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ABSTRACT 

The UVB portion (280-320 nm) of the ultraviolet spectrum contributes to the 

development of non-melanoma skin cancer (NMSC) in humans. UVB irradiation causes 

epigenetic alterations in target keratinocytes, including the upregulation of Activator 

Protein-1, a transcription factor complex that alters normal cellular gene expression, c-

Fos expression is induced in a manner that correlates with the UVB-induced activation of 

AP-l. This suggests that c-Fos functions as a major regulatory component in the UVB-

induced transactivation of AP-1. The purpose of this dissertation is to characterize 

UVB-induced regulation of c-Fos expression. Transcriptional regulation of c-fos is 

investigated by evaluating the role of each of four cis elements within the c-fos promoter. 

While mutation of each of these four cis elements results in significantly lower levels of 

UVB-induced promoter activity, the CRE and FAPl elements mediate most of the UVB 

transactivation of c-fos. In addition, UVB irradiation induces homodimers of 

phosphorylated CREB to bind to the CRE and FAPl elements. 

To identify cellular signal transduction pathways that are induced by UVB-

irradiation to regulate c-Fos expression, a UVB-inducible enzyme, phosphatidylinositol 

3-kinase (PI 3-kinase), is studied, inhibition of PI 3-kinase reduces c-Fos expression in 

UVB-irradiated cells. Akt and GSK-33, constituents of the PI 3-kinase signaling 

pathway, are also found to be part of this UVB-induced signaling pathway. 

To identify potential molecular targets for the development of skin cancer 
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chemoprevention strategies, the polyphenolic compound nordihydroguaiaretic acid is 

tested and found to prevent UVB-induced c-Fos expression and AP-1 transactivation by 

inhibiting the PI 3-ldnase signal transduction pathway. 

Thus, phospho-CREB binding to the CRE and FAPl cis elements and PI 3-ldnase 

signaling are both identified as molecular mechanisms and potential molecular targets 

that are involved in UVB-induced c-Fos expression and AP-1 transactivation. 

I. Introduction 

Epidemiology of UV-Induced Non-Melanoma Skin Cancer 

Non-melanoma skin cancer: Squamotts and Basal Cell Carcinomas 

The ultraviolet component of sunlight contributes to the development of human 

non-melanoma skin cancer (NMSC) (Staberg et al., 1983). In the United States, NMSC 

is the most frequently diagnosed cancer. With estimates of one million cases per year, 

the incidence of NMSC is equivalent to the incidence all other human malignancies 

combined (Greenlee et al., 2000). There are tv\'o major types of NMSC, basal cell 

carcinoma (BCC) and squamous cell carcinoma (SCC). Approximately eighty-percent of 

NMSC is BCC (Salasche, 2000). This type of skin cancer begins to form in the basal cell 

layer of the epidermis (Lang, 1991). It is a slow growing cancer that usually appears as a 

flat, scaly, or red area on sun-exposed regions of the body (ACS pamphlet, 1999). Since 

BCC is unlikely to metastasize, the 5-year survival rate for people with BCC is greater 

than 99% (ACS pamphlet, 1999). 
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Actinic keratoses (AK) are red, scaly lesions on sun-exposed areas of the body 

that have been identified as premalignant precursors for SCC (Stratton et al., 2000). 

Although AK lesions are more frequently diagnosed than SCC, there are estimates that 

0.1 to 10% of AKs transform into SCC (ACS pamphlet, 1999). Therefore, AK lesions 

function as a biomarker to identify those patients that are at high-risk for developing 

SCC. Twenty-percent of NMSC cases are SCC, a skin cancer that originates in the 

keratinzing cells of the epidermis and may appear as a growing lump or as a group of flat 

red patches in sun-exposed areas of the body (Liveneh et al., 1993; Stratton, 2001). If 

untreated, SCC is more likely than BCC to metastasize. Approximately 1500 deaths in 

the U.S. result fi"om SCC, but there is a 95% 5 year survival rate for those individuals 

whose cancers are detected and treated at an early stage (Greenlee et al., 2001). 

