all from Ambion, Inc. (Austin, TX, USA). 

Random hexamer primers, Moloney murine leukemia virus reverse transcriptase, and 

RNase inhibitor were from Life Technologies/Gibco BRL (Gaithersburg, MD, USA). 

DNA-restriction enzymes, luciferase reporter plasmids, and luciferase assay kits were 

from Promega (Madison, WI, USA). The pcDNA 3.1/His C expression vector template 

was from Invitrogen (Carlsbad, CA, USA). Antibodies for Western analyses and 

antibody clearing assays were from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, 

USA), Invitrogen (Carlsbad, CA, USA), Oncogene Research Products (Cambridge, MA, 

USA) and Bio-Rad (Hercules, CA, USA). Radionucleotides were from NEN (Boston, 

MA, USA). The Quikchange™ Site-Directed Mutagenesis Kit and polynucleotide kinase 

were from Stratagene (La Jolla, CA, USA). The prostaglandin assay kit, NS398, and 
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indomethacin were from Cayman Chemical Co. (Ann Arbor, MI, USA). Plasmid prep 

kits were from Qiagen, Inc. (Valencia, CA, USA). All other chemicals and cell-culture 

media were from Sigma Chemical Co. (St. Louis, MO, USA). 

Cells were cultured in Dulbecco's modified Eagle's medium (DMEM-F12) 

supplemented with 10% fetal bovine serum (FBS), penicillin, and streptomycin at 37 "C, 

95% relative humidity and 5% CO,. HL60 cells were differentiated along the 

macrophage pathway using 0.1 |iM TPA. HL60 cells were grown in suspension at a 

density of 2.5 x 10'cells/ml of media for RNA collection, lucigenin and luciferase assays, 

whereas a total of 1.0 x 10*^ cells were used for the DCFH-DA assay. MCF-7 cells were 

plated at a density of 5.0 x 10' in 35 mm cell culture dishes for lucigenin assays and 1.6 x 

lOVcm" for all other experiments. Because serum was known to Induce COX-2 activity 

(Smith et al., 1996) MCF-7 cells were cultured in 1.0 mL DMEM-F12 with 0.5% FBS 

with or without TPA (0.1 (iM) during experiments. 

Lucigenin and DCFH-DA assays 

The lucigenin assay was performed as previously described (Li et al., 1998). 

Briefly, attached cells were with 2 mL Hepes buffered saline solution (HBSS), pH 7.0. 

HL60 cells in suspension were pelleted and washed with 2 mL HBSS. After washing, 2 

mL of 250 |iM lucigenin in HBSS were added to the cell cultures for immediate reading 

in a Turner Designs 20/20 luminometer. All chemiluminescence readings were an 

average of a 60 s integrate time after a five-second delay. Results were expressed as 

relative light units (RLU). 
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The DCFH-DA assay was performed as described previously (Rothe et ai, 1990). 

For detection of intracellular oxidation of DCFH, HL60 cells were resuspended in 1.0 mL 

of 20 DCFH-DA in DMEM-F12 with 0.5% FBS for 30 min. DCFH-DA solutions 

were always handled under dim lighting. When MCF-7 cells were used, thirty-minutes 

prior to each time-point 112 |xL of 200 |iM DCFH-DA in DMEM-F12 with 0.5% FBS 

was added for a final concentration of 20 DCFH-DA. Immediately prior to 

measuring fluorescence, the cells were washed once with l.O mL of HBSS. HL60 cells 

were resuspended in 0.5 ml HBSS, while this volume of HBSS was added to wells 

containing MCF-7 cells. Fluorescence was read using a Cambridge Technologies 7620 

fluorescence plate reader equipped with 485 nm excitation and 530 nm emission filters. 

Readings were expressed as relative fluorescence units (RFU). In preliminary 

experiments, we ascertained that increasing the cell number up to 2x10" resulted in a 

linear increase in RFU (data not shown). Because the RFU data presented in this report 

were generated from 0.3 x 10'(MCF-7) and IxlO' (HL60) cells, it was concluded that the 

concentration of 20 DCFH-DA was not limiting for efficient detection of 

intracellular oxidation of DCFH. 

For in vitro studies using recombinant human cyclooxygenase-2, DCFH was 

prepared from DCFH-DA according to the method published by Cathcart et al., (1983) by 

incubating 0.5 ml of 1.0 mM DCFH-DA in methanol with 2.0 mL of 0.01 N NaOH for 30 

min at room temperature. The reaction was stopped by adding 10 mL of 25 mM 

NaHjPO^, pH 7.4. The mixture was kept away from light and on ice until use. These 

assays were conducted in a final volume of 2.0 ml of 0.1 M Tris-HCl, pH 8.0 with 5 mM 
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EDTA, 2 mM Phenol, 1 |aM hematin, and 50 of the DCFH solution. Reactions were 

carried out for 2 min prior to reading fluorescence using a Cambridge Technologies 7620 

fluorescence plate reader equipped with 485 nm excitation and 530 nm emission filters. 

Readings were expressed as relative fluorescence units (RFU), which were measured 

fluorescences subtracted by background fluorescence relative to the basal reading in each 

experiment. 

Semi-quantitative RT - PCR 

Total cellular RNA was extracted using a guanidinium thiocyanate procedure 

(Puissant et al., 1990). Reverse transcription (RT) was performed using total RNA 

incubated with random hexamer primers, Moloney murine leukemia virus reverse 

transcriptase (RT), RNase inhibitor, and RT buffer at 42° C for one hour. For semi

quantitative PCR amplification, cDNA representative of 500 ng total RNA was used to 

monitor the expression of gp9lphox, p47phox, and cyclooxygenase-2 (COX-2). 

Oligonucleotides used to amplify gp91phox (773 bp) were (forward) 5'-

CAACAAGAGTTCGAAGACAA-3' (exon 4) and (reverse) 5'-

GGATGTCAGTGTAAAAGGGT-3' (exon-9). Oligonucleotides used to amplify 

p47phox (541 bp) were (forward) 5'-CAGACATCACCGGCCCCATCA-3' (exon-4) and 

(reverse) 5'-CGGACGCTGTTGCGGCGATA-3' (exon-10). Oligonucleotides used to 

amplify COX-2 (248 bp) were (forward) 5'-TTCACGCATCAGl"i ri lCAA-3' and 

(reverse) 5'-ACAGCAAACCGTAGATGCTC-3'. The PCR products were of the 

expected size and theu* authenticity to the sequences deposited in GenBank (gp9lphox. 
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Accession No. X04011; p47phox, AF184614; COX-2, M90100) was verified by direct 

DNA sequencing. The 18S ribosomal RNA (488 bp) was used as an internal standard for 

equal loading and monitoring of PCR conditions. Preliminary experiments with 

increasing concentrations of I8S competing primers to 18S primers indicated that ratios 

of 1.5:1 up to 2.5:1 allowed for linear amplification of 18S (data not shown). Thus, 

subsequent PCR amplifications of 18S as internal control were carried out using a ratio of 

1.75:1. Relative expression levels of gp91phox, p47phox, and COX-2 were estimated by 

Alpha Imager (Alpha Innotech, Inc., San Diego, CA) analysis and expressed as arbitrary 

densitometric units (ADU) corrected for the 18S control. 

Ribonuclease protection assay of gp91phox 

Levels of gp91phox mRNA were measured in total RNA (10 |ig) by ribonuclease 

protection assay using the Hybspeed™ RPA kit (Ambion, Inc.). The cyclophilin mRNA 

was used as an internal standard. The ribonucleotide probe designed to target gp91phox 

mRNA was amplified using the forward 5'-GGTCCCATG'l l lCTGTATCT-3' and 

reverse 5-GGATGTCAGTGTAAAAGGGT-3' oligonucleotides, which spanned a 210 bp 

region complementary to the gp91phox cDNA region from 838 to 1047 bp. This 

sequence was cloned in the antisense orientation into the transcription vector Triplescript 

(Ambion Inc.). Direct DNA sequencing confirmed authenticity of the cloned fragment to 

the gp9 Iphox sequence. The cyclophilin ribonucleotide probe transcribed from pTRI-

cyclophilin (Ambion Inc.) protected a fragment of 103 bp. Quantitation of gp9 Iphox 

mRNA was performed by phosphorimager analysis and expressed as arbitrary units 

corrected for the levels of cyclophilin mRNA (gp9lphox/cyclophilin). 



The stability of gp9lphox mRNA was examined in time-course experiments by 

culturing HL60 ceils in basal DMEM-F12 plus 10% FBS or DMEM-F12 plus 10% FBS 

containing 0.1 |iM TPA for 6 h, followed by treatment with actinomycin D (5 ^g/ml) or 

actinomycin D plus TPA. Cells were then harvested for extraction of total RNA. 

Temporal decay of gp91phox mRNA was expressed as percentage of gpQlphox mRNA 

remaining at each time point. 

Plasmids, Transient Transfection of HL60 Cells, and Expression of TAM67 

A plasmid containing the -1542 to + 12 region of the gp91phox promoter was a 

gift from Dr. David Skalnik, Department of Pediatrics, Indiana University School of 

Medicine. The gp91phox promoter fragment was subcloned into the pGL3 basic vector 

(Promega) to construct p91phox a firefly luciferase expression vector containing 1.5-kb 

of the gp91phox promoter. This vector was used as a template in PCR amplification 

reactions to generate promoter-deletion constructs of the gp91phox promoter. Forward 

primers (GenBank Accession Number M66390) containing an Xba-I restriction site 

linker were: 808 bp, 5'-ATATCTAGACACCATGCCCAGCTAAT TTT-3'; 438 bp, 5'-

ATATCTAGAATTACAATTGTTACTACTTTTCTCAGC-3'; 98 bp, 5'-

ATATCTAGAAAAAAGAAAAGGAAACCGATTG-3'. The reverse primer containing 

a BamH-I restriction site was 5'-ATAGGATCCGGTGGCAGAGGTTGAATGTG-3'. 

The PCR products were restriction-digested and ligated at the Nhe-I and Bgl-II sites of 

pGL3Basic (Promega). Authenticity of the PCR products to the sequence deposited in 
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the GenBank and orientation were verified by direct sequencing of the ligated promoter-

reporter plasmids. 

For site-directed mutagenesis, the phox-TRE sequence TGAGTAA was mutated 

using the Stratagene's Quikchange™ Site Directed Mutagenesis kit according to 

manufacturer instructions. Primers used for PGR were: forward: 5'-

CAGCATTGCCACAAACACATGGGCACTGTGTTATGCTACAATGTC-'3 and 

reverse: 5'-GACATTGTAGCATAACACAGTGCCCATGTGTTTGTGGCAATGCTG-

3. TAM67 cDNA was PCR-amplified from pCMV Tam67 (Brown et ai, 1993) and 

cloned into the EcoRI site of pcDNA3-His-C (Invitrogen) to generate pTam67. This 

construct expressed a TAM 67-fusion protein carrying a myc/His-tag at its amino 

terminus. Western blot analysis of total cell lysates from transiently transfected mouse 

keratinocyte cell lines demonstrated the expression of the fusion protein that was detected 

by a mouse monoclonal antibody (Invitrogen) against the tag and a rabbit polyclonal 

antibody against c-Jun (Santa Cruz) (data not shown). Preliminary data from functional 

studies suggested that the pTam67 fusion construct retained the ability to attenuate TPA-

induced AP-1 transcription in transiently transfected mouse keratinocytes (Joanne Finch 

and Eric Thompson, personal communication). The empty vector pcDNA 3.1/His C 

(Invitrogen) was used as a negative control in transfection experiments. 

Transient transfection of HL60 cells was with two different techniques, cationic 

lipid and electroporation. The cationic lipid DMRIE-C (I,2-dimyristoyloxypropyl-3-

dimethyl-hydroxyethyl) was suspended in Opti-MEMl medium (Gibco Life 

Technologies, Inc.) according to manufacturer's instructions for transfection of cells 
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growing in suspension. Then, cells were treated with 0.1 nM TPA for 24 h, after which 

firefly luciferase activity was detected using a Turner Designs 20/20 Luminometer. 

Transfections using eiectroporation were carried out as described previously 

(Sadat et al, 1998) with the following modifications. Cells (5 x 10') in 300 ^l serum-free 

DMEM-F12 were electroporated at 310 V with 10 ^g of p91phox and 0.05 |xg control 

pRL-TK using a BRL Ceil-Porator (Gibco-Life Technologies) with a capacitance of 800 

|iF. Transfected cells were cultured in D1VIEM-F12 with 10% FBS for 18 h before TPA 

(0.1 |iM) was added for 24 h. For determination of reporter activity, attached cells were 

collected by scraping with Passive Lysis Buffer (PLB) (Promega) and combined with 

unattached cell pellets. Cells were then sonicated on ice for 10 sec and allowed to lyse 

completely for 20 min. Cellular debris were removed by centrifiigation at 21,000x g for 2 

min at 4 °C. A 20-|il aliquot was used for simultaneous determination of luciferase and 

renilla activities using the Dual-Luciferase Reporter Assay System (Promega) and a 

Turner Designs 20/20 luminometer (Turner Designs). 

Expression of the histidine-tagged dominant-negative c-Jun (Tam67) was detected 

in HL60 cells transfected with pTam67 using the monoclonal antibody HisG-HRP 

(Invitrogen). Protein concentration of cell extracts was determined using the BCA protein 

assay (Pierce). Expression levels of jj-actin (Oncogene Research Products) were used as 

internal standards for equal loading. 
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DNA binding and antibody clearing assays 

To prepare nuclear protein extracts, HL60 cells were cultured in the presence or 

absence of TPA (0.1 ^iM) for 24 h. Cells in suspension were collected and pooled with 

cells previously trypsinized. After washing with ice-cold PBS, cells were resuspended in 

ice-cold 25 mM Hepes buffer containing 1.5 mM EDTA, ImM DTT, 0.5 mM PMSF, and 

5 |ig/ml aprotinin and placed on ice for 15 min. Cells were pelleted and resuspended in 1 

ml ice-cold 25 mM Hepes buffer containing 1.5 mM EDTA, 10% (v/v) glycerol, ImM 

DTT, 0.5 mM PMSF, and 5 ^g/mJ aprotinin. The cell suspension was transferred to a 

mortar for drilling with a Teflon pestle until more than 90% of the cells in a 2-|il aliquot 

were unable to exclude trypan blue. After centrifugation, cell pellets were resuspended in 

150 ice-cold 25 mM Hepes buffer containing 1.5 mM EDTA, 10% glycerol (v/v), 0.5 

M KCl, ImM DTT, 0.5 mM PMSF, and 5 ^g/ml aprotinin and placed on ice for 1 h with 

intermittent vortexing. Cellular debris were removed by cenuifugation at 26,000x g for 1 

hour at 4 °C. Supematants containing nuclear protein were aliquoted and stored at -70 

"C. Nuclear protein concentration was determined using the BCA protein assay (Pierce). 

Oligonucleotides representing various segments of the gp91phox promoter and 

spanning candidate TRE-sequences were obtained from Sigma-Genosys. Complementary 

oligonucleotides (21bp) were annealed and end-labeled with y-^P-ATP (NEN) and 

polynucleotide kinase (Su-atagene), or used unlabeled in competition experiments. 

Unincorporated nucleotides were removed using Clontech TE-IO spin columns. Nuclear 

protein (10 ^g) in a final volume of 30 ^lL and 0.15 M salt concentration was incubated 

with poly dl-dC (Amersham) plus the test oligonucleotides for 30 min at room 



temperature. Electrophoretic separation was performed in 5% polyacrylamide gels for 

2.5 h at 120 V in 0.5X TBE. Gels were dried and bands visualized using a phosphor-

intensifying screen (Molecular Dynamics). Digital phosphorimages were retrieved using 

the Storm system (Molecular Dynamics). Oligonucleotides used for binding and gel-

retardation assays were: phox-TRE, 5'-CAAACACATGAGTAATGTGTT-3'; phox-

TREmut, 5'-CAAACACATGGGCACTGTGTT-3', human collagenase consensus TRE, 

5'-TCGCTTGATGACTCAGCCGGA-3'; human collagenase consensus TREmut, 5'-

TCGCTTGATGGGCCCGCC GGA-3' (Baltus et ai, 1998). To test for binding of 

specific AP-1 family members to the TREs antibody clearing assays were performed as 

described (Chen et ai, 1998). Nuclear extracts (10 jig) were incubated at 65°C for 10 

min (G. Tim Bowden, personal communication) prior to addition of antibodies (1 h at 4 

"C) for c-Jun (sc-45X), Jun-B (sc-46X), Jun-D (sc-74X), c-Fos (sc-52X), FosB (sc-48X), 

Fra-1 (SC-183X), Fra-2 (sc-17IX), ATF-1 (sc-241X), ATF-2 (sc-187X), NFkB p50 (sc-

114X), or NFKB p65 (sc-372X) all obtained from Santa Cruz Biotechnology. Then, poly 

dl-dC, radiolabeled annealed oligonucleotides, and additional buffer were added for 30 

min at room temperature to achieve a final volume of 30 ^il and salt (0.15 M KCl) 

concentration. Electrophoretic separation was performed in 5% polyacrylamide gels run 

for 4 h at 120 V in 0.5X TBE. Digital phosphorimages were generated as described for 

DNA binding assays. 
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Prostaglindin assay and expression of cycIooxygenase-2 

MCF-7 cells were cultured in DMEM-F12 with 0.5% FBS with or without TPA 

(0.1 |iM) in a time-course experiment. To quantitate prostaglandin levels, media was 

collected and used directly in the Prostaglandin Screening EIA Kit (514012) from 

Cayman Chemical Co. according to the manufacturer's directions. Whole cell extracts 

were harvested from this experiment with SDS-lysis buffer and used in western analysis 

to determine COX-2 protein levels. Expression level of COX-2 was detected in MCF-7 

cells using the polyclonal antibody Cox-2 (H-62): sc-7951 (Santa Cruz). Expression 

level of P-actin (Oncogene Research Products) was used as an internal standard for equal 

loading. 

Statistical analyses 

Relative light and fluorescence units are presented as means ± standard errors, 

except Figure 4 is means ± SD. For transfection experiments, activity of the gp9Iphox 

promoter was expressed as relative ratios between firefly and renilla luciferase activities. 

Data were presented as means + standard errors. Statview, the SAS Institute (Cary, NC, 

USA) statistical analysis software was used for analysis of variance and multiple 

comparisons by Fisher's protected least significant difference test. 
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ra. TRANSCRIPTIONAL ACTIVATION OF THE gp91phox 
NADPH OXIDASE SUBUNIT BY TPA IN HL60 CELLS 

Introduction 

The superoxide anion O2'' is produced normally during respiratory burst of 

phagocytic leukocytes as a defense mechanism against invading pathogens or in response 

to a variety of agents that activate the reduced nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase complex. Dismutation of Oi*" by superoxide dismutases 

generates hydrogen peroxide, which is a source of hydroxyl radicals (Robinson et ai, 

1998). Although reactive oxygen species (ROS) may play a normal role in regulation of 

apoptosis, differentiation (Ma et ai, 1998), and growth control (Irani et al, 1997), 

copious production of ROS by phagocytic cells may initiate and promote the 

development of cancer in target tissues (Nakamura et al., 1985). For example, the 

accumulation of ROS as a result of insufficient antioxidant activities or scavenging 

enzymes, as well as the exposure to radiation and metabolites of a variety of xenobiotics, 

may damage nucleic acids, proteins, tissue, and cellular organelles (Shackelford et al., 

1999). Therefore, understanding the development and expression of the phagocyte 

oxidase in macrophages may aid in unraveling functionally similar mechanisms in 

nonphagocytic cells. Moreover, the availability of cell-assay systems andbiomarkers of 

ROS production may be useful in assessing exposure to environmental toxicants (Krall et 

al., 1988) and carcinogens (Faulkner era/., 1993; Gyllenhammar, 1987; Li era/., 1998; 

Rothe era/., 1990). 
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Activation of the NADPH oxidase, a multicomponent enzyme involved in the 

respiratory burst of leukocytes, requires the coordinate recruitment to the phagocytic 

membrane of several cytosolic subunits (Bokoch, 1994) and their assembly with the 

membrane-bound cytochrome bssg. The latter comprises the NADPH binding subunit, 

gp9lphox (Royer-Pokora et ai, 1986), which catalyzes the transfer of electrons from 

NADPH to molecular oxygen, thus generating the superoxide anion. Mutations in 

gp91phox impair superoxide production, thus contributing to the development of chronic 

granulomatous disease (Newburger et ai, 1994). Conversely, epigenetic effectors that 

augment the expression or recruitment of components of the NADPH oxidase may lead to 

increased ROS production. For example, the tumor promoting agent 12-0-

tetradeconylphorbol-13-acetate (TPA) contributes to differentiation of HL-60 

promyelocytic leukemia cells into ROS-producing macrophage-like cells (Rovera et ai, 

1979). 