Due to the low mortality rates, NMSC may not receive as much attention as other 

types of cancers. However, two aspects of NMSC demonstrate the significant effect this 

cancer has on public health. The morbidity associated with NMSC can be quite 

considerable since many of the lesions must be removed from sensitive areas such as the 

head and neck (Lang, 1991; (Demetrius and Randle, 1998). Second, deterioration of the 

ozone layer will allow more UV radiation to reach the Earth's surface and will put more 

people, especially those with fair skin, at greater risk for developing NMSC (Salasche, 

2000; Matsui and DeLeo, 1995). 

Role of UVB as a complete carcinogen and stages of UV-induced skin carcinogenesis 

Based on wavelength, the ultraviolet spectrum is divided into three ranges: UVA 
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(320-400 nm), UVB (290-320 lun), or UVC (200-290 nm). Due to the atmospheric 

ozone, only UVA and trace amounts of UVB (1-10%) reach the Earth's surface (Matsui 

and DeLeo, 1995). UVA and UVB are absorbed by various chromophores in human 

skin, such as nucleic acids, proteins, quinones, aromatic amino acids, porphyrins, 

carotenoids, or steroids. UVA penetrates 0.1 mm of the epidermis, while UVB only 

pentrates to a depth of 0.03 mm. However, UVB is much more efficient than UVA at 

inducing DNA damage (Matsui and DeLeo, 1995). 

In a published review of skin cancer, authors cite that it was first documented in 

1928 that chronic UV exposure caused skin cancer in albino mice (Matsui and DeLeo, 

1995). Subsequent studies demonstrated that the development of skin cancer in mice 

involved sequential alterations in the skin (Kuflik and Schwartz, 1994) (Dodson et al., 

1991). This murine model of muhistage carcinogenesis also reflects the changes 

observed in human skin that has been chronically exposed to UV irradiation (DiGiovanni, 

1992). Experimentally, both UVB and UVC were found to function as complete 

carcinogens, or agents that could induce tumorigenesis in the absence of any other agent. 

In murine models, very high doses of UVA have been shown to function as a complete 

carcinogen, but with a low relative efficacy of <0.0002 (Cole et al., 1986). UVA 

generated reactive oxygen species (ROS) induce cellular signaling pathways in target 

cells. Thus, UVA predominantly functions to promote cells that have been initiated by 

other sources, such as UVB (Rosen et a!., 1996). Atmospheric ozone completely absorbs 

UVC wavelengths, thereby suggesting that the trace amounts of UVB radiation that 

penetrate the ozone are the most relevant causative agent of human skin cancer (Matsui 
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and DeLeo, 1995). To validate the effects of UVB wavelengths, UVB-absorbing plate 

glass was shown to prevent carcinogenesis in UVB-irradiated mice (Blum, 1959). 

Furthermore, another study reported that only mid-range UV wavelengths, which 

correspond to the UVB range, were able to induce SCC in mice (Davies and Forbes, 

1986). UVB irradiation was found to play a role in all three phases of the proposed 

multistage carcinogenesis model (Figure 1). The initiation stage is characterized by 

UVB-induced genetic changes, the promotion stage involves UVB-induced epigenetic 

changes, and malignant transformation occurs during the progression stage (Matsui and 

DeLeo, 1995). 

Initiation: UVB-induced genetic changes 

DNA molecules that absorb UVB enter an excited state where electron 

rearrangement leads to photoproduct formation (Grossman and Leffell, 1997). UVB may 

induce the formation of two dipyrimidine structures, the cyclobutane pyrimidine dimer 

(CPD) and the 6-4 pyrimidine-pyrimidone dimer (Figure 2). Eighty-five percent of the 

UV-induced lesions are CPDs, and approximately fifteen percent are 6-4 pyrimidine-

pyrimidone dimers (Livneh et a!., 1993). Although the 6-4 photoproducts are more 

efficiently repaired than the CPDs, each lesion possesses mutagenic potential (Grossman 

and Leffell, 1997). Both photoproducts are detected by cell surveillance mechanisms that 

halt DNA replication to provide time for DNA excision repair. If these photoproducts are 
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not repaired, they can cause errors in successive rounds of DNA replication. For 

example, the presence of a photoproduct alters the DNA structure. The distorted helix 

causes DNA polymerase to detach during replication and translocate to a non-distorted 

area of DNA to resume replication (Grossman and Leffell, 1997). Thus, the newly 

synthesized strand contains a gap opposite of the lesion site. The complementary strand 

should serve as the template, but incorrect filling can occur. For example, the 

polymerase may not use the template and will often insert adenosine as the default base. 

In addition, a uracil-like structure that results from deamination of cytosine will also 

cause the polymerase to insert adenosine. In the next round of replication, this 

incorrectly inserted A codes for a T. Uhimately, this resuhs in CC->TT or C-^T 

transition mutations. These mutations are considered the "molecular fingerprints" that 

identify DNA that has been damaged by UVB irradiation (Grossman and Leffell, 1997). 

UVB-induced photoproducts that are not repaired and give rise to mutations have 

specifically been linked to human disease. For example, NMSC is one-thousand times 

more likely to occur in people with Xeroderma Pigmentosum (XP), an autosomal 

recessive disorder characterized by deficient excision repair. Without DNA repair 

mechanisms, XP patients are extremely sensitive to sunlight and develop cutaneous 

abnormalities that lead to skin cancer (Lambert and Lambert, 1995). 

The initiation phase of UV-induced skin cancer is specifically characterized by 

UVB-induced mutations in proto-oncogenes and tumor suppressors (Grossman and 

Leffell, 1997). Proto-oncogenes are normal cellular genes that regulate cell processes 
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such as, progression through the cell cycle, cell growth, and development. The mutated 

form, an oncogene, acts in a dominant manner by being constitutively active or by 

encoding a protein with altered function(s). Oncogene activation gives rise to oncogenic 

signaling, whereby the ceil is constantly stimulated for a specific cellular response, such 

as proliferation. Tumor suppressor (TS) genes negatively regulate signal transduction 

pathways, the cell cycle, and cell proliferation. TS genes, such as p53, often detect DNA 

damage, halt the cell cycle to provide time for repair, and induce apoptosis of the damage 

is too severe. Thus, mutation of tumor suppressor genes results in a loss of function that 

leaves the cells in an unregulated state. Oncogene activation and/or tumor suppressor 

inactivation may directly result in tumorgenesis. 

Both BCC and SCC have been found to contain UVB signature mutations in ras 

and p53 genes (Grossman and LefFell, 1997). The proto-oncogene ras encodes for a G-

protein that mediates cell signaling pathways. Mutation of ras at codon 12 or 61 results 

in a Ha-ras oncogene that encodes for a constitutively active G-protein. Ha-ras mutations 

have been identified in both human and murine skin that has been chronically exposed to 

UV irradiation (Ananthaswamy et al., 1988). Furthermore, NIH 3T3 cells that were 

cotransfected with DNA isolated from human SCC underwent tumorigenic 

transformation. Subcutaneous injection of these cells resulted in tumor formation in 

athymic nude mice. All resulting tumors were found to contain the human Ha-ras 

oncogene (Ananthaswamy et a!., 1988). 
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AK lesions, SCC, and BCC have also all been shown to contain mutated forms of 

p53 (Matsui and DeLeo, 1995). As a tumor suppressor, p53 mediates cell-cycle arrest 

after UV exposure to allow time for DNA repair. p53 also mediates apoptotic pathways 

to eleminate keratinocytes harboring premalignant characteristics. Cells devoid of 

functional pS3 are therefore more likely to survive and pass on unrepaired DNA damage 

to daughter ceils. Thus, UVB-induced mutations in ras and p53 convert a normal cell 

into an initiated cell (Matsui and DeLeo, 199S). 