In this study, we hypothesized that TPA may stimulate superoxide production in 

promyelocytic leukemia HL60 cells through the coordinate induction of differentiation 

and expression of gp91phox. We demonstrate that stimulation by TPA of ROS production 

was preceded by upregulation of gp91phox mRNA because of activation of U-anscription 

from the proximal gp91phox promoter. 
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Results 

TPA-dependent induction of ROS production 

Based on the property that the lucigenin substrate cannot be taken up by the ceils, 

it has been used in previous studies to monitor extracellular production of superoxide 

anion (Li et al., 1998). In contrast, the DCFH-DA probe has been adopted to assess 

intracellular ROS levels (Rothe et al., 1990). The cell membrane is permeable to DCFH-

DA but not to the DCFH intermediate, which can be oxidized rapidly by ROS generated 

from superoxide. In this study, changes in ROS production were expressed as RLU and 

RFU, as described in Materials and Methods, utilizing the lucigenin and DCFH-DA 

substrate, respectively. The results depicted in Figure 4A indicate that, in the absence of 

any other stimulants, 0.1 |iM TPA induced a time-dependent increase in RLU. At 48 h, 

TPA sustained a tenfold elevation (2.4 vs. 0.24) in RLU compared with control cells. 

Evidence that TPA enhanced the intracellular levels of oxidative species was obtained by 

monitoring the kinetics of DCFH oxidation (Figure 4B). This effect was time-dependent, 

as documented by a 2.5-fold induction in RFU after 24 h compared with unureated cells, 

although a significant increase in fluorescence was monitored already at 6 h. The DCFH-

DA probe detected a burst in intracellular ROS production between 6 and 24 h. This 

preceded, by approximately 24 h, the increase in extracellular superoxide detected with 

lucigenin. 
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Figure 4. Reactive oxygen species production by phagocytic HL60 cells induced to 
differentiate by 12-0-tetradecanoyl phorbol-13-acetate. A, Detection of superoxide anion by 
lucigenin. HL60 cells were cultured in DMEM or DMEM plus 0.1 |iM TPA. At the end of the 
incubation periods, RLU were calculated from chemiluminescence readings obtained with a 
luminometer. B, TPA induced oxidation of dichlorofluorescin. HL-60 cells were cultured for 
various periods of time in DMEM or DMEM plus 0.1 nM TPA. RFU were obtained by 
fluorescence plate reading. Data are RLU and RFU ± SD and are representative of three 
independent experiments. 
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As expected, the exposure to TPA induced differentiation from cells in suspension 

into attached cultures forming protruding pseudopodia and clumps (Figure 5). These 

cumulative data indicated that treatment with 0.1 TPA stimulated morphological 

changes and the production of ROS effectively, typical of the promyelolytic respiratory 

burst. 

In preliminary dose-response experiments, we found that at higher doses (1.0 

HM), TPA did not stimulate further ROS production (unpublished results), compared with 

chemiluminescence induced with 0.1 TPA for 48 h. We concluded that 

concentrations of 0.1 pM were not limiting for long-term induction of superoxide. 

Nevertheless, we questioned whether short-term treatment of HL60 cells with TPA might 

stimulate ROS production, independent of the effects of TPA on cellular differentiation. 

Therefore, we treated undifferentiated and differentiated HL60 cells with 0.1 TPA for 

15 min and compared RLU in resting (DMEM) and TPA-induced cells. The data depicted 

in Figure 6 show that treatment of undifferentiated cells with 0.1 TPA for 15 min 

produced a modest but significant increase in RLU. We attributed this increase in ROS to 

the presence of a small population of spontaneously differentiated cells in the cultures. As 

expected, the resting levels of RLU in differentiated cells were approximately ten-fold 

higher than those detected in undifferentiated cultures. However, chemiluminescence 

from oxidation of lucigenin was increased fiirther by 20% upon stimulation of attached 

cultures with TPA for 15 min. We discounted the likelihood that the additional burst in 

ROS production in undifferentiated and attached cultures was a result of transition into a 

differentiated phenotype. A possibility is that in resting and differentiated cells, TPA-
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Figure 5. TPA-induced differentiation of HL60 cells. Cells were cultured in control DMEM or 
DMEM plus 0.1 nM TPA. Phase-contrast niicroscopies were taken after 48 h. The treatment 
with TPA induced cell attachment and formation of clumps. 
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Figure 6. Stimulation of superoxide anion production with TPA in undifferentiated and 
differentiated HL60 cells. Cells were precultured in DMEM (undifferentiated) or DMEM plus 
O.I pM TPA (differentiated) for 48 h. Then, cells were cultured in control DMEM medium 
(resting) or treated (induced) with 0.1 pM TPA for 15 min. At the end of the incubation period, 
superoxide anion production was measured using lucigenin (250 ^M) as described in Materials 
and Methods. Data are presented as mean RLU ± standard errors and calculated from four 
independent wells. 
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dependent activation of PKC may iiave stimulated phosphorylation of cytosolic 

components of the NADPH oxidase, thus contributing to their recruitment to the 

phagocytic membrane (MacFarlane et al, 1994). 

TPA induces gp91phox mRNA levels 

To gain better insight into the regulation of the NADPH oxidase, we questioned 

whether, in addition to stimulating maturation to a differentiated phenotype, TPA may 

induce changes in expression of gp91phox, which encodes for the catalytic subunit of the 

NADPH oxidase enzyme complex. Using semiquantitative RT-PCR, we ascertained 

linear accumulation of gp91phox mRNA during a 36-PCR cycle amplification reaction 

with an input of cDNA corresponding to 500 ng total RNA obtained from HL60 cells 

(Figure 7A), whereas gp91phox products reached a plateau beyond 37-PCR cycle 

reactions (Figure 7B). In preliminary experiments, we determined that in a 36-cycle PCR 

reaction, a molar ratio of 18S competimers (18S primers=1.75) allowed for linear 

amplification of the control 18S ribosomal subunit (unpublished results). These PCR 

conditions were used to assess the relative changes in expression of gp91phox mRNA in 

control and TPA-treated HL60 cells. The results depicted in Figure 8 indicate that 

stimulation with TPA sustained a 1.6-fold accumulation of gp91phox mRNA at 2 h, 

which was followed by a further 5.5-fold increase at 6 h. Overall, TPA triggered an 8.8-

fold increase in gp91phox mRNA compared with HL-60 cells cultured in control 

medium. 
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Figure 7. Semiquantitative RT-PCR analysis of gp91phox mRNA. A, PGR amplification was 
carried out starting from an input cDNA corresponding to 500 ng total RNA from HL60 cells. B, 
Effects of number of cycles on amplification of gp91phox PGR products. Data represent 
arbitrary densitometry units of gp91phox PGR products. 
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Figure 8. TPA-induced accumulation of gp91phox mRNA. A, HL60 cells were cultured in 
DMEM or DMEM plus 0.1 mM TPA. Total RNA was collected at 2 and 6 h post-treatment. 
Amplifications of gp9lphox and 18S were carried out in a 36-PCR cycle reaction. Amplification 
of ribosomal 18S ^A was performed using a molar ratio of 18S competing primers to IBS 
primers of 1.75 to 1.00. In preliminary experiments (unpublished results), these conditions 
resulted in linear amplification of the control 18S ribosomal subunit. B, Arbitrary densitometry 
units represent levels of gp91phox corrected for the internal control 18S mRNA (gp9lphox/18S). 



73 

Further evidence that TPA induced the accumulation of gp9lphox mRNA was 

obtained by ribonuclease protection assay of total RNA extracted from HL-60 cells. As 

shown in Figure 9, the exposure to TPA elicited a time-dependent accumulation of 

gp91phox mRNA, which at 24 h was increased 11.5-fold (Figure 9C), Conversely, in 

control cells (Figure 9A) or cells treated with the dimethyl sulfoxide (DMSO) vehicle 

(Figure 9B), levels of gp9 Iphox mRNA remained nearly constant. Only at 72 h did the 

vehicle DMSO stimulate a slight accumulation of gp9 Iphox mRNA. Cumulative analysis 

of the temporal profiles of gp9 Iphox expression byRT-PCR and ribonuclease protection 

assay entailed that accumulation of gp9Iphox mRNA preceded the increase in superoxide 

production detected at 48 h (Figure 4A). 

Because the NADPH oxidase is a multicomponent enzyme system, we verified 

whether TPA elicited the expression of the cytosolic p47phox gene, which is also 

transcriptionally regulated (Condino-Neto e/a/., 1998). Using the conditions described 

in Materials and Methods and Figure 7, we found that the treatment with 0.1 jiM TPA 

induced a time-dependent increase in p47phox transcripts (Figure 10). Accumulation of 

p47phox mRNA was detectable at 6 h and increased up to three-fold at 24 h. The cellular 

levels of p47phox mRNA peaked at 48 h but declined to basal levels by 72 h. In contrast, 

no measurable changes in the content of p47phox mRNA were recorded in cells cultured 

in control medium (DMEM) or medium supplemented with the vehicle (DMSO). Overall, 

these data confirmed that the treatment with TPA was effective in stimulating expression 

of p47phox, although gp9 Iphox was increased more dramatically than was p47phox. 
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Figure 9. Ribonuclease protection assay of gp91piiox mRNA levels. HL60 cells were 
cultured in A, DMEM, B, DMEM plus vehicle (0.006% DMSO), or C, DMEM plus 0.1 pM TPA 
for the times indicated. At the end of the incubation periods, levels of gp91phox mRNA were 
analyzed in 10 |ig total RNA by RPA as described in Materials and Methods. Cyclophilin 
mRNA was used as internal standard for equal loading and monitoring of RPA conditions. Data 
are representative of five independent experiments. 
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Figure 10. Semiquantitative RT-PCR analysis of p47phox mRNA accumulation following 
TPA treatment HL60 cells were cultured in DMEM, DMEM plus vehicle (0.006% DMSO), or 
DMEM plus 0.1 pM TPA for various periods of time. At the end of the incubation periods, 
levels of p47phox mRNA were analyzed from an input cDNA corresponding to 500 ng total 
RNA, as described in Materials and Methods. Ribosomal 18S RNA was used as internal control 
for equal loading and monitoring of RT-PCR conditions. Data are representative of two 
independent experiments. 
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TPA induces transcription from the gp91phox promoter 

The RT-PCR and ribonuclease protection assay data suggested the existence of a 

temporal association between upregulation of gp91phox mRNA and activation of ROS 

production. However, we considered that the stimulatory effects of TPA on gp91phox 

expression could be a result of increased stability of the gp9 Iphox mRNA or an effect of 

TPA on transcriptional regulation of gp9Iphox. Therefore, in association with TPA, we 

used actinomycin D to inhibit transcription and monitored the rate of gp9Iphox mRNA 

decay. These experiments revealed that the TPA treatment did not influence the stability 

of gp9 Iphox mRNA because the rate of degradation of the gp9 Iphox transcript in cells 

challenged with TPA was similar to that monitored in control (DMEM) HL60 cells 

(Figure 11). The half-life of the gp9 Iphox mRNA was approximately 5 h in control and 

TPA-treated cells. These results prompted further investigations into the regulation of the 

gp9 Iphox promoter by TPA. We transfected HL60 cells transiently with an expression 

vector containing a 1.5-kb fragment of the gp9 Iphox proximal promoter (-1542/+12) 

linked to a firefly luciferase reporter system (Figure 12). Upon treatment with TPA, 

activity from the gp9 Iphox promoter was increased three-fold (Figure 12A). Conversely, 

no changes in reporter activity were detected upon treatment with TPA in nontransfected 

cells or cells transfected with the pGL3 basic (empty) vector, nor did TPA influence 

expression from an internal SV40 pGL3-control vector (Figure 12B). We concluded that 

TPA elicited the accumulation of gp9 Iphox mRNA through transcriptional activation of 

the gp9 Iphox promoter. 
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Figure 11. gp91phox mRNA stability in response to TPA. HL60 ceils were cultured in basal 
DMEM or DMEM containing 0.1 jiM TPA for 6 h. Then cells were cultured in DMEM medium 
containing actinomycin D (5 |ig/ml) or DMEM/F12 with actinomycin D plus TPA (O.l |iM). 
Decay of gp9lphox mRNA was expressed as the percentage of gp91phox mRNA remaining at 
each time point. Results indicated that gp91phox mRNA stability was unchanged in TPA 
cultured HL60 cells. 
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Figure 12. TPA-induced transcriptional activation of gp91phox. A, Transient transfection of 
HL60 cells were mock transfected (DMEM) and transiently transfected with a firefly luciferase 
reporter that was empty (pGL3basic) or contained 1.5-kb of the gp91phox proximal promoter 
(p91phox). After transfection, cells were treated with O.l pM TPA or cultured in DMEM for 24 
h. Firefly luciferase activity in cell extracts was detected using a Turner Designs 20/20 
luminometer. B, Firefly luciferase activities measured from HL60 cells transfected with a firefly 
luciferase reporter driven by the SV40 promoter and enhancer (pGL3Control). After 
transfection, cells were treated with 0. i fiM TPA or cultured in DMEM for 24 h. Data are mean 
relative light units (RLU) ± standard errors and representative of three independent experiments. 
Transfection with p91phox resulted in significantly (P < 0.05) higher RLU in the presence of 
TPA compared to vehicle (DMSO) treated HL60 cells transfected with p91phox. 
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Discussion 

The primary objective of this investigation was to examine the relationships 

between ROS production and regulation of gp91phox gene expression by TPA in 

promyelocytic leukemia HL60 cells. Elucidating the mechanisms that lead to activation 

of the NADPH oxidase and the expression of individual components may have broad 

implications in understanding the contribution of ROS in environmental toxicology and 

carcinogenesis. Recurrent stimulation of phagocytic cells in target tissues may cause 

exposure to supraphysiological ROS levels. The latter are suspected to participate in the 

initiation and promotion of carcinogenesis in chronically inflamed tissue via increased 

rates of DNA damage and alterations in expression of oncogenes and tumor-suppressor 

genes (Wiseman et al, 1996). For example, stimulation of ROS production by TPA has 

been associated with promotion of neoplastic transformation (Shackelford et ai, 1999). 

The superoxide anion is produced in phagocytic cells primarily by the NADPH 

oxidase enzyme upon attack by pathogens or stimulation with various agents (Robinson 

et ai, 1998). The NADPH oxidase is a muiticomponent enzyme system comprised of the 

membrane-bound cytochrome bssg, which includes the gp91phox and p22phox subunits 

and an array of cytosolic proteins (p40phox, p47phox, and p67phox) (Vaissiere et ai, 

1999). Regulation of the NADPH oxidase is complex in structure and mechanism and 

involves the guanosine 5'-triphosphate (GTP)-binding proteins p2lrac and raplA, along 

with the guanosine 5'-diphosphate (GDP)-dissociation inhibitor rho (Nakamura et ai, 

1985; Leusen et ai, 1996). 
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The efficacy of the TPA treatment was documented in this study by the striking 

increase in RLU and RFU detected firom the lucigenin and DCFH substrate, respectively. 

Although the magnitude of the respiratory burst may be underestimated by the 

extracellular lucigenin assay (Rothe et al, 1990), enhanced oxidation of the intracellular 

DCFH probe provided confirmatory but important evidence that TPA increased the 

respiratory activity of HL60 cells. Furthermore, upon treatment with TPA, cells 

differentiated from cells growing in suspension into nonproliferating, attached cultures. 

A general assumption has been that ROS production by neutrophils and 

macrophages is a direct consequence of activation of the NADPH oxidase system 

(Leusen et al., 1996). Nevertheless, a functional relationship between ROS production 

and regulation of gp9 Iphox expression by TPA has not been detailed yet. In particular, 

we documented that the rapid accumulation of gp9 Iphox transcripts (8.8- to 11.5-fold) 

preceded, by approximately 6-12 h, the surge in superoxide anion detected with 

lucigenin. Our data complement earlier studies documenting that the levels of gp9 Iphox 

mRNA rose l3-foId in differentiated cells, with a two-fold increase detectable within 3 h 

of exposure to retinoic acid (Barker et ai, 1998). In this study, examination of the 

changes in transcript levels of the cytosolic component p47phox confirmed the efficacy of 

the TPA treatment, which induced peak accumulation of p47phox mRNA at 12-24 h. 

Similar detection intervals were demonstrated in previous studies (Cassatella et ai, 

1989), in which p47phox was first detected at 16 h of differentiation and increased 

thereafter. 
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When studying the expression profiles of gp91phox, we can conclude that the 

accumulation of gpQlphox mRNA preceded maximum production of ROS by 

approximately 24 h. These findings support the proposition that upregulation of the 

gp9Iphox gene is a requirement for activation of theNADPH oxidase complex in HL60 

cells. Regarding the mechanisms responsible for this induction, we tested whether TPA 

affected the rate of degradation of gp91phox mRNA. Using actinomycin D to inhibit 

transcription, we obtained evidence that TPA did not influence the stability of gp91phox 

transcripts, because the decay of the gp9lphox mRNA was similar in control and TPA-

treated cells. In other studies, the half-life of gp91phox transcripts was not affected by 

treatment with the differentiation inducers interferon (IFN)-Yor tumor necrosis factor 

(TNF), thus suggesting transcriptional regulation (Cassatella et ai, 1989). In addition, we 

ascertained in transient uransfection experiments that TPA enhanced transcription of a 

luciferase reporter gene directed from a 1.5-kb gp91phox promoter fragment. Our 

findings are in accord with earlier studies documenting that an increase in transcription 

rate accounted for most, if not all, of the accumulation in gp9lphox mRNA following 

treatment with the differentiating agent l,25-(OH)2-D3 and the cytokines IFN-yand TNF-

a (Wang et ai, 1996b; Lievens et ai, 1995; Eklund et ai, 1996a). Conversely, 

transcriptional repression of gp91phox by glucocorticoids correlated with decreased 

NADPH oxidase activity (Condino-Neto et ai, 1998). Therefore, our promoter studies of 

gp91phoxadd to the current knowledge regarding the molecular mechanisms responsible 

for regulation of superoxide production by the NADPH oxidase in macrophages (Segal et 

ai, 1997). It was envisioned that stimulation of gp91phox expression by TPA may 
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contribute to increasing the number of catalytic sites available for electron transfer from 

NADPH to molecular oxygen, thus favoring the production of superoxide anion. 

However, the fact that short-term exposure (15 min) toTPA stimulated superoxide 

production by undifferentiated andTPA-differentiated cultures suggested that some 

activation of the NADPH oxidase may occur through mechanisms independent of TPA-

increased expression of gpQlphox or p47phox. This notion is in keeping with evidence 

that rapid activation by TPA of PKC-dependent phosphorylation contributed to 

differentiation of HL60 cells (MacFarlane et ai, 1994). 