Promotion: UVB-induced epigenetic changes 

The tumor promotion phase of UVB-induced skin cancer involves epigenetic 

changes that lead to increased cell proliferation and clonal expansion of initiated cells 

(Matsui and DeLeo, 1995). UVB absorption by the cell membrane may result in the 

breakdown of membrane phospholipids, the phosphorylation of growth factor receptors, 

or the formation of reactive oxygen species (ROS). All three of these processes are 

associated with intracellular signal transduction pathways (Coffer et al., 1995; Huang et 

al., 1997a; Scharffetter-Kochanek et al., 1997). These signaling pathways relay the UV 

signal from the cell membrane to the cell nucleus to ultimately activate specific 

transcription factors, such as Activator Protein-1 (AP-I) and NF kB (Sachsenmaier et al., 

1994; Van et al., 1994). In turn, these two proteins induce the transcription of many 

target genes that regulate cell proliferation and differentiation. Thus, UVB-induced 

protein expression may promote the clonal expansion of keratinocytes harboring p53 and 

Ha-ras mutations. Futhermore, according to the Brash hypothesis, additional exposure to 



sunlight/UVB irradiation provides mutated cells with a selective advantage for clonal 

expansion. In normal cells, p53 detects the UVB-induced damage and causes the cell to 

undergo apoptosis. This provides more area for those apoptotic resistant cells to expand. 

Experiments in both murine and human skin support this model. Murine skin tumors 

containing p53 mutations undergo regression in the absence of LTV exposure. In human 

skia, lesions containing mutant p53 are predominately detected in sun-exposed regions 

(Brash, 1997). Thus, UVB irradiation acts as a tumor promoter by stimulating signal 

transduction pathways and selecting for the clonal expansion of mutated cells. 

Progression: Malignant Tran^ormation 

Finally, the third phase in the multistage carcinogenesis model, progression, is 

characterized by malignant tumor conversion. While approximately five percent of 

papillomas spontaneously undergo conversion, this phase typically involves genetic 

instability, abnormal cell-cell/matrix interactions, and altered cellular gene expression 

(Grossman and Leffell, 1997). In a murine model, the conversion of benign papillomas 

to malignant SCC was characterized by chromosomal alterations, altered cellular 

differentiation, and an invasive phenotype. In SCC lesions, trisomy of chromosome 7, 

loss of the normal Ha-ras allele, amplification of the mutant Ha-ras allele, and point 

mutations in the p53 gene were detected (Bowden et al., 1995). Expression of E-

caderhin, a protein essential for cell adhesion, was also diminished in late stage SCC. 

Finally, overexpression of stromelysin and plasminogen activator type PA-urokinase 



22 

were also detected in the malignant SCC lesions. Each of these protease genes contains a 

TRE sequences in their promoter, thereby indicating that they are regulated by AP-1. 

This demonstrated that AP-1 regulated genes play a key role in tumor progression. In 

fact, several TPA-induced genes were found to be constitutively expressed in malignant 

SCC. This indicated that these malignant lesions possess constitiuitive AP-l activity. It 

is hypothesized that post-translational modifications, such as phosphorylation or redox 

regulation, maintain the AP-1 complex in a persistent activated state (Bowden et al., 

1995). 