In summary, we present evidence that in addition to stimulating morphological 

differentiation, TPA elicited the coordinate expression of gp91phoxand p47phox and the 

production of ROS. One broad implication of these studies is that changes in expression 

of gp9Iphox maybe used as a biomarker of exposure to environmental xenobiotics that 

stimulate the NADPH oxidase. Furthermore, we document that one component of TPA-

dependent activation of the NADPH oxidase is transcriptional activation of the gp91phox 

promoter. These responses may be elicited directly by TPA or mediated by other factors 

regulated by TPA. One of the features of the proximal 5' promoter region of gp91phox is 

that it contains two CCAAT domains, which confer transcriptional repression through 

binding by a CCAAT displacement factor (CDP) (Skalnik et ai, 1991), whereas 

transcriptional repression of gp91phox is removed in terminally differentiated neutrophils 

and B-lymphocytes (Sadat et ai, 1998). Whether TPA contributes to removal of 

repression by CDP warrants further investigation. Our laboratory is currently 

investigating whether TPA may stimulate transcription through transactivation of an array 
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of TPA-response elements comprised in the proximal promoter region of the gp91phox 

gene (unpublished results). If correct, this hypothesis may provide new clues for 

understanding the contribution of tumor-promoting agents to the regulation of the 

NADPH oxidase complex. 
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IV. REGULATION OF THE SUPEROXIDE-PRODUCING NADPH 

OXIDASE: TRANSCRIPTIONAL ACTIVATION OF THE 

gp91phox CATALYTIC SUBUNIT IN RESPONSE TO THE 

TUMOR PROMOTER 12-O-TETRADECANOYLPHORBOL-

13-ACETATE IS MEDUTED BY AP-1 IN PHAGOCYTIC 

HL60 CELLS 

Introduction 

The tumor-promoting properties of ionizing radiation, UV and the phorbol-ester 

TPA have been correlated to increased levels of reactive species (ROS) in exposed tissue 

(Feig et ai, 1994; Nakamura et ai, 1985). UV and TPA are also inflammatory agents, 

which stimulate the recruitment of phagocytic cells and the accompanying release of 

ROS including superoxide anions, hydroxyl radicals, and hydrogen peroxide (Sirak et ai, 

1991; Shackelford etal., 1999). The tumorigenic potentials of reactive oxygen species 

produced by phagocytic cells have been best described in experiments in which ROS 

generated by macrophages induced mutations (Chong et ai, 1989; Dizdaroglu et ai, 

1993; Rosin et ai, 1994) and drug resistance (Yamashina et ai, 1986) in co-cultured 

cells. In contrast, these effects were not observed in cells co-cultured with phagocytic 

neutrophils from patients with chronic granulomatous disease, which lack the ability to 

produce superoxide anions (Weitzman et ai, 1981). Thus, chronic recruitment and 
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activation of phagocytic cells may increase the levels of diffusible ROS, which may act 

as paracrine signaling molecules (Weitzman et ai, 1990). 

The primary source of superoxide anions in phagocytic cells is the NADPH 

oxidase, which is a multi-component enzyme complex responsible for the microbicidal 

respiratory burst (Leusen et ai, 1996). The NADPH oxidase system is comprised of the 

subunits p22phox, p40phox, p47phox, p67phox, Rac 1 and 2, RaplA, and gp91phox 

(Levey et ai, 1990). In resting cells, the gp91phox subunit resides in membrane lipid 

layers in association with p22phoAr. In response to activating stimuli, the soluble subunits 

p40phox, p47phox, and p67phox are recruited to the phagocytic membrane and 

associate with the gp91phox and p22phox hetero-complex (Leusen et ai, 1996). In the 

activated NADPH oxidase, the catalytic subunit gp9 Iphox transfers electrons from 

NADPH to molecular oxygen producing superoxide anions. Under normal physiological 

conditions, the function of the respiratory burst is to prevent invasion by pathogens 

(Robinson et ai, 1995), and loss of NADPH oxidase activity leads to chronic 

granulomatous disease (Segal et ai, 2000). Alternatively, aberrant stimulation of the 

NADPH enzyme may lead to inflammatory disorders and overriding of the antioxidant 

defenses, thus contributing to oxidative damage (Rosin et ai, 1994; Weitzman et ai, 

1990). 

Whereas reports from other groups have documented that expression of 

gp9 Iphox is regulated at the ttanscriptional level (Newburger et ai, 1988; Cassatella et 

ai, 1989; Skalnik er a/., 1991; Eklund ef a/., 1995; Lou ef a/., 1996; Suzuki ef a/., 1998; 

Jacobsen et ai, 1999), the molecular mechanisms responsible for transcriptional 
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activation of gp91phox in differentiated phagocytic cells remain elusive. Landmarks of 

TPA-induced phagocytic differentiation of HL60 cells along the macrophage phenotype 

include the transition from a suspension to an attached culture, the ability to phagocytize 

(Rovera et ai, 1979; Collins, 1987), and assembly of NADPH oxidase (Heyworth et ai, 

1991), culminating with the production of superoxide anions (Newburger et ai, 1979; 

Barker et ai, 1988; Samuelson et ai, 2001). Based on our observation that TPA 

increased the cellular levels of gp9lphox mRNA (Samuelson et ai, 2001), we questioned 

whether the Activator Protein-1 (AP-1) directly trans-activated TPA-response elements 

(TRE) harbored in the 5' flanking region of the gp91phox gene. AP-I is a transcription 

factor comprised of Jun/Jun homodimers and Jun/Fos heterodimers (Karin et al, 1997). 

AP-1 binds with high affinity to the consensus sequence TGA /cTCA, which has been 

shown to confer responsiveness to a variety of stimuli including the phorbol ester TPA 

(Lee et ai, 1987; Angel et ai, 1987), okadaic acid (Rosenberger et ai, 1999), UV (Chen 

et ai, 1998), growth factors, and inflammatory cytokines (Karin, 1995). In this report, we 

documented that a non-canonical AP-1 binding motif (phox-TRE) located at -1090bp 

from the transcription start-site directly mediated the responsiveness of the gp91phox 

promoter to TPA. The contribution of members of the AP-1 family to trans-activation of 

the gp91phox promoter at the phox-TRE was explored. 
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Results 

TPA induces transcription from the gpQlphox promoter 

In previous studies, we found that levels of gp9lphox mRNA increased in a time-

dependent manner after treatment of HL60 cells with TPA (Samuelson et al., 2001). This 

effect was not due to increased stability of gpQlphox mRNA. Based on this observation, 

we hypothesized that TPA influenced, directly or indirectly, transcription of gp9lphox. In 

HL60 cells transiently transfected with p91phox, luciferase activity was induced 3- to 5-

fold in the presence of TPA compared with the reporter activity detected in cells cultured 

in basal medium (DMEM) or DMEM plus vehicle (Figure 13 A). To further characterize 

the promoter region conferring responsiveness to TPA, plasmids containing serial 

truncations of the gp9lphox promoter were transiently transfected into HL60 cells. The 

basal activity of the 808 and 438bp segments was not different from that of the l.5-kb 

fragment, nor was it induced upon treatment with TPA. In contrast, the reporter activity 

of the 98bp promoter fragment was lower than that of the 1.5-lcb promoter whether in the 

absence or presence of TPA (Figure 13B). These results suggested that the region 

between -1542 and -808bp harbored one or more potential elements that conferred 

responsiveness to TPA. To further investigate this hypothesis and the potential role of 

AP-I, we co-transfected HL60 cells with p91phox plus a construct encoding for a trans-

activation mutant of c-Jun (pTam67), whose transient expression abrogated the 

stimulatory effects of TPA on the gp91phox promoter (Figure 14A). Using an antibody 
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Figure 13. TPA-induced transcription from serial-truncations of the gp91phox promoter. 
A, HL60 cells were transiently transfected with p91phox (lO^ig) as described in Materials and 
Methods. After a recovery period (18 h), cells were cultured in DMEM, vehicle (0.006% 
DMSO), or DMEM plus TPA (0.1 pM) for 24 h. Relative luciferase activities in cell extracts 
were calculated as the ratio of firefly to renilla luciferase readings. Bars represent the means + 
standard error {n = 4) and are representative of three independent experiments. B, relative 
luciferase activities of reporter constructs containing 1.5kb, 808bp, 438bp, and 98bp of the 
gp9lphox proximal promoter. The results indicated the region between -1542 and -808 bp 
conferred responsiveness of the gp9lphox promoter to TPA (* P < 0.001). The pGL3Basic 
vector was used as a control for background luciferase activity. 
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Figure 14. Expression of TAM67 abrogates responsiveness of the 1.5 l(b gp91phox 
promoter to TPA. A, HL60 cells were transiently transfected with p91phox (10 pg) alone or in 
combination with pTam67 (10 |ig), an expression vector encoding a dominant-negative variant 
of c-Jun, or the empty vector pcDNA3.1/His (10 |jg). The vector pRL-TK (0.05 |jg) was included 
in each transfection as an internal control for transfection efficiency. After recovery (18 h), cells 
were cultured in DMEM or DMEM plus TPA (0.1 ^iM) for 24 h. Relative luciferase activities in 
cell extracts were calculated as the ratio of firefly to renilla luciferase readings. Bars represent 
the means ± standard error (n = 4) and are representative of three independent experiments. The 
results indicated that expression of TAM67 abrogated the TPA-responsiveness of the gp91phox 
1.5 kB promoter. Bars with asterisks represent treatments that are significantly different (* P < 
0.0001) from those without asterisks. B, western bolt analysis of TAM67 in HL60 cells. Bands 
represent immuno-complexes for TAM67 visualized using a conjugated mouse monoclonal 
antibody raised against the histidine-tag of the recombinant TAM67 protein. P-actin was used as 
internal control for equal loading. The results indicated that TAM67 was expressed only in cells 
transfected with pTam67 irrespective of the absence or presence of TPA. 



specific for the His-tag, we detected an immuno-complex of the expected molecular 

weight (approximately 27 kDa) in extracts obtained from cells transiently transfected 

with Tam67. However, this immuno-complex was absent in cells transfected with the 

empty vector pcDNA3. I/His orp91phox alone (Figure 14B). 

TPA induces binding to a non-consensus phox-TRE in the gp9lphox promoter 

The results of Figures 13 and 14 suggested that one or more AP-l binding sites 

harbored in the gp91phox promoter, likely between -1542 and -808bp, mediated the 

stimulatory effects of TPA on gp91phox U-anscription. TPA treatment of HL60 cells 

resulted in increased binding to the consensus TRE from the human coilagenase promoter 

(Figure 15). The increase in DNA-binding activity of AP-l to the consensus-TRE from 

the human coilagenase promoter at 24 h post-TPA was in agreement with Mollinedo and 

Szabo et al. (1991) and Mollinedo etal. (1993). Computer-aided search was utilized to 

identify candidate TREs within the 1.5-kb proximal promoter region of the gp91phox 

gene (Heinemyer et al., 1998). Fifteen candidate AP-l elements were compared against 

the sequence of a perfect consensus TRE (5'-TGACTCA-3') (Figure 3). The ability of 

the candidate TREs to bind nuclear factors was tested in DNA binding assays using 

nuclear extracts obtained from HL60 cells cultured in DMEM or DMEM plus TPA (0.1 

|iM) for 24 h. These experiments indicated that an oligonucleotide containing a non-

canonical TRE (5'-TGAGTAA-3'= phox-TRE) located at -1090 bp upstream from the 

transcriptional start site was bound by nuclear factors, and that the intensity of this 
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Figure 15. TPA induced the binding of nuclear proteins to the TRE in HL60 cells. 
Nuclear protein extracts (10 ^g) were obtained from HL60 cells cultured in DMEM or DMEM 
plus 0.1 |JM TPA for 24 h. Annealed radiolabeled oligonucleotides were used alone or in 
combination (100-fold excess) with cold competitor oligonucleotides. The TRE oligonucleotide 
was from the human collagenase promoter and contained the consensus AP-1 binding sequence 
5'-TGACTCA-3', which was mutated to 5'-TGgGcAc-3' in the TREmut oligonucleotide. The 
results indicated the TRE oligonucleotide was bound by nuclear protein. TPA increased the 
intensity of binding to the TRE and 100-fold excess of the unlabeled "cold" TREmut 
oligonucleotide was unable to compete with the TRE for binding to nuclear proteins. 
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complex was enhanced by TPA (Figure 16). Base substitutions in the phox-TRE 

sequence (5'-TGgGcAc-3' = phox-TREmut) abrogated the formation of the 

oligonucleotide complex. The addition of lOO-fold excess of the cold mutant 

oligonucleotide did not compete with binding of nuclear protein to the oligonucleotide. 

These findings suggested that the phox-TRE, but not the surrounding nucleotides, 

conferred binding specificity to nuclear factors. 

As a positive control for AP-1 binding conditions, we used an oligonucleotide 

containing the consensus TRE (5'-TGACTCA-3') from the human collagenase promoter. 

This oligonucleotide was bound by nuclear factors present in cells cultured in basal 

(DMEM) medium. More importantly, the intensity of this complex increased 

significantly in response to treatment with TPA (Figure 16). In contrast, no binding was 

observed when lOO-fold excess of the unlabeled oligonucleotide containing the consensus 

TRE was used, nor was the intensity of the complex influenced by the addition of 100-

fold excess of oligonucleotide in which the consensus TRE was mutated (Figure 15). 

Composition of the Activator Protein-1 complex 

Having obtained evidence that TPA enhanced binding of nuclear factors to the 

phox-TRE, we investigated whether members of the Jun and Fos families of transcription 

factors were present in this complex. The data depicted in Figure 17 (A through C) 

showed distinct supershifted bands for JunD and Fra-1, and weaker supershifted bands 

for JunB and c-Fos. In contrast, we did not observe supershifting or clearing of the phox-
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Figure 16. Binding of nuclear proteins to the phox-TRE is stimulated by TPA. Nuclear 
protein extracts (10 ̂ ig) were obtained from HL60 cells cultured in DMEM or DMEM plus 0.1 
|iM TPA for 24 h. Annealed radiolabeled oligonucleotides were used alone or in combination 
(100-fold excess) with cold competitor oligonucleotides. The phox-TRE oligonucleotide 
contained the sequence 5'-TGAGTAA-3', which was mutated to 5'-TGgGcAc-3' in the phox-
TREmut oligonucleotide. The TRE oligonucleotide harboring the sequence 5'-TGACTCA-3' 
from the human collagenase promoter was used as a positive control for AP-l binding (arrow). 
The results indicated the phox-TRE oligonucleotide was bound by nuclear protein. The intensity 
of binding was increased by TPA, but it was lower than that observed for the consensus human 
coUagenase-TRE oligonucleotide. 
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Figure 17. Composition of the AP-l complex at the phox-TRE. Nuclear protein extracts (10 
^g) obtained from HL60 cells cultured in DMEM plus O.l |iM TPA for 24 h were incubated with 
increasing amounts (2,4, and 6 |ig) of antibodies as indicated by triangles for 1 h at 4 °C prior to 
addition of labeled phox-TRE oligonucleotide. Arrow indicates position of the AP-l complex, 
whereas bracket highlights AP-l complexes supershifted in the presence of antibodies for A, c-
Jun, JunB, and JunD; B, c-Fos and FosB; C, Fra-l and Fra-2. Internal controls were nuclear 
extracts from TPA-treated cells incubated with no antibodies (TPA) or increasing amounts of 
rabbit IgG antibodies. The results indicated JunD, JunB, c-Fos, Fra-l, and Fra-2 were 
components of the AP-l complex binding to the phox-TRE. 
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Figure 18. Composition of the AP-1 complex at the human collagenase TRE. Nuclear 
protein extracts (10 )ig) obtained from HL60 cells cultured in DMEM plus 0.1 nM TPA for 24 h 
were incubated with increasing amounts (2,4, and 6 ̂ g) of antibodies as indicated by triangles 
for 1 h at 4 °C prior to addition of human collagenase TRE oligonucleotide. Arrow indicates 
position of the AP-1 complex, whereas bracket highlights AP-1 complexes supershifted in the 
presence of antibodies for A, c-Jun, JunB, and JunD; B, c-Fos and FosB, C, Fra-l and Fra-2. 
Internal controls were nuclear extracts firom TPA-treated cells incubated with no antibodies 
(TPA) or increasing amounts of rabbit IgG antibodies. The results indicated c-Jun, JunB, JunD, 
c-Fos, Fra-l, and Fra-2 were components of the AP-1 complex binding to the TRE. 
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TRE complex when specific polyclonal antibodies for c-Jun or FosB were used. 

Although a supershifted band was not detected for Fra-2, the intensity of the 

protein/DNA complex was reduced upon addition to nuclear extracts of increasing levels 

of the Fra-2 antibody suggesting that Fra-2 contributed to the formation of the AP-1 

complex. Taken together, these data implied that members of the Jun (JunD, Jun-B) and 

Fos (Fra-l, Fra-2, and c-Fos) families contributed to the formation of the AP-l/phox-TRE 

complex. Antibody-clearing assays using oligonucleotides containing the human 

collagenase consensus TRE confirmed the presence and DNA binding ability of c-Jun, 

JunB, JunD, c-Fos, Fra-l, and Fra-2 in nuclear extracts obtained from HL60 cells treated 

with TPA (Figure 18A-C). Conversely, neither clearing nor supershifting was observed 

when nuclear extracts were incubated with antibodies against FosB confirming its 

probable absence from the AP-l/phox-TRE complex. Neither antibody clearing nor 

supershifting was observed for ATF-1 and -2, NFKB-p50 and -p65 using the phox-TRE 

oligonucleotide (Figures 19 and 20). 

Site-directed mutagenesis of the phox-TRE abrogates responsiveness to TPA 

To further examine the contribution of AP-l to transcriptional regulation of 

gp9lphox by TPA, we introduced base substitutions in the phox-TRE. The TFSEARCH 

program (Heinemeyer et ai, 1998) was used to verify that the phox-TRE was removed 

and no new binding sites for known transcription factors were introduced. The mutated 

phox-TRE did not bind nuclear protein obtained from HL60 cells cultured in the presence 
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Figure 19. Composition of the nuclear protein complex at the phox-TRE: testing for the 
presence of ATF-1 and ATF-2. Nuclear protein extracts (10 ng) obtained from HL60 cells 
cultured in DMEM plus 0.1 ̂ iM TPA for 24 h were incubated with increasing amounts (2,4, and 
6 ^ig) of antibodies as indicated by triangles for 1 h at 4 °C prior to addition of labeled phox-TRE 
oligonucleotide. Arrow indicates position of the AP-1 complex for A, ATF-1 and B, ATF-2. 
Internal controls were nuclear extracts from TPA-treated cells incubated with no antibodies 
(TPA) or increasing amounts of mouse or rabbit IgG antibodies as indicated. The results 
indicated that ATF-l and ATF-2 were not components of the AP-1 complex binding to the phox-
TRE. 
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Figure 20. Composition of the nuclear protein complex at the phox-TRE: testing for the 
presence of NFicB-p50 and -p65. Nuclear protein extracts (10 |ig) obtained from HL60 cells 
cultured in DMEM plus 0.1 ^iM TPA for 24 h were incubated with increasing amounts (2,4, and 
6 ^g) of control, NFKB-p50 and -p65 as indicated by triangles for 1 h at 4 °C prior to addition of 
labeled phox-TRE oligonucleotide. Arrow indicates position of the AP-1 complex. Internal 
controls were nuclear extracts from TPA-treated cells incubated with no antibodies (TPA) or 
increasing amounts of rabbit IgG antibodies. The results indicated that NFKB-p50 and -p65 were 
not components of the nuclear protein/phox-TRE complex. 
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Figure 21. Site-directed mutagenesis of the phox-TRE abrogates responsiveness to TPA. 
HL60 cells were transiently transfected with p91phox or p91phox-TREniut (lO^g) as described 
in Materials and Methods. After a recovery period (18 h), cells were cultured in DMEM or 
DMEM plus TPA (0.1 pM) for 24 h. Relative luciferase activities in cell extracts were calculated 
as the ratio of firefly to renilla luciferase readings. Bars represent the means + standard error {n = 
4) and are representative of three independent experiments. The results indicated the mutations at 
the phox-TRE abrogated responsiveness of the gp91phox 1.5kb proximal promoter to TPA (* P 
<0.0001). 
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of TP A or in control (DMEM) medium (Figure 16). Functional evidence that this site was 

necessary for trans-activation of the gp91phox promoter was obtained upon transfection 

into HL60 cells of p91phox-TREmut luciferase construct, whose reporter activity was 

refractory to stimulation with TPA (Figure 21). These cumulative data confirmed that the 

phox-TRE was required for AP-1-dependent regulation of the gp91phox promoter. 

Discussion 

Identifying the cellular mechanisms that generate ROS may help clarify the 

events involved in the transition from normal to transformed phenotype. ROS produced 

by phagocytic cells such as neutrophils and macrophages induced transformation of co-

cultured fibroblasts (Weitzman et al, 1990) and drug resistance in mammary epithelial 

cells (Yamashina, 1986). These studies demonstrated that ROS produced by phagocytic 

cells can act as inter-cellular messengers and play a role in carcinogenesis (Adler et ai. 

1999). An enzyme complex responsible for copious production of superoxide anions in 

phagocytic cells is the NADPH oxidase (Robinson et ai, 1995). Interestingly, a 

mechanism analogous to that of the NADPH-oxidase has been implicated in the 

production of superoxide anions in Ras-transformed fibroblasts (Irani et ai, 1997) 

suggesting that this enzyme complex may contribute to ROS-mediated carcinogenesis in 

non-phagocytic cells. 

Investigations into the regulation of gp9lphox expression have detailed the 

contribution of several transcription factors including the CCAAT-displacement protein 

(Skalnik et ai, 1991), HAF-1 (Eklund etai, 1995), and the ets-family member PU.l 
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(Suzuki et ai, 1998). However, the role of these factors appears to be ancillary to that of 

other regulators. For example, while EFN-Yand TNF-a induce (Newburger et ai, 1988; 

Cassatella er a/., 1989; Gupta er a/., 1992), and IL-10 repress (Kuga era/., 1996) 

gp91phox transcription, these agents do not influence binding of PU. 1 and HAF-1 to their 

respective binding sites in the gp91phox promoter suggesting that trans-activation at 

other cis-elements may be required for stimulation of gp91phox transcription (Eklund et 

ai, 1996b). 

Previous reports have suggested that the phorbol-ester TPA may exert its tumor 

promoting effects by orchestrating changes in the activities of several enzymes involved 

in the production and removal of ROS including xanthine oxidase, superoxide dismutase, 

glutathione peroxidase (Reiners et ai, 1991) and cyclooxygenase-2 (Smith et al., 1996). 

The focus of the current work was to investigate the mechanisms through which TPA 

stimulates the production of superoxide anions in phagocytic cells. In previous studies, 

we documented that treatment with TPA stimulated superoxide production in HL60 cells 

(Samuelson et al., 2001). Whereas no consensus AP-1 elements were found in the 

proximal promoter region of gp91phox, we obtained three lines of evidence indicating 

that a TRE site termed phox-TRE, contributed to transcriptional activation of gp91phox. 

First, co-transfection with a dominant-negative variant of c-Jun (TAM67) abrogated 

TPA-dependent stimulation of the gp91phox promoter. The transfection with truncated 

fragments of the gp91phox promoter narrowed the search for a TRE to the DNA segment 

between -1542 and -808bp. Second, antibody clearing and mobility shift assays revealed 

that members of the Jun (JunD, JunB) and Fos (c-Fos, Fra-1, Fra-2) families contributed 
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to the formation of an AP-1 complex bound to the phox-TRE domain located at position -

1090 bp. Third, site-directed mutagenesis of the phox-TRE abrogated TPA-

responsiveness of the 1.5-kb gp91phox promoter, and binding by AP-1 factors. In 

contrast, activation at the phox-TRE by NF-KB, whose activity is stimulated by TPA, was 

not observed. These novel findings demonstrated the requirements of the phox-TRE site 

to upregulation of gp91phox transcription by TPA in differentiated HL60 cells. 

The cellular profile of the Jun/Fos proteins, the nucleotide composition of the 

DNA-binding motif, and the nucleotide sequence flanking the binding domain are some 

of the factors that influence the stability of AP-l/DNA complexes (Karin et ai, 1997). 

The results of our binding studies showed that various AP-1 factors interacted with the 

phox-TRE sequence, but with intensity lower than that observed for the consensus TRE 

present in the human coilagenase gene. While we cannot rule out the possibility that the 

nucleotide sequence flanking the phox-TRE may contribute to decreasing the binding 

affinity of the AP-1 complex, this effect may be ascribed to the nucleotide sequence of 

the phox-TRE (5'-TGAGTAA-3'), which deviated from the palindromic TRE motif by 

one base (5'-TGAG/CTCA-3'). Interestingly, an AP-l-binding element identical to the 

phox-TRE has also been identified in the promoter region of the tissue inhibitor of 

metalloproteinases-1 gene, which regulates tissue remodeling (Edwards et al, 1992). 

This deviation in nucleotide composition may serve as a mechanism for fine regulation in 

response to agents that stimulate AP-l-like activity. For example, c-Jun proteins when 

heterodimerized with c-Fos or FosB display stronger transactivation activity than Jun/Jun 

homodimers (Ryseck et ai, 1991). Heterodimers containing JunD and Fra-1 or Fra-2, but 
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not heterodimers of c-Jun with Fra-l or Fra-2, have been shown to be effective in 

transactivating target genes (Suzuki, 1991). In the current study, we observed that 

members of the Jun (JunD and JunB) and Fos (c-Fos, Fra-l, and Fra-2) families, but not 

c-Jun and FosB, participated in the formation of an AP-l complex at the phox-TRE. 

Interestingly, supershifting at the phox-TRE was not observed in the presence of 

antibodies for c-Jun, possibly as a result of the deviation of the nucleotide composition 

from the consensus-TRE. A possible interpretation of our results is that JunD complexed 

with Fra-l and Fra-2 may stabilize the steric interactions of the AP-l protein complex 

with the phox-TRE. This inference is supported by evidence showing that the 

combination of JunD plus Fra-l or Fra-2 exerted stronger transcriptional activity than 

JunD-alone or the combination of Fra-l or Fra-2 plus c-Jun (Suzuki, 1991). 

Studies investigating the temporal expression of Jun/Fos genes during 

macrophage differentiation (Matsui et ai, 1990; Sherman et al, 1990) have revealed that 

stimulation with TPA led to rapid (30 min) accumulation of JunB and c-Fos suggesting 

their involvement in the commitment stage of TPA-induced differentiation (Matsui et ai, 

1990; Mollinedo et ai, 1991). Conversely, elevation of Jun-D and c-Jun was observed 24 

h after treatment with TPA in terminally differentiated HL60 cells (Sherman et ai, 1990; 

Mollinedo et ai, 1993). These studies implicated an orderly participation of distinct AP-l 

complexes at various stages of macrophage differentiation (Liebermann et ai, 1998). In 

the present study, nuclear exuracts were collected 24 h after stimulation with TPA. This 

time-point was selected because it coincided with maximum accumulation of gp91phox 

mRNA and preceded by 12-24 h the exponential increase in superoxide production 
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(Samuelson et ai, 2001). Therefore, we assumed that in HL60 cells treated for 24 h with 

TPA the cellular complement of AP-1 members was likely optimal for trans-activation of 

the gp91phox promoter. 

Taken together, these findings advance our understanding of the mechanisms that 

regulate the production of superoxide anions in phagocytic cells. While previous studies 

have documented the role of TPA in myeloid differentiation, this report documents for 

the first time a direct involvement of the AP-1 factor in the regulation of transcription of 

the superoxide-producing gp91phox subunit. This observation is significant if one 

considers that agents such as TNF-a (Brenner et ai, 1989), interferon-y (Sariban et ai, 

1987; Dubreuil et ai, 1988), granulocyte-macrophage colony-stimulating factor 

(Adunyah et ai, 1991), and lipopolysaccharide (Hambleton et ai, 1996), which are 

known to increase AP-1 activity, also induce transcription of gp91phox, whereas anti

inflammatory glucocorticoids, know to inhibit AP-1 activity, antagonize the expression of 

gp91phox (Condino-Neto et ai, 1998). Therefore, agents that stimulate AP-1 activity 

may increase the number of gp91phox catalytic sites available for transfer of electrons 

from NADPH to molecular oxygen (Teahan et al., 1987), thus regulating the production 

of superoxide anions. The consequent release of ROS into the extracellular environment 

may contribute to altering the oxidative state of neighboring cells and favor their 

transformation to the malignant phenotype. 
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VI. VALroATION OF 2\ 7»-DICHL0R0FLU0RESCIN AS A 

FLUORESCENT PROBE FOR DETECTING 

CYLOOXYGENASE-2 ACTIVITY 

Introduction 

Cyclooxygenase (COX) enzymes, also known as prostaglandin H synthase-1 and 

-2, catalyze the rate-limiting step in prostaglandin synthesis that ivolves the oxidation of 

arachiconic acid. Cyclooxygenases are enzymes with dual activity. A cyclooxygenase 

activity oxidizes arachidonic acid to PGGi whereas a peroxidase activity reduces 

prostaglandin G2 (PGG2) yielding prostaglandin H2 (PGHi) (Lu et ai, 1999). The two 

isoforms of COX are regulated and expressed independently (Hla et ai, 1992). 

Cyclooxygenase-1 (COX-1) is expressed constitutively at low levels in most tissues. 

Conversely, cyclooxygenase-2 (COX-2) is induced in response to several inflammatory 

agents, cytokines, growth factors, and tumor promoting agents (Hla et ai, 1992). 

A role for COX-2 in carcinogenesis has been advocated based on the evidence 

that COX-2 is over-expressed in several tumorigenic cell lines, but not in normal tissue 

(Eberhart et ai, 1994; Kargman et ai, 1995). Expression of COX-2 has been associated 

with resistance to apoptosis (Tsujii etal., 1995; Sheng etal, 1998) and increased 

metastatic potential of cancer cells (Tsujii et ai, 1997). In contrast, COX inhibitors have 

been shown to reduce the incidence of tumor formation in tumor models (Oshima et ai, 
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1996; Reddy et al., 1996; Sheng et al, 1997) and epidemiological studies (DuBois et al., 

1996). 

A pertinent area of research is the identification of efficacious pharmaceutical 

agents that specifically inhibit COX-2 activity and/or expression. Current methods 

utilized to monitor COX activity rely on detection of increased prostaglandin synthesis, 

oxygen consumption, the oxidation of homovanillic acid or luminol (Forghani et al., 

1998). Although accurate and sensitive, prostaglandin assays are tedious and time 

consuming and can become expensive when utilized on a large scale to screen many 

candidate molecules. The other methods can be problematic when applied to cell culture 

models (Fridovich, 1997). 

We have developed a fluorescence based assay capable of detecting COX-2 

activity that utilizes 2', 7'-dichlorofluorescin (DCFH) and a cellular based assay to detect 

COX-2 induction and inhibition that utilizes 2', 7'-dichlorofluorescin-diacetate (DCFH-

DA). The distinct advantage of this probe is the cell membrane is permeable to the stable 

DCFH-DA, but once intracellular the acetate moieties are cleaved by esterases producing 

the nonfluorescent 2\ 7'-dichlorofluorescin (DCFH) which remains intracellular and can 

be enzymaticaly oxidized to the fluorescent 2', 7'-dichlorofluorescein (DCF) by 

horseradish peroxidase (HRP) in the presence (Keston et al., 1965), or absence (LeBel et 

al., 1992) of H2O2. DCFH can also be oxidized to DCF by several lipid hydroperoxides 

in the absence of HRP (Cathcart et ai, 1983). DCF emits fluorescence optimally at 519 

nm (Black et ai, 1974). Thus, the abilities of DCFH-DA to become intracellular and 

DCFH to be oxidized to fluorescent DCF in the presence of peroxidases and 
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hydroperoxides presented the possibility that DCFH could potentially be used to detect 

COX-2 activity in cell-free enzyme assays and cell culture assays using a fluorescence 

plate reader. In this report we describe the use of DCFH to detect COX-2 activity in vitro 

and the use of DCFH-DA in cellular assays to detect COX-2 up-regulation and inhibition. 

These assays could be adapted to a high-throughput system to inexpensively screen for 

selective COX-2 inhibitors and inducers. 

Results 

In vitro enzyme assays: Increased DCFH oxidation detected in the presence of 

cyclooxygenase-2 

To determine if COX-2 could oxidize DCFH in vitro, enzyme assays were 

performed using various concentrations of recombinant human COX-2 plus or minus 

arachidonic acid. DCFH oxidation to fluorescence-emitting DCF was measured with a 

fluorescence plate reader and expressed as relative fluorescence units (RFU). The 

inclusion of COX-2 without added arachidonic acid increased DCFH oxidation in an 

enzyme concentration-responsive manner. A linear increase in DCFH oxidation to DCF 

was evident at COX-2 levels from 20 to 160 ng/ml (Figure 22A). HRP, a peroxidase 

enzyme that had previously been shown to oxidize DCFH to DCF (LeBel et ai., 1992), 

was tested in the COX-2 reaction buffer. We also saw a dose dependent increase in RFU 
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Figure 22. Cyclooxygenase-2 oxidizes DCFH in the absence of arachidonic acid substrate. 
A, Cyclooxygenase-2 (COX-2) or B, Horseradish peroxidase (HRP) at the levels indicated was 
incubated at room temperature for 2 min with 1 ^iM DCFH. DCFH oxidation is measured as 
relative fluorescence units (RFU), which are expressed relative to incubations of DCFH alone. It 
was determined in preliminary experiments that COX-2 and HRP enzymes in the absence of 
DCFH did not influence background fluorescence levels. Data are representative of three 
independent experiments and are expressed as means ± SE of n=4 samples. Data points marked 
with different letters are significantly different from each other (P < 0.01). Results indicated that 
COX-2 and HRP independently increased DCFH oxidation and the effect was enzyme 
concentration-responsive for both. The use of HRP resulted in considerably more RFU 
compared to similar levels of COX-2. 
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at HRP levels from 20 to 160 ng/inl (Figure 22B). However, the magnitude of the RFU 

measured was much greater in the prescence of HRP than COX-2. 

To determine if the presence of the COX-2 substrate, arachidonic acid, made a 

difference in the oxidation of DCFH by COX-2 we incubated COX-2 and DCFH with 

increasing levels of arachidonic acid. There was no difference in RFU between 0, 50, 

100, and 200 ^ arachidonic acid when 80 ng/ml COX-2 was used (Figure 23). 

However, the addition of 50 |iM arachidonic acid enhanced the oxidation of DCFH in the 

presence of 160 ng/ml COX-2 (Figure 23). At this level of COX-2, no additional 

increase in oxidation of DCFH was detected when arachidonic acid levels were increased 

up to 200 pM. 

COX-1 has been shown to produce superoxide in the presence of NADH or 

NADPH (Kukreja et ai, 1986). Therefore, we were interested to see if RFU levels were 

influenced by the addition of superoxide dismutase (SOD). SOD converts superoxide to 

HiOi. Because DCFH has been shown to detect HiOt (LeBel et ai, 1992) we 

hypothesized that the presence of SOD may enhance DCFH oxidation in the presence of 

COX-2 alone or in combination with arachidonic acid. Alternatively, if superoxide or 

other reactive oxygen species produced by COX-2 oxidized DCFH; perhaps the removal 

of superoxide anions by SOD would result in reduced RFU levels. However, no changes 

in RFU occurred upon the addition of SOD at levels up to 320 ng/ml in the presence or 

absence of 100 |iM arachidonic acid (Figure 24). When 100 |iM NADPH was present in 

the reaction with 320 ng/ml SOD the RFU were reduced to near basal levels in reactions 

that included and excluded arachidonic acid (Figure 25). However, this reduction was 
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Figure 23. Arachidonic acid-enhanced DCFH oxidation in the presence of Cyclooxygenase-

2. Cyclooxygenase-2 (COX-2) at X = 0,0 = 80, or • = 160 ng/ml was incubated at room 
temperature for 2 min with the indicated concentrations of the COX-2 substrate, arachidonic acid 
and 1 DCFH. DCFH oxidation is measured as relative fluorescence units (RFU), which are 
expressed relative to incubations of DCFH alone. It was determined in preliminary experiments 
that arachidonic acid alone and in the presence of DCFH did not result in increased relative 
fluorescence units compared to DCFH alone. Data are representative of three independent 
experiments and are expressed as means ± SE of n=4 samples. Results indicated that the 
addition of arachidonic acid greatly enhanced (P < 0.0001) the oxidation of DCFH in the 
presence of 160 ng/ml COX-2. This effect was not seen when 80 ng/ml COX-2 was used. 
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Figure 24. Oxidation of DCFH in the presence of cyclooxygenase-2 with or without 
arachidonic acid is unaffected by superoxide dismutase. DCFH (1 pM) and cyclooxygenase-

2 (COX-2) at X = 0 or o = and • = 160 ng/ml were incubated at room temperature for 2 min in 

the absence (O) or presence (•) of 100 arachidonic acid. Superoxide dismutase (SOD) was 
added to the reaction at the indicated concentrations. DCFH oxidation is measured as relative 
fluorescence units (RFU), which are expressed relative to incubations of DCFH alone. Data are 
representative of three independent experiments and are expressed as means ± SE of n=4 
samples. Results indicated that detectable levels of superoxide anions were not produced during 
the oxidation of DCFH in the presence of COX-2. 
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Figure 25. Relative fluorescence units are lowered by the addition of NADPH. NADPH 
(100 |iM) in the absence or presence of 320 ng/ml superoxide dismutase (SOD) was included to 
determine if detectable superoxide was being produced by cyclooxygenase-2 (COX-2) (160 
ng/ml). DCFH (1 ̂ M) was incubated with the indicated reagents in the A, absence or B, 
presence of arachidonic acid (100 |iM) for 2 min. DCFH oxidation was measured as relative 
fluorescence units (RFU), which are expressed relative to incubations of DCFH alone (wo/COX-
2 and wo/NADPH). Data are representative of two independent experiments and are expressed 
as means ± SE of n=A samples. Results indicated that NADPH may have interfered with the 
assay because when only EKHFH was incubated (wo/COX-2) NADPH lowered RFU. Therefore, 
we were unable to determine if superoxide was directly or indirectly involved in DCFH 
oxidation. 
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attributed to the addition of NADPH since the reduction was also seen when NADPH 

without SOD was present (Figure 25). 

Cell culture assays: Increased DCFH oxidation in MCF-7 cells following TPA exposure 

The tumor promoting phorbol ester, 12-0-tetradeconylphorbol-13-acetate (TPA) 

has been shown to stimulate the expression and activity of COX-2 (Hla et ai, 1992; 

Smith et ai, 1996). Therefore, TPA was used to up-regulate COX-2 in MCF-7 cells to 

determine if COX-2 up-regulation could be detected using DCFH-DA in these cells. 

Treatment of MCF-7 cells with 0.1 ^M TPA resulted in the expected morphological 

changes (Figure 26) (Osborne etal., 1981). 

We detected a time-dependent increase in RFU from DCFH oxidation in MCF-7 

cells cultured in 0.1 ^M TPA for up to 48 h. Figure 27A contains representative results 

of the time-course of TPA-induced DCFH oxidation in MCF-7 cells. A significant and 

repeatable increase in RFU was detected in TPA-treated compared to untreated (DMEM) 

controls at 6 hours. The magnitude of the difference in RFU was increased at 12 and 24 

hours and then declined. However, the RFU at 48 hours post-TPA remained significantly 

higher than DMEM conurol cells. To serve as a control for the DCFH-DA cellular assay, 

exogenous HiOiwas added to MCF-7 cells for the times indicated in Figure 27B. 

DCFH-DA successfully detected elevated H2O2 levels in MCF-7 cells fifteen and thirty 

minutes after adding 2(X) |iM HiOi, but RFU levels returned to basal levels by one hour 
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DMEM 

Figure 26. TPA-induced changes in MCF-7 cell morphology. Cells were cultured in control 
medium supplemented with 0.5% FBS (DMEM) or DMEM plus 0.1 ^M TPA. Phase-contrast 
microscopies were taken after 48 h. Results indicated the treatment with TPA induced changes 
in cell morphology that included increased volume and changes in shape. 
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Figure 27. TPA-induced DCFH oxidation in MCF-7 cells. A, MCF-7 cells were cultured in 

DMEM plus or niinus TPA (O.l nM) for the times indicated. B, MCF-7 cells were cultured in DMEM 

plus or minus H2O2 (200 jiM) for the times indicated. DCFH-DA (20 |iM) was added 30 min before cells 
were washed and fluorescence readings taken. Relative Fluorescence Units are relative to fluorescence of 
DMEM samples at the earliest time-point in each experiment. Data are means ± SE of n=4 samples and 
representative of three independent experiments. Results indicated that TPA induced DCFH oxidation as 
early as 6 h with the peak CiCFH oxidation from 12 to 24 h . Exogenous HaOialso increased DCFH 
oxidation at 15 and 30, but not 60 min after the addition of H2O2 indicating that DCFH was sensitive to 
changes in cellular peroxide levels. (* P < 0.05, ** P < 0.01, *** P < 0.(XX)1). The P-value at 1 hour in A 
was 0.0571. 
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after adding HiOi. When cells were not present, increased RFU from DCF were not 

detected above background fluorescence in the presence of TPA or H2O2 indicating 

DCFH-DA must become intracellular to detect the increased fluorescence of DCF (data 

not shown). 

Cell culture assays; NS398, a cyclooxygenase-2 specific inhibitor, also inhibits TPA-

induced DCFH oxidation in MCF-7 cells 

NS398 is a time-dependent selective inhibitor of COX-2 with IC50 values for 

human recombinant COX-1 and COX-2 of 75 |xM and 1.77 |iM, respectively (Bamett et 

al, 1994). The mechanism of selective inhibition of COX-2 by NS398 occurs due to 

time-dependent structural changes in COX-2 upon interaction with NS398 that does not 

occur between COX-1 and NS398 (Copeland et ai, 1994). Therefore, we inttoduced 

NS398 three hours prior to reading fluorescence. NS398 at concentrations of 1 and 5 |iM 

had no effect on RFU levels in cells cultured in TPA or DMEM. However, NS398 at 50 

and 100 |iM inhibited the TPA-induced oxidation of DCFH in MCF-7 cells measured at 

24 h post-TPA (Figure 28). NS398 at 100 ^iM reduced the RFU of TPA-treated cells to 

basal levels and also reduced the levels of RFU in DMEM cultured MCF-7 cells below 

basal levels. 
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Figure 28. NS398, a specific C0X*2 inhibitor, also inhibited TPA-induced DCFH oxidation 
in MCF-7 cells. Cells were cultured in DMEM ± TPA (0.1 ^M) for 24 h. NS398 at the 
concentrations indicated was added 3 h prior to the 24 h time-point. DCFH-DA (20 ^M) was 
present for 30 min prior to reading fluorescence. Relative fluorescence units are relative to 
DMEM without NS398. Data are means ± SE of n=4 samples. TPA treatments marked with 
asterisks are significantly different than DMEM cultures at the same NS398 level (* P < 0.05 and 
** P < 0.001). Results indicated that NS398 at 50 and 100 ̂ iM inhibited TPA-induced DCFH 
oxidation (P < 0.01; P < 0.001). Furthermore, 100 ^M NS398 reduced the basal levels of DCFH 
oxidation measured in cells cultured in DMEM (P < 0.001). 
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Cell culture assays: Nonsteriodal anti-inflammatory drugs inhibit TPA-induced DCFH 

oxidation in MCF-7 cells 

The COX-1 and -2 inhibiting nonsteroidal anti-inflammatory drugs (NSAIDs) 

indomethacin, sulindac, and ibuprofen were used in addition to NS398 to determine if 

they could also inhibit the increase in DCFH oxidation in MCF-7 cells following 24 h 

culture in TPA (Figure 29). The NSADDs were added three hours prior to reading 

fluorescence to both DMEM and TPA cultured cells. Compared to NS398, the inhibition 

of DCFH oxidation in MCF-7 cells by indomethacin followed a similar pattem of RFU 

reduction (Figure 29A). While not as effective at 5 and 50 ^M, ibuprofen at 100 |iM was 

effective in reducing RFUs in TPA-treated MCF-7 cells to basal (DMEM) levels. 

Sulindac was ineffective in reducing RFUs in DMEM or TPA cultured cells at 

concentration of 5 and 50 ^M. However, at 100 ^M sulindac there was a modest 

reduction in RFU detected in TPA-, but not DMEM-cultured MCF-7 cells. To determine 

if this was an effect of time, NSAIDs (100 ^M) were added 12 h prior to reading 

fluorescence (Figure 29B). Again, NS398 and indomethacin were effective in reducing 

DCFH oxidation in DMEM and TPA-treated cells. Again, sulindac provided no, or only 

a slight reduction in RFU, while the effect of ibuprofen seen previously at 3 h was lost by 

12 h. 
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Figure 29. Nonsteroidal anti-inflammatory drugs inhibit TPA-induced DCFH oxidation in 
MCF-7 cells. A, Cells were cultured in DMEM (open shapes) or DMEM + TPA (0.1 fxM) (filled 
shapes) for 24 h. The nonsteroidal anti-inflammatory drugs (NSAIDs) indicated were added 3 h prior to 
the 24 h time-point at the concentrations indicated. 8, Cells were cultured in DMEM ± TPA (0.1 |iM) for 
24 h. NSAIDs (100 ^M) were added where indicated for 12 h prior to reading fluorescence. DCFH-DA 
(20 |iM) was present for 30 min prior to reading fluorescence. Relative fluorescence units (RFU) are 
relative to D^^M without NSAIDs (labeled Control in B). Data are means ± SE of n=4 samples. 



120 

Time-courses of TPA-induced DCFH oxidation, cyciooxygenase-2 expression, and 

activity are correlated 

Since TPA was known to induce COX-2 activity through increased expression of 

the enzyme (Hla et ai, 1992), TPA induction of COX-2 mRNA and protein was 

investigated to determine if a similar time-dependent pattern correlated positively with 

the time-dependent TPA-induced DCFH oxidation to DCF in MCF-7 cells. Figure 30 

contains the results of semi-quantitative RT-PCR utilized to measure COX-2 mRNA 

levels in DMEM and TPA-treated MCF-7 cells. TPA induced peak COX-2 mRNA levels 

in MCF-7 cells that were approximately 2-fold higher compared to untreated controls at 6 

h, but levels of COX-2 mRNA declined past 6 h to levels detected in untreated controls 

by 24 h. The time-course of COX-2 protein accumulation induced by TPA was delayed 

in comparison to the increase of COX-2 message levels, but more closely paralleled the 

increase in DCFH oxidation induced by TPA with a correlation estimate of 0.90. 

Increased COX-2 protein compared to DMEM controls was detected in TPA-treated 

MCF-7 cells at 6 h (Figure 31). However, COX-2 levels continued to increase after 6 h. 

The peak in COX-2 protein level over the time-periods analyzed occurred at 48 h post-

TPA. As an indication of increased COX activity, increased prostaglandin levels were 

also detected in MCF-7 cells at 12,24, and 48 h following TPA treatment (Figure 32). 

The greatest difference in prostaglandin levels between TPA exposed MCF-7 cells and 

untreated controls occurred at 48 h. The correlation between RITJ and COX-2 activity 

was 0.89. 
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Figure 30. TPA-induced COX-2 mRNA accumulation in MCF-7 cells. MCF-7 cells were 
cultured in DMEM ± TPA (0.1 ^M) for the indicated times. Semi-quantitative RT-PCR was 
performed as described in materials and methods. Results indicated that COX-2 mRNA 
accumulates between 0 and 6 h following TPA treatment. COX-2 mRNA levels declined 
between 6 and 12 h returning to basal levels by 24 h post-TPA. Semi-quantitative RT-PCR of 
18S rRNA served as an internal standard for RT-PCR conditions and gel loading. 



122 

DMEM 

0 3 6 12 24 48 (h) 

TPA 

0 3 6 12 24 48 (h) 

COX-2 

p-actin 

Figure 31. TPA-induced cyclooxygenase-2 expression in MCF-7 cells. Cells were 
cultured in DMEM ± TPA (0.1 ^iM) for the indicated times. Western blot analysis of 
cyclooxygenase-2 (COX-2) was performed with a polyclonal primary antibody raised 
against hCOX-2 and an anti-rabbit HRP conjugated secondary antibody. Equivalent 
amounts of total protein were transferred to nitrocellulose for immuno-detection based on 
standardized P-actin levels. Results indicated COX-2 expression was induced by 6 h and 
continued to increase to 48 h after TPA treatment. 
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Figure 32. TPA-induced prostaglandin levels in MCF-7 cells. Cells were cultured in DMEM 
± TPA (0.1 ^iM) for the times indicated. Prostaglandin (PG) levels were measured with a 
commercially available PG screening acetylcholinesterase enzyme immunoassay. Samples were 
also collect at earlier time-points. However no significant differences in PG levels between 
DMEM and TPA were detected after 3,6, and 12 h of culture. Results indicated that TPA 
induced PG synthesis compared to DMEM at 24, and 48 h {* P < 0.05, ** P < 0.01). The peak 
PG level in TPA U:eated MCF-7 cells was detected at 48 h. 
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Discussion 

We report here that increased oxidation of DCFH to DCF (measured as RFU) in 

the presence of COX-2 is evident with or without added arachidonic acid. Additionally, 

in its diacetate form DCFH was shown to be a valuable intracellular probe to detect 

induction and inhibition of COX-2 activity. We show that increased DCF is detected in 

MCF-7 cells stimulated with TPA, an agent known to induce COX-2 activity (DuBois et 

al, 1994). Furthermore, the COX-2 specific inhibitor NS398 provided conclusive 

evidence that DCFH-DA can be used to detect COX-2 inhibition. Treatment of cells with 

the NSAIDs NS398, indomethacin, sulindac, and ibuprofen following induction of COX-

2 activity with TPA, inhibited the increase in oxidation of DCFH to DCF compared to 

cells treated with TPA alone. 

The result that increased DCFH oxidation occurred in vitro in the absence of 

arachidonic acid, the COX-2 subsurate, was surprising because it has been established that 

a hydroperoxide substrate must be present to activate COX enzymes (Kulmacz et ai, 

1995). According to our results DCFH may serve as a weak activator of COX-2 allowing 

oxidation of DCFH to DCF by COX-2. However, the burst of activation of latent COX-2 

enzymes that is known to take place with hydroperoxides did not occur in the presence of 

COX-2 and DCFH alone. Adding arachidonic acid to the reaction may have resulted in 

the activation of latent COX-2 enzymes more readily. Interestingly, arachidonic acid had 

no effect on the production of DCF at 80 ng/ml COX-2. However, when arachidonic 

acid was added to the reactions containing 160 ng/ml COX-2 a sharp increase in DCF 
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was detected. These results may have been due to limiting COX-2 levels at 

concentrations of 80 ng/ml enzyme. However, 160 ng/ml COX-2 may have been 

adequate to achieve the burst of activity from latent enzyme activated in the presence of 

arachidonic acid. Alternatively, the increased levels of DCF detected when arachidonic 

acid was included may have been due to direct interaction between DCFH and PGGi, the 

hydroperoxide normally produced by the COX-2 oxygenase reaction with arachidonic 

acid. This is highly likely since several other hydroperoxides have been shown to oxidize 

DCFH to DCF (Cathcart er a/., 1983). 

Based on our results superoxide anions that may be produced by COX-2 reactions 

in the presence or absence of NADPH may not be detectable with DCFH. This is 

because SOD did not decrease DCF levels. Indicating that superoxide was not oxidizing 

the DCFH in the COX-2 reactions. This is in agreement with others, who have reported 

that DCFH could not detect superoxide (LeBel et ai, 1992). On the other hand, the 

addition of SOD did not increase DCF levels either. We expected if superoxide was 

being produced that its dismutation to H2O1 would be detected by increased oxidation of 

DCFH to DCF since it had been previously established that DCFH could be used to 

detect H2O2 in the experimental conditions used (LeBel et ai, 1992). However, it is also 

possible that H2O2 levels were not increased to detectable levels by the addition of SOD 

to the reaction. Furthermore, the addition of NADPH, which has been shown to be 

required for superoxide production by COX-1 (Kukreja et ai, 1986), reduced the 

background fluorescence significantly. This result was most likely due to interference by 

NADPH in the assay since NADPH absorbs light over a wide wavelength range at the 
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reaction temperatures used in this study (Ziegenhom et al, 1976). Therefore, while the 

in vitro assays established that DCFH oxidation occurs in the presence of COX-2; we 

were unable to determine if superoxide or another ROS was being produced. 

Using DCFH-DA we were able to detect COX-2 induction and inhibition in a cell 

culture sytem using TPA and MCF-7 cells. The increased DCF levels detected in cellular 

assays paralleled the TPA-induction of COX-2 protein levels and activity measured as 

prostaglandin production. Therefore, DCFH-DA can be used with reasonable discretion 

to screen for agents that induce COX-2. It is also possible that induction of COX-2 could 

be detected in the absence of arachidonic release since DCFH is oxidized to DCF in the 

presence of COX-2 alone. 

Further evidence DCFH-DA is a valuable molecular probe for COX-2 research 

was gained when NS398, the COX-2 specific inhibitor, also inhibited the TPA-induced 

DCFH oxidation. NS398 may have only partially inhibited the increase in DCF induced 

by TPA when 50 ^M NS398 was used, either because COX-2 was not completely 

inhibited. Alternatively, due to the expected selective inhibition of COX-2 at this level of 

NS398, the constitutively expressed COX-1 may have still been active to oxidize DCFH. 

In support of this, the inclusion of NS398 at 100 |xM, a level expected to inhibit both 

COX-1 and COX-2, completely abrogated the TPA-dependent increase in DCFH 

oxidation. Furthermore, the oxidation of DCFH in DMEM controls was also reduced 

below basal levels when the COX-1 inhibiting concentration of 100 |iM NS398 was used. 

Additionally, the use of the non-specific COX-1 and -2 inhibitors indomethacin and 

ibuprofen reduced both basal (DMEM) and TPA-induced DCFH oxidation. Taken 
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together, these results indicated that COX-1 and COX-2 may have been responsible for 

the entire increase in DCFH oxidation in TPA treated MCF-7 cells. 

The pattern of the TPA induction of COX-2 mRNA, protein, and activity was in 

agreement with published results (Hla er a/., 1992; Espe er a/., 1987). The increased 

oxidation of DCFH to DCF induced by TPA in this study best paralleled the expression 

levels of COX-2 protein and prostaglandin synthesis. Several reports have attributed 

increased oxidation of DCFH by reactive oxygen species (ROS) in response to various 

agents such as TPA (Wang a/., 1996a; Hassan e/a/., 1988; Robertson e/a/., 1990), 

LPS (Imrich et ai, 1999), and SOD (Carter et ai, 1994). However, these agents have 

also been shown to induce COX-2 in separate studies (Hla et ai, 1992; Lee et ai, 1992; 

Yrjanheikki et ai, 2000). Furthermore, some of the studies attributing the oxidation of 

DCFH by ROS have also reported inhibition of induced DCFH oxidation by agents such 

as rotenone and dexamethasone (Wang et ai, 1996a) that also inhibit the induction of 

COX-2 activity (Tetsuka et ai, 1996; DuBois et ai, 1994). The data presented in this 

study indicated it was possible that past reports detecting intracellular DCFH oxidation 

may have unknowingly attributed increased activity of COX-2 or another peroxidase to 

increased levels of ROS. 

We have presented evidence supporting that DCHF-DA can be used as an 

intracellular probe to detect COX-2 induction and inhibition. We have also shown that 

COX-2 can oxidize DCFH in vitro to the fluorescent DCF in the presence or absence of 

the COX-2 substrate arachidonic acid. Therefore, DCFH could be applied to a high-

throughput system to identify potential COX-2 specific inhibitors. Furthermore, because 
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of its usefulness as an intracellular probe, DCFH-DA could be used in conjunction with a 

fluorescence plate reader to screen for potential inducers and inhibitors of COX-2 

expression and activity in cell culture models. Of course, potential inhibitors and 

inducers identified will require further profiling to verify if the target is COX-2 or 

another enzyme. However, biologically inactive molecules could easily and quickly be 

excluded based on the results of the DCFH-DA assay. Thus, only those drugs with the 

potential to inhibit or induce COX-2 would require further screening. 
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VI. CONCLUSIONS 

The research for this dissertation was focused on the molecular mechanisms 

leading to reactive oxygen species production in response to inflammatory tumor 

promoting agents. 

The phorbol ester, 12-0-tetradeconylphorbol-l3-acetate (TPA), a potent tumor 

promoter in the mouse skin model of tumorigenesis, was shown to increase reactive 

oxygen species (ROS) production by HL60 phagocytes. With respect to carcinogenesis, 

ROS produced by phagocytes in response to tumor promoting agents have been 

hypothesized to effect changes in proliferation, differentiation, and apoptotic patterns of 

surrounding normal and initiated cells. In experiments using HL60 cells, the initial 

treatment of TPA was responsible for the majority of the total increase in ROS, an 

additional TPA treatment provided a small, but significant increase in ROS production, 

which occurred immediately (15 min) after the second TPA treatment. 

To elucidate the molecular mechanisms responsible for the initial burst of ROS 

production, the regulation of the catalytic subunit of NADPH oxidase, gp91phox, was 

studied. It was learned that gp91phox was ttanscriptionally regulated in response to 

TPA. RT-PCR and ribonuclease protection assay analyses indicated, gp9Iphox mRNA 

accumulated in a time-dependent manner following the addition of TPA to HL60 cells in 

culture. The use of actinomycin D to inhibit transcription following TPA-induction of 

gp9 Iphox mRNA levels indicated that message stability was unchanged in the TPA 

treated cells compared to cells cultured in control medium alone. Furthermore, a 1.5 kb 

proximal promoter region of the gp9Iphox gene resulted in increased reporter activity in 
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the presence of TPA. These results lead to the conclusion that in promyelocytic HL60 

cells gp91phox is transcriptionally regulated in response to TPA. 

To identify the minimal gp91phox promoter region required to provide TPA-

responsiveness, serial truncations of the gp91phox promoter were cloned into reporter 

constructs and tested in transient transfection of HL60 cells. Of the promoter regions 

tested, only the 1.5 kb region was responsive to TPA. Because TPA is known to increase 

the activity of the transcription factor Activator Protein-1 (AP-1) and due to the 

identification of candidate elements in the gp91phox promoter with sequence similarity 

to the consensus AP-l binding site, it was hypothesized that AP-l played a role in the up-

regulation of gp91phox transcription in response to TPA. 

A role for AP-l in TPA-induced gp91phox promoter activity was established 

when expression of a dominant-negative transactivation mutant c-Jun (TAM67) 

abrogated TPA-induced gp91phox promoter activity. A role for AP-l mediated 

regulation of gp91phox was established further when AP-l family members were found 

to bind in a specific manner to a cw-element in the gp91phox promoter with the sequence 

5'-TGAGTAA. Mutation of this sequence (phox-TRE) eliminated AP-l binding and also 

abrogated the TPA-responsiveness of the gp91phox proximal promoter. Interestingly, an 

AP-l binding site in the tissue inhibitor of metalloproteinase-l gene has the same 

sequence (Edwards et al., 1992). 

These novel findings established for the first time a direct role for the oncogenic 

transcription factor AP-l in the production of ROS by phagocytes. ROS produced by 

phagocytes in response to inflammatory agents are suspected to contribute to the 
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development of cancer by altering the growth and differentiation patterns of initiated cells 

within the exposed tissue. Therefore, understanding the regulatory mechanisms leading 

to the production of ROS in response to inflammatory tumor promoting agents may lead 

to the development of valuable prevention schemes that may reduce the incidence and/or 

delay the onset of cancer. 

While it is well understood that phagocytes can produce ROS as part of the host 

defense mechanisms, it has only recently been understood that non-phagocytic cell types 

may also produce ROS. A molecular probe that has been utilized for research purposes 

involving the biological production of ROS is DCFH-DA. This probe passes through the 

cell membrane and eventually may be oxidized by ROS such as hydrogen peroxide to a 

fluorescence-emitting molecule (DCF). Because of these properties, increased 

fluorescence in cells using DCFH-DA has been interpreted as increased ROS levels. 

However, it has also been shown that horseradish peroxidase can cause DCFH oxidation. 

Therefore, the concomitant up-regulation of peroxidase enzyme activity could potentially 

confound any results using DCFH-DA as a molecular probe for ROS. Evidence to 

support this hypothesis was provided in this dissertation. The result that cyclooxygenase-

2, an enzyme having peroxidase activity, increased DCF levels detected in an enzyme 

concentration-responsive manner suggested that previous studies using DCFH-DA as an 

intracellular probe may not have been measuring the increased ROS levels they 

presumed. This was supported with the results that TPA induced DCFH oxidation in 

MCF-7 cells with a simultaneous increase in COX-2 expression and activity. While this 

was corollary information, the inhibition of TPA-induced DCFH oxidation in MCF-7 



132 

cells by the COX-2 specific inhibitor NS398 established that at least a portion of the 

TPA-induced DCFH oxidation was due to COX-2 activity. In addition, the TPA-induced 

DCFH oxidation was completely abrogated by NS398 and other NSAIDs at levels 

expected to inhibit both COX-1 and COX-2. Therefore, the entire increase in DCFH 

oxidation measured after these epithelial cells were exposed to TPA might be attributable 

to COX activity. This work supported the idea that DCFH-DA could be used as a 

screening tool to identify potential COX-2 inducers and inhibitors. The results would 

require verification using more specific analyses. However, the application may be 

valuable if many natural or synthetic molecules required screening. 

Questions raised by the research presented in this dissertation that will require 

future studies include determining the mechanisms regulating AP-l that lead to increased 

gp9lphox transcription and whether AP-I is involved in mediating the transcription of 

other NADPH oxidase components. Since AP-l activity is regulated by mechanisms in 

addition to DNA-binding activity and because AP-l activity is regulated post-

translationally as well as transcriptionally it will be necessary for future studies to factor 

all AP-l regulatory mechanisms to determine which ones mediate the hypothesized 

regulation of gp9lphox by AP-l. In addition, while this work supports the hypothesis 

that AP-l activity is required for TPA-induced gp91phox transcription, it does not answer 

questions regarding what other factors may be important for TPA-induced up-regulation 

of gp9lphox. Furthermore, the significance of the non-consensus AP-l binding element 

identified in the gp9lphox promoter here and previously in the tissue inhibitor of 
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metalloproteinase-1 promoter may provide interesting information regarding to AP-l 

regulated genes. 

In addition, the role of gp91phox and associated proteins will be a continued area 

of relevant research with respect to cancer biology. Interesting work could be done to 

determine if gp91phox can be classified as an oncogene. For example, co-culture based 

experiments using phagocytes stimulated to produce ROS when compared to phagocytes 

with non-functional gp91phox/NADPH oxidase would be expected to produce target 

cells with increased tumorigenic potential and ability to grow in soft agar if gp9lphox 

were oncogenic. Additionally, gp9Iphox gene-knockout mice could be utilized to further 

establish a role for gp91phox in carcinogenesis. These mice could be tested in the mouse 

skin model of tumorigenesis and be expected to develop fewer tumors over the same 

period of promotion with TP A compared to control mice if gp91phox, and subsequently 

NADPH oxidase, contributed to tumor promotion. 

While gp91phox and other components of NADPH oxidase are primarly 

expressed in phagocytes, there is growing evidence that these proteins and proteins 

highly related to gp91phox are expressed in other cell types. Therefore, future work to 

determine if gp91phox may be expressed in non-phagocytic cells at certain stages of 

carcinogenesis is important. In addition, the roles that recently identified proteins with 

similarity to gp91phox play in normal and abnormal phenotypes such as cancer will be 

valuable to elucidate. In the event that gp91phox associated ROS production continues to 

be established as a mediator of tumor promotion, it will be fundamental for individuals to 

avoid exposures that stimulate gp91phox expression and subsequently ROS production. 
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These would include, but not limited to, inflammatory agents and infection by pathogens 

such as bacteria, viruses, and fungi. 

This work elucidated one molecular mechanism mediated by AP-1 that results in 

tumor promoter induced ROS production by phagocytes. It is likely that several other 

mechanisms await discovery. However, with respect to AP-1 and gp91phox it will be 

interesting to establish if agents that have been shown to up-regulate AP-1 and gpQlphox 

activity independently (i.e. cytokines and lipopolysaccarhide) mediate their effects on 

gp91phox through AP-1 and the phox-TRE identified in this study. Furthermore, several 

environmental agents such as UV irradiation, viral proteins, plant products, and arsenic 

increase AP-1 activity. Whether any environmental or endogenous AP-1 activators also 

induce the transcription of gp9lphox will be valuable to determine in order to establish 

which exposures may promote carcinogenesis through AP-1 mediated gp91phox up-

regulation and subsequently ROS production within the exposed tissue. 

Continued work with inhibitors of tumor promotion will undoubtedly undercover 

additional mechanisms that chemopreventive agents utilize to inhibit tumor promotion. 

For example, glucocorticoids are potent inhibitors of mouse skin tumor promotion by 

TPA. It has also been established independently that glucocorticoids inhibit AP-1 

activity and gp91phox transcription. Perhaps one mechanism of glucocorticoid-inhibited 

TPA promotion is the reduction of tissue ROS levels due to lowering gp91phox levels. 

Many other agents that have cancer chemopreventive abilities that are attributed to 

inhibition of AP-1 activity and antioxidant potential could also be investigated. 

Examples include resveratrol, tea polyphenols, and cartenoids. 



Ideally, the potential tumor-promoting effects of phagocyte produced ROS on 

initiated cells may be diminished by avoiding AP-1 activating and subsequently 

gp91phox inducing exposures. Furthermore, because tumor promotion is considered a 

long process involving multiple exposures to promoting agents, it is possible promotion 

might even be prevented by administering agents that inhibit AP-1 activity and thus, the 

induction of ROS-producing gp91phox/NADPH oxidase. However, it is necessary to 

remember, the superoxide produced by NADPH oxidase has an important role in the 

immune response against invading pathogens. Therefore, it will be most likely be 

difficult to completely protect tissues from phagocyte produced ROS. However, if the 

exposure frequency and duration of initiated cells to phagocyte produced ROS can be 

minimized it may translate into significant reductions in the incidence of some cancers. 



136 

Vn. APPENDIX A: PERMISSION TO USE COPYRIGHTED 

MATERIALS 

0l/2«/ai 1«:3J FU Sol 

ARIZONA. 
}mel8.200l 

|\ loHi I. Opptntetm, M.D. Editor-ioOiief 
/Ov •JowntlofUukocyteBiofcJiy 
(JY/ Suite 289 

103Bai(liinin'iL«ie 
FiedMkk, MD 21702 

DewDr. OppnfeiiBi. 

I will be wbninini > dilieiattoa to the Ondoitt CoUeie It Tbe Uoivtrnty of AnOMfOI 
ptrtiritulfiUmBUofIheitquiwuMB lortbt(toywofDectofof PliiloMiphy. CcMiad]MV 
pectnUnoa ii lecdvcd. I plw to iocludo pirtt of ibe iMt nd lU fipim from a (SMaaoipi M 
nuntly publiahed in the Jounil of Uukoeyie Biolopr. Tbt pubUcaiton it u foUowK 

D&vid I. SaBuelMB, Mihiane-B Powell, Mnu Uuht-Pnvvt, aod Doaiio F. Roaufaok). 
TnaicnptiaMl Ktintian of ibe nAlphn NADPH oxidue iubunit by TFA io HL^ oeUi. 
jouBilofUukoeyleBiology, Volnfl»fi9,Inuiiy 2001,pigei 161-168. 

Tbe UuvwiityoTAiliaM ni{iiifn • Itittr froa your joumil lUtiof pcmiiuioa is 
iluiMpMviaMiypabliiiiedd«ticaiibeuiedisibedili^^ AddiliottiUy,pcnsiiiin 

/fC 

iBcoipnuid if bcRby raquetieiL 

Hit f« number »»J20-626-»979 

SlactRly, 

Divid J. SimMlwii. M.S. 

'Ci^Biolo|ylBtertlici|Jia«yGiidu«ePw«rm rg 
TheUmwnityef AiiioM Mif 
ISISNCanpW Ave. 
TUcMa,AZ 15724 _ ^ 

Ftt 52(MSJM979 /Lj 
Phoae; 52M21.«i7 
Eoai); diimDeU9ii.Miniu.tdu V 

• N«inn,ic.«,i»a«,.., .*««»« c«i«i.a«u 



137 

Vra. REFERENCES 

Abate C, Patel L, Rauscher FJ 3rd, Curran T. (1990). Redox regulation of fos and jun 
DNA-binding activity in vitro. Science 249, 1157-1161. 

Adler V, Yin Z, Tew KD, Ronai Z. (1999). Role of redox potential and reactive oxygen 
species in stress signaling. Oncogene 18,6104-6111. 

Adunyah SE, Unlap TM, Wagner F, Kraft AS. (1991). Regulation of c-jun expression 
and AP-1 enhancer activity by granulocyte-macrophage colony-stimulating factor. J 
Biol CItem 266, 5670-5675. 

Akiyama T, Toyoshima K. (1990). Marked alteration in phosphorylation of the RB 
protein during differentiation of human promyelocytic HL60 cells. Oncogene 5, 
179-183. 

Alberts AS, Deng T, Lin A, Meinkoth JL, Schonthal A, Mumby MC, Karin M, 
Feramisco JR. (1993). Protein phosphatase 2A potentiates activity of promoters 
containing AP-1 binding elements. Mol Cell Biol 13,2104-2112. 

Albagli O, Lantoine D, Quief S, Quignon F, Englert C, Kerckaert JP, Montarras D, Pinset 
C, Lindon C. (1999). Overexpressed BCL6 (LAZ3) oncoprotein triggers apoptosis, 
delays S phase progression and associates with replication foci. Oncogene 18,5063-
5075. 

Angel P, Imagawa M, Chiu R, Stein B, Imbra RJ, Rahmsdorf HJ, Jonat C, Herrlich P, 
Karin M. (1987). Phorbol ester-inducible genes contain a common cis element 
recognized by a TPA-modulated trans-acting factor. Cell 49,729-739. 

Angel P, Hattori K, Smeal T, Karin M. (1988). The jun proto-oncogene is positively 
autoregulated by its product, Jun/AP-1. Cell 55,875-885. 

Angel P, Karin M. (1991). The role of Jun, Fos and the AP-1 complex in cell-
proliferation and transformation. Biochim BiophysActa 1072, 129-157. 

Baker AF, Briehl MM, Dorr R, Powis G. (1996). Decreased antioxidant defence and 
increased oxidant sttess during dexamthasone-induced apoptosis: bcl-2 prevents the 
loss of antioxidant enzyme activity. Cell Death Differ 3,207-213. 

Baltus B, van Dijk TB, Caldenhoven E, Zanders E, Raaijmakers JAM, Lammers JWJ, 
Koenderman L, de Groot RP. (1998). An AP-1 site in the promoter of the human 



138 

IL-5R alpha gene is necessary for promoter activity in eosinophilic HL60 cells. 
f£B5 434,251-254. 

Bannister AJ, Gottlieb TM, Kouzarides T, Jackson SP. (1993). c-Jun is phosphorylated 
by the DNA-dependent protein kinase in vitro; definition of the minimal kinase 
recognition motif. Nucleic Acids Res 21,1289-1295. 

Bannister AJ, Oehler T, Wilhelm D, Angel P, Kouzarides T. (1995). Stimulation of c-Jun 
activity by CEP: c-Jun residues Ser63/73 are required for CEP induced stimulation 
in vivo and CEP binding in vitro. Oncogene 11,2509-2514. 

Barber JR, Verma IM. (1987). Modification of fos proteins: phosphorylation of c-fos, but 
not v-fos, is stimulated by 12-tetradecanoyl-phorbol-l3-acetate and serum. Mol Cell 
Bioll, 2201-2211. 

Barker KA, Orkin SH, Newburger PE. (1988). Expression of the X-CGD gene during 
induced differentiation of myeloid leukemia cell line HL-60 Mol Cell Biol 8,2804-
2810. 

Bamett J, Chow J, Ives D, Chiou M, Mackenzie R, Osen E, Nguyen B, Tsing S, Bach C, 
Freire J, et al. (1994). Purification, characterization and selective inhibition of 
human prostaglandin G/H synthase 1 and 2 expressed in the baculovirus system. 
Biocliim Biophys Acta 1209, 130-139. 

Berenblum, I. (1941). The mechanism of carcinogenesis: A study of the significance of 
carcinogenic action and related phenomena. Cancer Res 1,807-816. 

Black MJ, Brandt RE. (1974). Spectrofluorometric analysis of hydrogen peroxide. Anal 
Biochem 58,246-254. 

Bokoch GM. (1994). Regulation of the human neutrophil NADPH oxidase by the Rac 
GTP-binding proteins Curr Opin Cell Biol 6,212-218. 

Boyle WJ, Smeal T, Defize LH, Angel P, Woodgett JR, Karin M, Hunter T. (1991). 
Activation of protein kinase C decreases phosphorylation of c-Jun at sites that 
negatively regulate its DNA-binding activity. Cell 64,573-584. 

Bredt DS, Snyder SH. (1989). Nitric oxide mediates glutamate-linked enhancement of 
cGMP levels in the cerebellum. Proc Natl Acad Sci USAS6,9030-9033. 

Brenner DA, Ohara M, Angel P, Chojkier M, Karin M. (1989). Prolonged activation of 
jun and collagenase genes by tumour necrosis factor-alpha. Nature 337,661-663. 



139 

Brown PH, Alani R, Preis LH, Szabo E, Birrer MJ. (1993). Suppression of oncogene-
induced transformation by a deletion mutant of c-jun. Oncogene 8,877-886. 

Brown NR, Noble ME, Endicott JA, Johnson LN. (1999). The structural basis for 
specificity of substrate and recruitment peptides for cyclin-dependent kinases. Nat 
Cell Biol 1,438-443. 

Carter WO, Narayanan PK, Robinson JP. (1994). Intracellular hydrogen peroxide and 
superoxide anion detection in endothelial cells. J Leukoc Biol 55,253-258. 

Cassatella, M. A., Hartman, L., Perussia, B., Trinchieri, G. (1989). Tumor necrosis factor 
and immune interferon synergistically induce cytochrome b245 heavy-chain gene 
expression and nicotinamide-adenine dinucleotide phosphate hydrogenase oxidase 
in human leukemic myeloid cells. J Clin Invest 83,1570-1579. 

Cathcart R, Schwiers E, Ames BN. (1983). Detection of picomole levels of 
hydroperoxides using a fluorescent dichlorofluorescein assay. Anal Biochem 134, 
111-116. 

Cavigelli M, Dolfi F, Claret FX, Karin M. (1995). Induction of c-fos expression through 
JNK-mediated TCF/Elk-1 phosphorylation. EMBO J14,5957-59^. 

Chen, W., Borchers, A. U., Dong, Z., Powell, M. B., and Bowden, G. T. (1998). UVB 
irradiation-induced Activator Protein-1 activation correlates with increased c-fos 
gene expression in a human keratinocyte cell line. J Biol Chem 273,32176-32181. 

Chong YC, Heppner GH, Paul LA, Fulton AM. (1989). Macrophage-mediated induction 
of DNA strand breaks in target tumor cells. Cancer Res 49,6652-6657. 

Church SL, Grant JW, Ridnour LA, Oberley LW, Swanson PE, Meltzer PS, Trent JM. 
(1993). Increased manganese superoxide dismutase expression suppresses the 
malignant phenotype of human melanoma cells. Proc Natl Acad Sci USA 90, 3113-
3117. 

Cimino F, Esposito F, Ammendola R, Russo T. (1997). Gene regulation by reactive 
oxygen species. Curr Top Cell Regul 35,123-148. 

Claret FX, Hibi M, Dhut S, Toda T, Karin M. (1996). A new group of conserved 
coactivators that increase the specificity of AP-1 transcription factors. Nature 383, 
453-457. 

Clarke S, Gordon S. (1998). Myeloid-specific gene expression. J Leukoc Biol 63,153-
168. 



140 

Collins SJ, Gallo RC, Gallagher RE. (1977). Continuous growth and differentiation of 
human myeloid leukaemic cells in suspension culture. Nature 270,347-349. 

Collins SJ, Ruscetti FW, Gallagher RE, Gallo RC. (1978). Terminal differentiation of 
human promyelocytic leukemia cells induced by dimethyl sulfoxide and other polar 
compounds. Proc Natl Acad Sci U SA15,2458-2462. 

Collins SJ. (1987). The HL-60 promyelocytic leukemia cell line: proliferation, 
differentiation, and cellular oncogene expression. Blood 70,1233-1244. 

Condino-Neto A, Whitney C, Newburger PE. (1998). Dexamethasone but not 
indomethacin inhibits human phagocytes NADPH oxidase activity by down-
regulating expression of genes encoding oxidase components J Immunol 161,4960-
4967. 

Copeland RA, Williams JM, Giannaras J, Numberg S, Covington M, Pinto D, Pick S, 
Trzaskos JM. (1994). Mechanism of selective inhibition of the inducible isoform of 
prostaglandin G/H synthase. Proc Natl Acad Sci USA91, 11202-11206. 

Dalton TP, Shertzer HG, Puga,A. (1999). Regulation of gene expression by reactive 
oxygen. Annual Reviews of Pharmacology and Toxicology 39, 67-101. 

Damell JE Jr, Kerr IM, Stark GR. (1994). Jak-STAT pathways and transcriptional 
activation in response to IFNs and other extracellular signaling proteins. Science 
264, 1415-1421. 

de Boer M, Bolscher BG, Dinauer MC, Orkin SH, Smith CI, Ahlin A, Weening RS, Roos 
D. (1992). Splice site mutations are a common cause of X-linked chronic 
granulomatous disease. Blood SO, 1553-1558. 

DeLeo FR, Allen LA, Apicella M, Nauseef WM. (1999). NADPH oxidase activation and 
assembly during phagocytosis. J Immunol 163,6732-6740. 

Deng T, Karin M. (1994). c-Fos transcriptional activity stimulated by H-Ras-activated 
protein kinase distinct from JNK and ERK. Nature 371, 171-175. 

Derijard B, Hibi M, Wu IH, Barrett T, Su B, Deng T, Karin M, Davis RJ. (1994). JNKl; 
a protein kinase stimulated by UV light and Ha-Ras that binds and phosphorylates 
the c-Jun activation domain. Cell 76,1025-1037. 

Dinauer MC, Orkin SH. (1988). Chronic granulomatous disease. Molecular genetics. 
Hematol Oncol Clin North Am 2,225-240. 



141 

Dinauer MC, Cumutte JT, Rosen H, Orkin SH. (1989). A missense mutation in the 
neutrophil cytochrome b heavy chain in cytochrome-positive X-linked chronic 
granulomatous disease. J Clin Invest 84,2012-2016. 

Dizdaroglu M, Olinski R, Doroshow JH, Akman SA. (1993). Modification of DNA bases 
in chromatin of intact target human cells by activated human polymorphonuclear 
leukocytes. Cancer Res 53,1269-1272. 

Domann FE, Levy JP, Birrer MJ, Bowden GT. (1994). Stable expression of a c-JUN 
deletion mutant in two malignant mouse epidermal cell lines blocks tumor 
formation in nude mice. Cell Growth DijferS, 9-16. 

DuBois RN, Awad J, Morrow J, Roberts U 2nd, Bishop PR. (1994). Regulation of 
eicosanoid production and mitogenesis in rat intestinal epithelial cells by 
transforming growth factor-alpha and phorbol ester. J Clin Invest 93,493-498. 

DuBois RN, Smalley WE. (1996). Cyclooxygenase, NSAIDs, and colorectal cancer. J 
Gastroenterol. 31, 898-906. 

Dubreuil, P, Courcoul, M, Mannoni, P. (1988). Molecular events induced in the HL 60 
cell line following treatment with gamma-interferon. Cancer Detect Prev 12, 15-21. 

Dutton DR, Bowden GT. (1985). Indirect induction of a clastogenic effect in epidermal 
cells by a tumor promoter. Carcinogenesis 6, 1279-1284. 

Eberhart CE, Coffey RJ, Radhika A, Giardiello FM, Ferrenbach S, DuBois RN. (1994). 
Up-regulation of cyclooxygenase 2 gene expression in human colorectal adenomas 
and adenocarcinomas. Gastroenterology WJ, 1183-1188. 

Edwards DR, Rocheleau H, Sharma RR, Wills AJ, Cowie A, Hassell JA, Heath JK. 
(1992). Involvement of API and PEA3 binding sites in the regulation of murine 
tissue inhibitor of metalloproteinases-1 (TIMP-1) transcription. Biochim Biophys 

1171,41-55. 

El Benna J, Faust RP, Johnson JL, Babior BM. (1996a). Phosphorylation of the 
respiratory burst oxidase subunit p47phox as determined by two-dimensional 
phosphopeptide mapping. Phosphorylation by protein kinase C, protein kinase A, 
and a mitogen-activated protein kinase. J Biol Chem 271,6374-6378. 

El Benna J, Han J, Park JW, Schmid E, Ulevitch RJ, Babior BM. (1996b). Activation of 
p38 in stimulated human neutrophils: phosphorylation of the oxidase component 
p47phox by p38 and ERK but not by JNK. Arch Biochem Biophys 334,395-400. 



142 

Eklund EA, Skalnik DG. (1995). Characterization of a gp9i-phox promoter element that 
is required for interferon gamma-induced transcription. J Biol Chem 270,8267-
8273. 

Eklund EA, Luo W, Skalnik DG. (1996a). Characterization of three promoter elements 
and cognate DNA binding protein(s) necessary for IFN-gamma induction of gp91-
phox transcription. y/mmM/io/157,2418-2429. 

Eklund EA, Jalava A, Kakar R. (1996b). PU.l, interferon regulatory factor 1, and 
interferon consensus sequence-binding protein cooperate to increase gp91phox 
expression J Biol Chem 271,18203-18210. 

Eklund EA, Jalava A, Kakar R. (1998). PU.l, interferon regulatory factor 1, and 
interferon consensus sequence-binding protein cooperate to increase gp91(phox) 
expression, y fl/o/ Chem 273, 13957-13965. 

Espe U, Furstenberger G, Marks F, Kaszkin M, Kinzel V. (1987). Early changes in the 
arachidonic acid metabolism of HeLa cells in response to the tumor promoter 12-0-
tetradecanoylphorbol-13-acetate (TPA) and related compounds. J Cancer Res Clin 
Oncol 113,137-144. 

Faulkner, K., Fridovich, I. (1993). Luminol and lucigenin as detectors for Oi*'. Free 
Radic Biol Med 15,447-451. 

Feig DI, Reid TM, Lx)eb LA. (1994). Reactive Oxygen Species in tumorigenesis. Cancer 
ResSA, 1890s-1894s. 

Finkel T. (1998). Oxygen radicals and signaling. Curr Opinion Cell Biol 10,248-253. 

Finkel T. (1999). Signal transduction by reactive oxygen species in non-phagocytic cells. 
J Leukoc Biol 65, 337-340. 

Fischer SM, Adams LM. (1985). Suppression of tumor promoter-induced 
chemiluminescence in mouse epidermal cells by several inhibitors of arachidonic 
acid metabolism. Cancer Res 45,3130-3136. 

Fisher GJ, Voorhees JJ. (1998). Molecular mechanisms of photoaging and its prevention 
by retinoic acid: ultraviolet irradiation induces MAP kinase signal transduction 
cascades that induce Ap-1-regulated matrix metalloproteinases that degrade human 
skin in vivo. J Investig Dermatol Symp Proc 3, 61-68. 

Foletta VC, Segal DH, Cohen DR. (1998). Transcriptional regulation in the immune 
system; all roads lead to AP-1. J Leukoc Biol 63, 139-152. 



143 

Forghani F, Ouellet M, Keen S, Percival MD, Tagari P. (1998). Analysis of prostaglandin 
G/H synthase-2 inhibition using peroxidase-induced luminol luminescence. Anal 
Biochem 264,216-221. 

Francke U, Ochs HD, de Martinville B, Giacalone J, Lindgren V, Disteche C, Pagon RA, 
Hofker MH, van Ommen GJ, Pearson PL, et al. (1985). Minor Xp21 chromosome 
deletion in a male associated with expression of Duchenne muscular dystrophy, 
chronic granulomatous disease, retinitis pigmentosa, and McLeod syndrome. Am J 
Hum Genet 37,250-267. 

Frenkel K. (1992). Carcinogen-mediated oxidant formation and oxidative DNA damage. 
Pharmacol Ther 53, 127-166. 

Frey D, Machler M, Seger R, Schmid W, Orkin SH. (1988). Gene deletion in a patient 
with chronic granulomatous disease and McLeod syndrome: fine mapping of the Xk 
gene locus. Blood 71,252-255. 

Fridovich I. (1997). Superoxide anion radical, superoxide dismutases, and related 
matters. J Biol Chem 272, 18515-18517. 

Fukui T, Yoshiyama M, Hanatani A, Omura T, Yoshikawa J, Abe Y. (2001). Expression 
of p22-phox and gp91-phox, essential components of NADPH oxidase, increases 
after myocardial infarction. Biochem Biophys Res Commun 281, 1200-1206. 

Garthwaite J, Charles SL, Chess-Williams R. (1988). Endothelium-derived relaxing 
factor release on activation of NMDA receptors suggests role as intercellular 
messenger in the brain. Nature 336,385-388. 

Garthwaite J. (1991). Glutamate, nitric oxide and cell-cell signalling in the nervous 
system. Trends Neurosci 14,60-67. 

Goodnight J, Mischak H, Mushinski JF. (1994). Selective involvement of protein kinase 
C isozymes in differentiation and neoplastic transformation. Adv Cancer Res 64, 
159-209. 

Gupta JW, Kubin M, Hartman L, Cassatella M, Trinchieri G. (1992). Induction of 
expression of genes encoding components of the respiratory burst oxidase during 
differentiation of human myeloid cell lines induced by tumor necrosis factor and 
gama-interferon. Cancer Res 52,2530-2537. 

Gupta S, Campbell D, Derijard B, Davis RJ. (1995). Transcription factor ATF2 
regulation by the JNK signal transduction pathway. Science 267, 389-393. 



144 

Gupta A, Rosenberger SF, Bowden GT. (1999). Increased ROS levels contribute to 
elevated transcription factor and MAP kinase activities in malignantly progressed 
mouse keratinocyte cell lines. Carcinogenesis 20,2063-2073. 

Gupta A, Butts B, Kwei KA, Dvorakova K, Stratton SP, Briehl MM, Bowden GT. 
(2001). Attenuation of catalase activity in the malignant phenotype plays a 
functional role in an in vitro model of tumor progression. Cancer Lett In Press. 

Guyer B, Freedman MA, Strobino DM, Sondik EJ. (20(X)). Annual Summary of Vital 
Statistics: Trends in the Health of Americans During the 20th Century. Pediatrics 
106, 1307-1317. 

Gyllenhammar H. (1987). Lucigenin chemiluminescence in the assessment of neutrophil 
superoxide production J Immunol Methods 97,209-213. 

Halazonetis TD, Georgopoulos K, Greenberg ME, Leder P. (1988). c-Jun dimerizes with 
itself and with c-Fos, forming complexes of different DNA binding affinities. Cell 
55,917-924. 

Hambleton J, Weinstein SL, Lem L, DeFranco AL. (1996). Activation of c-Jun N-
terminal kinase in bacterial lipopolysaccharide-siimulated macrophages. Proc Natl 
A c a d S c i  U S A  9 X  

Hashimoto K, Kishimoto A, Aihara H, Yasuda I, Mikawa K, Nishizuka Y. (1990). 
Protein kinase C during differentiation of human promyelocytic leukemia cell line, 
HL-60.FEBSL««263,31-34. 

Hassan NF, Campbell DE, Douglas SD. (1988). Phorbol myristate acetate induced 
oxidation of 2',7'-dichlorofIuorescin by neutrophils from patients with chronic 
granulomatous disease. J Leukoc Biol 43, 317-322. 

Heinemeyer T, Wingender E, Reuter I, Hermjakob H, Kel AE, Kel OV, Ignatieva EV, 
Ananko EA, Podkolodnaya OA, Kolpakov FA, Podkolodny NL, Kolchanov NA. 
(1998). Databases on transcriptional regulation: TRANSFAC, TRRD and 
COMPEL. Nucleic Acids Res 26,362-367. 

Herr I, van Dam H, Angel P. (1994). Binding of promoter-associated AP-1 is not altered 
during induction and subsequent repression of the c-jun promoter by TPA and UV 
irradiation. Carcinogenesis 15, 1105-1113. 

Heyworth PG, Cumutte JT, Nauseef WM, Volpp BD, Pearson DW, Rosen H, Clark RA. 
(1991). Neutrophil nicotinamide adenine dinucleotide phosphate oxidase assembly. 
Translocation of p47-phox and p67-phox requires interaction between p47-phox 
and cytochrome b558. J Clin Invest 87,352-356. 



145 

Hibi M, Lin A, Smeal T, Minden A, Karin M. (1993). Identification of an oncoprotein-
and UV-responsive protein kinase that binds and potentiates the c-Jun activation 
domain. Genes Dev 7,2135-2148. 

Hla T, Neilson, K. (1992). Human cylooxygenase-2 cDNA. Proc Natl Acad Sci US AS9, 
7384-7388. 

Homma Y, Henning-Chubb CB, Huberman E. (1986). Translocation of protein kinase C 
in human leukemia cells susceptible or resistant to differentiation induced by 
phorbol 12-myristate 13-acetate. Proc Natl Acad Sci US A83,7316-7319. 

Homma Y, Gemmell MA, Huberman E. (1988). Protein kinase C activities with different 
characteristics, including substrate specificity, from two human HL-60 leukemia 
cell variants. Cancer Res 48,2744-2748. 

Horiguchi-Yamada J, Yamada H, Nakada S, Ochi K, Nemoto T. (1994). Changes of 01 
cyclins, cdk2, and cyclin A during the differentiation of HL60 cells induced by 
TPA. Mol Cell Biochem 132,31-37. 

Hsu TC, Young MR, Cmarik J, Colbum NH. (2(X)0). Activator protein 1 (AP-1)- and 
nuclear factor kappaB (NF-kappaB)-dependent transcriptional events in 
carcinogenesis. Free Radio Biol Med 28, 1338-1348. 

Huberman E, Callaham MF. (1979). Induction of terminal differentiation in human 
promyelocytic leukemia cells by tumor-promoting agents. Proc Natl Acad Sci USA 
76, 1293-1297. 

Imrich A, Ning YY, Kobzik L. (1999). Intracellular oxidant production and cytokine 
responses in lung macrophages: evaluation of fluorescent probes. J Leukoc Biol 65, 
499-507. 

Inanami O, Johnson JL, McAdara JK, Benna JE, Faust LR, Newburger PE, Babior BM. 
(1998). Activation of the leukocyte NADPH oxidase by phorbol ester requires the 
phosphorylation of p47PHOX on serine 303 or 304. J Biol Chem 273,9539-9543. 

Irani K, Xia Y, Zweier JL, Sollott SJ, Der CJ, Fearon ER, Sundaresan M, Finkel T, 
Godschmidt-Clermont PJ. (1997). Mitogenic signaling mediated by oxidants in ras-
transformed fibroblasts. Science 275,1649-1652. 

Jacobsen BM, Skalnik DG. (1999). YYl binds five cis-elements and trans-activates the 
myeloid cell-restricted gp91(phox) promoter. 7 Bio/ Chem 214,29984-29993. 



146 

Jang M, Pezzuto JM. (1998). Effects of resveratrol on 12-0-tetradecanoylphorbol-l3-
acetate-induced oxidative events and gene expression in mouse skin. Cancer Lett 
134,81-89. 

Janoff A, Klassen A, Troll W. (1970). Local vascular changes induced by the 
cocarcinogen, phorbol myristate acetate. Cancer Res 30,2568-2571. 

Jiang H, Lin J, Su ZZ, Collart FR, Huberman E, Fisher PB. (1994). Induction of 
differentiation in human promyelocytic HL-60 leukemia cells activates p21, 
WAFl/CIPl, expression in the absence of p53. Oncogene 9,3397-3406. 

Jones SA, O'Donnell VB, Wood JD, Broughton JP, Hughes EJ, Jones OT. (1996). 
Expression of phagocyte NADPH oxidase components in human endothelial cells. 
Am J Physiol 271, H1626-H1634. 

Kallunki T, Deng T, Hibi M, Karin M. (1996). c-Jun can recruit JNK to phosphorylate 
dimerization partners via specific docking interactions. Cell 87,929-939. 

Kamei Y, Xu L, Heinzel T, Torchia J, Kurokawa R, Gloss B, Lin SC, Heyman RA, Rose 
DW, Glass CK, Rosenfeld MG. (1996). A CBP integrator complex mediates 
transcriptional activation and AP-1 inhibition by nuclear receptors. Cell 85,403-
414. 

Kargman SL, O'Neill GP, Vickers PJ, Evans JF, Mancini JA, Jothy S. (1995). Expression 
of prostaglandin G/H synthase-1 and -2 protein in human colon cancer. Cancer Res 
55,2556-2559. 

Karin, M. (1995). The regulation of AP-l activity by mitogen-activated protein kinases. J 
Biol Cfiem 270,16483-16486. 

Karin M, Liu Z, Zandi E. (1997). AP-l function and regulation. Ciirr Opinion Cell Biol 
9,240-246. 

Keston AS, Brandt R. (1965). The fluorometric analysis of ultramicro quantities of 
hydrogen peroxide. Anal. Biochem 11,1-5. 

Kobayashi T, Robinson JM, Seguchi H. (1998). Identification of intracellular sites of 
superoxide production in stimulated neutrophils. J Cell Sci 111, 81-91. 

Kolesnick RN. (1989). Sphingomyelinase action inhibits phorbol ester-induced 
differentiation of human promyelocytic leukemic (HL-60) cells. J Biol Chem 264, 
7617-7623. 



147 

Konishi H, Tanaka M, Takemura Y, Matsuzaki H, Ono Y, Kikkawa U, Nishizuka Y. 
(1997). Activation of protein kinase C by tyrosine phosphorylation in resoponse to 
H2O2. Proc Natl Acad Sci USA 94, 11233-11237. 

Krall J, Bagley AC, Mullenbach GT, Hallewell RA, Lynch RE. (1988). Superoxide 
mediates the toxicity of paraquat for cultured mammalian cells J Biol Chem 263, 
1910-1914. 

Kuga S, Otsuka T, Niiro H, Nunoi H, Nemoto Y, Nakano T, Ogo T, Umei T, Niho Y. 
(1996). Suppression of superoxide anion production by interleukin-10 is 
accompanied by a downregulation of the genes for subunit proteins of NADPH 
oxidase. Exp Hematol 24, 151-157. 

Kukreja RC, Kontos HA, Hess ML, Ellis EF. (1986). PGH synthase and lipoxygenase 
generate superoxide in the presence of NADH or NADPH. Ore Res 59,612-619. 

Kulmacz RJ, Wang LH. (1995). Comparison of hydroperoxide initiator requirements for 
the cyclooxygenase activities of prostaglandin H synthase-1 and -2. J Biol Chem 
270,24019-24023. 

LeBel CP, Ischiropoulos H, Bondy SC. (1992). Evaluation of the probe 2',7'-
dichlorofluorescin as an indicator of reactive oxygen species formation and 
oxidative stress. Chem Res Toxicol 5,227-231. 

Lee W, Mitchell P, Tjian R. (1987). Purified transcription factor AP-1 interacts with 
TPA-inducible enhancer elements. Cell 49,741-752. 

Lee SH, Soyoola E, Chanmugam P, Hart S, Sun W, Zhong H, Liou S, Simmons D, 
Hwang D. (1992). Selective expression of mitogen-inducible cyclooxygenase in 
macrophages stimulated with lipopolysaccharide. / Bio/ Chem 267,25934-25938. 

Leusen, J. H., Verhoeven, A. J., Roos, D. (1996). Interactions between the components of 
the human NADPH oxidase: a review about the intrigues in the PHOX family. J 
Lab Clin Med 128,461-476. 

Levy R, Rotrosen D, Nagauker O, Leto TL, Malech HL. (1990). Induction of the 
respiratory burst in HL-60 cells. J Immunol 145,2595-2601. 

Li Y, Zhu H, Kuppusamy P, Roubaud V, Zweier JL, Trush MA. (1998). Validation of 
lucigenin (bis-N-methylacridinium) as a chemiluminescence probe for detecting 
superoxide anion radical production by enzymatic and cellular systems. J Biol 
Chem 273,2015-2023. 



148 

Liebermann DA, Hofftnan-Liebermann B. (1994). Genetic programs of myeloid cell 
differentiation, Ciirr Opin Hematol 1,24-32. 

Liebermann DA, Gregory B, Hoffman B. (1998). AP-1 (Fos/Jun) transcription factors in 
hematopoietic differentiation and apoptosis. Int J Oncol 12,85-7(X). 

Lievens PMJ, Donady JJ, Tufarelli C, Neufeld EJ. (1995). epressor activity of CCAAT 
displacement protein in HL-60 myeloid leukemia cells J Biol Chem 270,12745-
12750. 

Lin A, Frost J, Deng T, Smeal T, al-Alawi N, Kikkawa U, Hunter T, Brenner D, Karin M. 
(1992). Casein kinase II is a negative regulator of c-Jun DNA binding and AP-l 
activity. Cell70,777-789. Erratum in: (1992). CelllX, following 886. 

Lo YY, Cruz TF. (1995). Involvement of reactive oxygen species In cytokine and growth 
factor induction of c-fos expression in chondrocytes. J Biol Chem 270, 11727-
11730. 

Lord KA, Abdollahi A, Hoffman-Liebermann B, Liebermann DA. (1993). Proto-
oncogenes of the fos/jun family of transcription factors are positive regulators of 
myeloid differentiation. Mol Cell Biol 13,841-851. 

Lou W, Skalnik DG. (1996). Interferon regulatory factor-2 directs transcription from the 
gp9Iphox promoter, y fl/o/ Chem 271,23445-23451. 

Lu G, Tsai AL, Van Wart HE, Kulmacz RJ. (1999). Comparison of the peroxidase 
reaction kinetics of prostaglandin H synthase-1 and -2. J Biol Chem 274, 16162-
16167. 

Ma Y, Cao L, Kawabata T, Yoshino T, Yang BB, Okada S. (1998). Cupric 
nitrilotriacetate induces oxidative DNA damage and apoptosis In human leukemia 
HL-60 cells. Free Radic Biol Med 21,261-273. 

MacFarlane DE, Manzel L. (1994). Activation of 6-isozyme of protein kinase C (PKCB) 
is necessary and sufficient for phorbol ester-induced differentiation of HL-60 
promyelocytes. J Biol Chem 269,4327-4331. 

Mamett LI, Ji C. (1994). Modulation of oxidant formation in mouse skin in vivo by 
tumor-promoting phorbol esters. Cancer Res 54,1886s-1889s. 

Matsui M, Tokuhara M, Konuma Y, Nomura N, Ishizaki R. (1990). Isolation of human 
fos-related genes and their expression during monocyte-macrophage differentiation. 
Oncogene 5,249-255. 



149 

Min W, Ghosh S, Lengyel P. (1996). The interferon-inducible p202 protein as a 
modulator of transcription: inhibition of NF-kappa B, c-Fos, and c-Jun activities. 
Mol Cell Biol 16, 359-368. 

Mitchell RL, Henning-Chubb C, Huberman E, Verma IM. (1986). c-fos expression is 
neither sufficient nor obligatory for differentiation of monomyelocytes to 
macrophages. Cell 45,497-504. 

Mollinedo F, Naranjo JR. (1991). Uncoupled changes in the expression of the jun family 
members during myeloid ceil differentiation. Eur J Biochem 200,483-486. 

Mollinedo F, Gajate C, Tugores A, Flores I, Naranjo JR. (1993). Differences in 
expression of transcription factor AP-1 in human promyelocytic HL-60 cells during 
differentiation towards macrophages versus granulocytes. Biochem J 294, 137-144. 

Moncada S, Palmer RM, Higgs EA. (1991). Nitric oxide: physiology, pathophysiology, 
and pharmacology. Pharmacol Rev 43, 109-142. 

Morozov I, Lotan 0, Joseph 0, Gorzalczany Y, Pick E. (1998). Mapping of functional 
domains in p47(phox) involved in the activation of NADPH oxidase by "peptide 
walking", yfl/o/ Chem 273, 15435-1544. 

Moulton KS, Semple K, Wu H, Glass CK. (1994). Cell-specific expression of the 
macrophage scavenger receptor gene is dependent on PU. 1 and a composite AP-
1/ets motif. Mol Cell Biol 14,4408-4418. 

Moulton PJ, Goldring MB, Hancock JT. (1998). NADPH oxidase of chondrocytes 
contains an isoform of the gp91phox subunit. Biochem J 329,449-451. 

Musti AM, Treier M, Bohmann D. (1997). Reduced ubiquitin-dependent degradation of 
c-Jun after phosphorylation by MAP kinases. Science 275,400-402. 

Nakabeppu Y, Ryder K, Nathans D. (1988). DNA binding activities of three murine Jun 
proteins: stimulation by Fos. Cell 55,907-915. 

Nakabeppu Y, Nathans D. (1991). A naturally occurring truncated form of FosB that 
inhibits Fos/Jun transcriptional activity. Cell 64,751-759. 

Nakamura Y, Colbum NH, Gindhart TD. (1985). Role of reactive oxygen in tumor 
promotion: implication of superoxide anion in promotion of neoplastic 
transformation in JB-6 cells by TPA. Carcinogenesis 6,229-235. 



150 

Newburger PE, Chovaniec ME, Greenberger JS, Cohen HJ. (1979). Functional changes 
in human leukemic cell line HL-60. A model for myeloid differentiation. J Cell Biol 
82,315-322. 

Newburger PE, Ezekowitz AB, Whitney C, Wright J, Orkin SH. (1988). Induction of 
phagocyte cytochrome b heavy chain gene expression by interferon y. Proc Natl 
AcadSci U. S. A 85,5215-5219. 

Newburger PE, Dai Q, Whitney C. (1991). In vitro regulation of human phagocyte 
cytochrome b heavy and light chain gene expression by bacterial lipopolysaccharide 
and recombinant human cytokines. 7 fl/o/ Chem 266,16171-16177. 

Newburger PE, Skalnick DG, Hopkins PJ, Eklund EA, Cumutte JT. (1994). Mutations in 
the promoter region of the gene for gp91-phox in X-linked chronic granulomatous 
disease with decreased expression of cytochrome b558. J Clin Invest 94, 1205-
1211. 

Nikolakaki E, Coffer PJ, Hemelsoet R, Woodgett JR, Defize LH. (1993). Glycogen 
synthase kinase 3 phosphorylates Jun family members in vitro and negatively 
regulates their transactivating potential in intact cells. Oncogene 8, 833-840. 

Nishizuka Y. (1992). Intracellular signaling by hydrolysis of phospholipids and activation 
of protein kinase C. Science 258,607-614. 

Ohba M, Shibanuma M, Kuroki T, Nose K. (1994). Production of hydrogen peroxide by 
transforming growth factor-beta 1 and its involvement in induction of egr-1 in 
mouse osteoblastic cells. J Cell Biol 126, 1079-1088. 

Okazaki K, Sagata N. (1995). The Mos/MAP kinase pathway stabilizes c-Fos by 
phosphorylation and augments its transforming activity in NIH 3T3 cells. EMBO J 
14,5048-5059. 

Okuno H, Akahori A, Sato H, Xanthoudakis S, Curran T, Iba H. (1993). Escape from 
redox regulation enhances the transforming activity of Fos. Oncogene 8,695-701. 

Osborne CK, Hamilton B, Nover M, Ziegler J. (1981). Antagonism between epidermal 
growth factor and phorbol ester tumor promoters in human breast cancer cells. J 
Clin Invest 67,943-951. 

Oshima M, Murai N, Kargman S, Arguello M, Luk P, Kwong E, Taketo MM, Evans JF. 
(2001). Chemoprevention of intestinal polyposis in the Apcdelta716 mouse by 
rofecoxib, a specific cyclooxygenase-2 inhibitor. Cancer Res 61,1733-1740. 



151 

Patel RP, Moellering D, Murphy-Ullrich J, Jo H, Beckman JS, Darley-Usmar VM. 
(2000). Ceil signaling by reactive nitrogen and oxygen species in atherosclerosis. 
Free Radic Biol Med 28,1780-1794. 

Puissant C, Houdebine LM. (1990). An improvement of the single-step method of RNA 
isolation by acid guanidinium thiocyanate-phenol-chloroform extraction. 
Biotechniques 8,148-149. 

Raingeaud J, Gupta S, Rogers JS, Dickens M, Han J, Ulevitch RJ, Davis RJ. (1995). Pro
inflammatory cytokines and environmental sUress cause p38 mitogen-activated 
protein kinase activation by dual phosphorylation on tyrosine and threonine. J Biol 
Chem 270,7420-7426. 

Reddy BS, Rao CV, Seibert K. (1996). Evaluation of cyclooxygenase-2 inhibitor for 
potential chemopreventive properties in colon carcinogenesis. Cancer Res 56,4566-
4569. 

Reiners JJ Jr, Pence BC, Barcus MC, Cantu AR. (1987). 12-0-tetradecanoylphorbol-13-
acetate-dependent induction of xanthine dehydrogenase and conversion to xanthine 
oxidase in murine epidermis. Cancer Res AT, 1775-1779. 

Reiners, JJ, Jr, Thai, G, Rupp, T, Cantu, AR. (1991). Assessment of the 
atioxidant/prooxidant status of murine skin following topical treatment with 12-0-
tetradecanoylphorbol-l3-acetate and throughout the ontogeny of skin cancer. Part I; 
quantitation of superoxide dismutase, catalaxe, glutathione peroxidase and 
xanthine oxidase. Carcinogenesis 12: 2337-2343. 

Ries LAG, Eisner MP, Kosary CL, Hankey BF, Miller BA, Clegg L, Edwards BK. 
(2001). SEER cancer statistics review, 1973-1998, National Cancer Institute, 
Bethesda, MD. 

Robertson FM, Beavis AJ, Oberyszyn TM, O'Connell SM, Dokidos A, Laskin DL, 
Laskin JD, Reiners JJ Jr. (1990). Production of hydrogen peroxide by murine 
epidermal keratinocytes following treatment with the tumor promoter 12-0-
tetradecanoylphorbol-13-acetate. Cancer Res 59,6062-6067. 

Robinson JM, Badwey JA. (1995). The NADPH oxidase complex of phagocytic 
leukocytes: a biochemical and cytochemical view Histochemistry 103,163-180. 

Rosenberger SF, Finch JS, Gupta A, Bowden GT. (1999). Extracellular signal-regulated 
kinase 1/2-mediated phosphorylation of JunD and FosB is required for okadaic 
acid-induced Activator Protein 1 activation. J Biol Chem 214,1124-1130. 



152 

Rosin M P, Anwar WA, Ward AJ. (1994). Inflammation, chromosomal instability, and 
cancer: the schistosomiasis model. Cancer Res 54,1929s-1933s. 

Rothe G, Valet G. (1990). Flow cytometric analysis of respiratory burst activity in 
phagocytes with hydroethidine and 2',7'-dichlorofluorescin. J Leukoc Biol 47,440-
448. 

Rovera G, Santoli D, Damsky C. (1979). Human promyelocytic leukemia cells in culture 
differentiate into macrophage-like cells when U^eated with a phorbol diester. Proc 
Natl Acad Sci USA16,2779-2783. 

Royer-Pokora B, Kunkel LM, Monaco AP, Goff SC, Newburger PE, Baeh RL, Cole FS, 
Cumutte JT, Orkin SH. (1986). Cloning the gene for an inherited disorder—chronic 
granulomatous disease—on the basis of its chromosomal location. Nature 322,32-
38. 

Ruddon RW. (1995). Causes of Cancer. In: Cancer Biology, 3rd Edition, Oxford 
University Press, New York pp 231-276. 

Rundhaug JW, Fischer SM, Bowden GT. (1997). Tumor promoters and models of 
promotion. Volume 12, Chapter 14, Ed: Bowden, GT, Fischer, SM. In: 
Comprehensive Toxicology, 1" Edition, Ed: Sipes IG, McQueen CA, Gandolfi AJ, 
Pergamon, New York, pp 325-347. 

Ryseck RP, Bravo R. (1991). c-JUN, JUN B, and JUN D differ in their binding affinities 
to AP-l and CRE consensus sequences: effect of FOS proteins. Oncogene 6,533-
542. 

Sadat MA, Kumatori A, Suzuki S, Yamaguchi Y, Tsuji Y, Nakamura M. (1998). GATA-
3 represses gp9iphox gene expression in eosinophil-committed HL-60-C15 cells 
FEBS Lett 436,390-394. 

Samuelson DJ, Powell MB, Lluria-Prevatt M, Romagnolo DF. (2001). Transcriptional 
activation of the gp91phox NADPH oxidase subunit by TPA in HL-60 cells. J 
Leukoc Biol 69, 161-168. 

Sariban E, Mitchell T, Griffin J, Kufe DW. (1987). Effects of interferon-gamma on proto-
oncogene expression during induction of human monocytic differentiation. J 
Immunol 138, 1954-1958. 

Schapiro BL, Newburger PE, Klempner MS, Dinauer MC. (1991). Chronic 
granulomatous disease presenting in a 69-year-old man. N  E n g l J  M e d  325,1786-
1790. 



153 

Schenk H, Klein M, Erdbrugger W, Droge W, Schulze-Osthoff K. (1994). Distinct effects 
of thioredoxin and antioxidants on the activation of transcription factors NF-kappa 
B and AP-I. Proc Natl Acad Sci US A 91, 1672-1676. 

Schonwasser DC, Marais RM, Marshall CJ, Parker PJ. (1998). Activation of the mitogen-
activated protein kinase/extracellular signal-regulated kinase pathway by 
conventional, novel, and atypical protein kinase C isotypes. Mol Cell Biol 18,790-
798. 

Schutze S, Machleidt T, Kronke M. (1994). The role of diacylglycerol and ceramide in 
tumor necrosis factor and interleukin-1 signal transduction. J Leukoc Biol 56,533-
541. 

Segal AW, Shatwell KP. (1997). The NADPH oxidase of phagocytic leukocytes. Ann NY 
Acad Sci m, 215-222. 

Segal BH, Leto TL, Gallin JI, Malech HL, Holland SM. (2000). Genetic, biochemical, 
and clinical features of chronic granulomatous disease. Medicine 79, 170-200. 

Shackelford RE, Kaufmann WK, Paules RS. (1999). Cell cycle control, checkpoint 
mechanisms, and genotoxic stress. Environ Health Perspect 107,5-24. 

Shacter E, Beecham EI, Covey JM, Kohn KW, Potter M. (1988). Activated neutrophils 
induce prolonged DNA damage in neighboring cells. Carcinogenesis 9,2297-2304. 

Sheng H, Shao J, Kirkland SC, Isakson P, Coffey RJ, Morrow J, Beauchamp RD, DuBois 
RN. (1997). Inhibition of human colon cancer cell growth by selective inhibition of 
cyclooxygenase-2. J Clin Invest 99,2254-2259. 

Sheng H, Shao J, Morrow JD, Beauchamp RD, DuBois RN. (1998). Modulation of 
apoptosis and Bcl-2 expression by prostaglandin E2 in human colon cancer cells. 
Cancer Res 58,362-366. 

Sherman, M. L., Stone, R. M., Datta, R., Bernstein, S. H., and Kufe, D. W. (1990). 
Transcriptional and post-transcriptional regulation of c-jun expression during 
monocytic differentiation of human myeloid leukemic cells. J Biol Client 265, 
3320-3323. 

Shiose A, Kuroda J, Tsuruya K, Hirai M, Hirakata H, Naito S, Hattori M, Sakaki Y, 
Sumimoto H. (2001). A novel superoxide-producing NAD(P)H oxidase in kidney. J 
Biol Chem 276, 1417-1423. 



154 

Sirak AA, Beavis HJ, Robertson FM. (1991). Enhanced hydroperoxide production by 
peripheral blood leukocytes following exposure of murine epidermis to 12-0-
tetradecanoylphorboI-13-acetate. Carcinogenesis 12,91-95. 

Skalnik DG, Strauss EC, Orkin SH. (1991). CCAAT displacement protein as a repressor 
of the myelomonocytic-specific gp9l-phox gene promoter. 7 B/o/ Chem 266, 
16736-16744. 

Slaga TJ, Klein-Szanto AJP, Triplett LL, Yotti LP, Trosko JE. (1981). Skin tumor-
promoting activity of benzoyl peroxide, a widely used free radical-generating 
compound. Science 213,1023-1025. 

Smeal T, Binetruy B, Mercola D, Grover-Bardwick A, Heidecker G, Rapp UR, Karin M. 
(1992). Oncoprotein-mediated signalling cascade stimulates c-Jun activity by 
phosphorylation of serines 63 and 73. Mol Cell Biol 12,3507-3513. 

Smith WL, Garavito RM, DeWitt DL. (1996). Prostaglandin endoperoxide H synthases 
(cyclooxygenases)-1 and -2. J Biol Chem 271,33157-33160. 

Suh YA, Arnold RS, Lassegue B, Shi J, Xu X, Sorescu D, Chung AB, Griendling KK, 
Lambeth JD. (1999). Cell transformation by the superoxide-generating oxidase 
Mox 1. Nature 401,79-82. 

Sundaresan M, Yu ZX, Ferrans VJ, Irani K, Finkel T. (1995). Requirement for generation 
of H202 for platelet-derived growth factor signal transduction. Science 270,296-
299. 

Suzuki T, Okuno H, YoshidaT, Endo T, Nishina H, Iba H. (1991). Difference in 
transcriptional regulatory function between c-Fos and Fra-2. Nucleic Acids Res 19, 
5537-5542. 

Suzuki S, Kumatori A, Haagen I, Fujii Y, Sadat MA, Jun HL, Tsuji Y, Roos D, 
Nakamura M. (1998). PU.l as an essential activator for the expression of 
gp91(phox) gene in human peripheral neutrophils, monocytes, and B lymphocytes. 
Proc Natl Acad Sci U SA9S, 6085-6090. 

Szabo E, Preis LH, Brown PH, Birrer MJ. (1991). The role of jun and fos gene family 
members in 12-0-tetradecanoylphorbol-13-acetate induced hemopoietic 
differentiation. Cell Growth Differ 2,475-482. 

Szatrowski TP, Nathan CF. (1991). Production of large amounts of hydrogen peroxide by 
human tumor cells. Cancer Res 51,794-798. 



155 

Teahan C, Rowe P, Parker P, Totty N, Segal AW. (1987). The X-linked chronic 
granulomatous disease gene codes for the beta-chain of cytochrome b-245. Nature 
327,720-721. 

Tetsuka T, Baier LD, Morrison AR. (1996). Antioxidants inhibit interleukin-1-induced 
cyclooxygenase and niuic-oxide synthase expression in rat mesangial cells. 
Evidence for post-transcriptional regulation. J Biol Chem 271, 11689-11693. 

Tonetti DA, Henning-Chubb C, Yamanishi DT, Huberman E. (1994). Protein kinase C-
beta is required for macrophage differentiation of human HL-60 leukemia cells. J 
Biol Chem 269,23230-23235. 

Treier M, Staszewski LM, Bohmann D. (1994). Ubiquitin-dependent c-Jun degradation in 
vivo is mediated by the delta domain. Cell 78,787-798. 

Treisman R. (1992). The serum response element. Trends Biochem Sci 17,423-426. 

Treisman R. (1994). Ternary complex factors: growth factor regulated transcriptional 
activators. Curr Opin Genet Dev 4,96-101. 

Tsujii M, DuBois RN. (1995). Alterations in cellular adhesion and apoptosis in epithelial 
cells overexpressing prostaglandin endoperoxide synthase 2. Cell 83,493-501. 

Tsujii M, Kawano S, DuBois RN. (1997). Cyclooxygenase-2 expression in human colon 
cancer cells increases metastatic potential. Proc Natl Acad Sci U SA94, 3336-
3340. 

Tsurumi C, Ishida N, Tamura T, Kakizuka A, Nishida E, Okumura E, Kishimoto T, 
hiagaki M, Okazaki K, Sagata N, et al. (1995). Degradation of c-Fos by the 26S 
proteasome is accelerated by c-Jun and multiple protein kinases. Mol Cell Biol. 15, 
5682-5687. 

Vaissiere C, Le Cabec V, Maridonneau-Parini I. (1999). NADPH oxidase is functionally 
assembled in specific granules during activation of human neutrophils J Leukoc 
Biol 65,629-634. 

van Dam H, Wilhelm D, Herr I, Steffen A, Herrlich P, Angel P. (1995). ATF-2 is 
preferentially activated by stress-activated protein kinases to mediate c-jun 
induction in response to genotoxic agents. EMBO J14,1798-1811. 

Valledor AF, Borras FE, Cullell-Young M, Celada A. (1998). Transcription factors that 
regulate monocyte/macrophage differentiation. J Leukoc Biol 63,405-417. 



156 

Voo KS, Skalnik DG. (1999). Elf-l and PU.l induce expression of gp91(phox) via a 
promoter element mutated in a subset of chronic granulomatous disease patients. 
Blood 93,3512-3520. 

Wang ZQ, Ovitt C, Grigoriadis AE, Mohle-Steinlein U, Ruther U, Wagner EF. (1992). 
Bone and haematopoietic defects in mice lacking c-fos. Nature 360,741-745. 

Wang JF, Jerrells TR, Spitzer JJ. (1996a). Decreased production of reactive oxygen 
intermediates is an early event during in vitro apoptosis of rat thymocytes. Free 
Radic Biol Med 20,533-542. 

Wang QM, Jones JB, Studzinski GP. (1996b). Cyclin-dependent kinase inhibitor p27 as a 
mediator of the Gl-S phase block induced by 1,25-dihydroxyvitamin D3 in HL-60 
cells Cancer Res 56, 264-261. 

Weitberg AB, Weitzman SA, DesU-empes M, Latt SA, Stossel TP. (1983). Stimulated 
human phagocytes produce cytogenetic changes in cultured mammalian cells. N 
Engl J Med 308,26-30. 

Weitberg AB. (1989). Effect of combinations of antioxidants on phagocyte-induced 
sister-chromatid exchanges. Mutation Res 224, 1-4. 

Weitzman SA, Stossel TP. (1981). Mutation caused by human phagocytes. Science 212, 
546-547. 

Weitzman SA, Stossel TP. (1982). Effects of oxygen radical scavengers and antioxidants 
on phagocyte-induced mutagenesis. J Immunol 128,2770-2772. 

Weitzman SA, Stossel TP. (1984). Phagocyte-induced mutation in Chinese hamster ovary 
cells. Cancer Lett 22,337-341. 

Weitzman SA, Weitberg AB, Clark EP, Stossel TP. (1985). Phagocytes as carcinogens; 
malignant transformation produced by human neutrophils. Science 227,1231-1233. 

Weitzman SA, Gordon LI. (1990). Inflammation and cancer: role of phagocytic-
generated oxidants in carcinogenesis. Blood 76,655-663. 

Whitmarsh AJ, Shore P, Sharrocks AD, Davis RI. (1995). Integration of MAP kinase 
signal u:ansduction pathways at the serum response element. Science 269,403-407. 

Wiseman H, Halliwell B. (1996). Damage to DNA by reactive oxygen and nitrogen 
species: role in inflammatory disease and progression to cancer. Biochem J 313,17-
29. 



157 

Wu H, Moulton K, Horvai A, Parik S, Glass CK. (1994). Combinatorial interactions 
between AP-1 and ets domain proteins contribute to the developmental regulation 
of the macrophage scavenger receptor gene. Mol Cell Biol 14,2129-2139. 

Xanthoudakis S, Curran T. (1992). Identification and characterization of Ref-1, a nuclear 
protein that facilitates AP-1 DNA-binding activity. EMBO J11,653-665. 

Yamaguchi H, Dceda Y, Moreno JI, Katsumura M, Miyazawa T, Takahashi E, Imakawa 
K, Sakai S, Christenson RK. (1999). Identification of a functional transcriptional 
factor AP-1 site in the sheep interferon tau gene that mediates a response to PMA in 
JEG3 cells. Biochem J 340,767-773. 

Yamashina K, Miller B, Heppner GH. (1986). Macrophage-mediated induction of drug 
resistant variants in a mouse mammary tumor cell line. Cancer Res 46,2396-2401. 

Yamochi T, Kitabayashi A, Hirokawa M, Miura AB, Onizuka T, Mori S, Moriyama M. 
(1997). Regulation of BCL-6 gene expression in human myeloid/monocytoid 
leukemic cells. Leukemia 11,694-700. 

Yan T, Oberley LW, Zhong W, St Clair DK. (1996). Manganese-containing superoxide 
dismutase overexpression causes phenotypic reversion in SV40-transformed human 
lung fibroblasts. Cancer Res 56,2864-2871. 

Yang KD, Mizobuchi T, Kharbanda SM, Datta R, Huberman E, Kufe DW, Stone RM. 
(1994). All-trans retinoic acid reverses phorbol ester resistance in a human myeloid 
leukemia cell line. Blood 83,490-496. 

Ytjanheikki J, Koistinaho J, Copin JC, de Crespigny A, Moseley ME, Chan PH. (2000). 
Spreading depression-induced expression of c-fos and cyclooxygenase-2 in 
transgenic mice that overexpress human copper/zinc-superoxide dismutase. J 
Neurotrauma 17,713-718. 

Yu L, DeLeo FR, Biberstine-Kinkade KJ, Renee J, Nauseef WM, Dinauer MC. (1999). 
Biosynthesis of flavocytochrome b558 . gp91(phox) is synthesized as a 65-kDa 
precursor (p65) in the endoplasmic reticulum. J Biol Chem 274,4364-4369. 

Yuspa SH, Ben T, Hennings H, Lichti U. (1982). Divergent responses in epidermal basa 
cells exposed to the tumor promoter 12-0-tetradecanoyl-phorbol-13-acetate. 
Cancer Res 42,2344-2349. 

Zhang HJ, Yan T, Oberley TD, Oberiey LW. (1999). Comparison of effects of two 
polymorphic variants of manganese superoxide dismutase on human breast MCF-7 
cancer cell phenotype. Cancer Res 59,6276-6283. 



158 

Ziegenhom J, Senn M, Bucher T. (1976). Molar absorptivities of beta-NADH and beta-
NADPH. Clin Chem 22, 151-160. 