UVB-induced AP-1 Transactivtion 

Biologicalfunction of AP-1 

To understand the basic mechanisms involved in non-melanoma skin cancer, 

research efforts have focused on identifying UVB-induced modification of normal 

cellular processes. Initial research in the human keratinocyte cell line HaCaT revealed 

that UVB irradiation activated the transcription factor Activator Protein-1 (AP-1) (Chen 

et al., 1998). Members of Fos (c-Fos, FosB, Fral, and Fra-2), Jun (c-Jun, JunB, and 

JunD), and ATF (ATF2, ATF3, and B-ATF) protein families dimerize to form an AP-1 

complex. Both Jun and ATF proteins can homodimerize or heterodimerize to form an 

AP-1 complex, but Fos proteins must heterodimerize with other AP-1 family members to 

form an active complex (Angel and Karin, 1991). Once the proteins dimerize via leucine 

zipper domains, they bind to the palindromic promoter sequence TGAC/GTCA. This 

promoter sequence also exists in genes that are induced by the phorbol ester 12-0-
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tetradecanoylphorboH 3-acetate (TP A), and is therefore referred to as the TP A response 

element (TRE) (Lee et al., 1987). The promoter regions of hundreds of genes contain one 

or more TRE sites. Many of these genes, such as cyciin Dl, p53, p21, pl9 (ARF), 

collagenase-1, stromelysin, urokinase-type plasminogen activator, matrix 

metalloproteinases, or [L-2, regulate cellular processes that are associated with 

carcinogenesis, such as cell proliferation, neoplastic transformation, and apoptosis. 

(Angel et al., 1987a; Domann et al., 1994; Fisher and Voorhees, 1998; Shaulian and 

Karin, 2001). 

Many sources of stimuli, including phorbol esters, serum, growth factors, and 

UVB have been shown to activate AP-1 (Angel and Karin, 1991). AP-I activity can be 

regulated at multiple levels. AP-1 protein expression is mainly regulated at the 

transcriptional level (Karin and Hunter, 1995). However, translational regulation and 

post-translational modifications, such as phosphorylation or oxidation-reduction, have 

also been found to affect the activity of specific AP-1 proteins. For example, oxidation 

of a single conserved cysteine residue in the DNA binding domain of specific proteins, 

such as, c-fos or c-Jun, results in reduced binding capacity (Abate et al., 1990). In 

another example, c-Jun is phosphorylated by c-Jun Terminal Kinase (JNK) at serine 

residues 63 and 73 (Boyle et al., 1991). This phosphorylated form of c-Jun has an 

increased affinity for CREB Binding Protein (CBP), a transcriptional coactivator that 

recruits basal transcription machinery to the promoter. Thus, post-translational 

modification of c-jun can lead to increased interactions with other proteins and result in 
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increased c-jun transcriptional activity (Karin et al., 1997). In a manner similar to c-Jun, 

phosphorylation of c-Fos at threonine 232 also increases its transcriptional activity (Deng 

and Karin, 1994). In addition to the mechanisms that regulate each protein of the AP-1 

family, regulation of the overall complex must be considered. Due to multiple Fos, Jun, 

and ATF proteins, many different types of AP-1 dimers can be formed. Thus, DNA 

binding affinity, protein interactions, and overall biological function will vary among 

each AP-1 complex. 

Role of AP-1 in tumor promotion 

Several experimental observations suggest that AP-1 also plays a significant role 

in the promotion phase of skin cancers. The phorbol ester TPA that promotes skin cancer 

in mice has also been shown to induce AP-1 transactivation (Mukhtar et al., 1995). 

Angel et al. reported that AP-1 DNA binding was significantly increased in HeLa cells 

that were treated with TPA (Angel et al., 1987b). Similar experiments in the mouse 

epidermal JB6 cell line demonstrated that AP-1 activity was only detected in tumor 

promotion-sensitive cells (Bernstein and Colbum, 1989). Finally, TAM 67, a dominant 

negative c-Jun that encodes for a transcriptionally inactive c-Jun, was reported to inhibit 

TPA-induced AP-1 activity in in vitro systems (Dong et al., 1997). Furthermore, TAM 

67 also prevented two malignant mouse epidermal cell lines from forming skin tumors in 

athymic nude mice. This evidence clearly establishes that AP-1 activity plays a key role 

in the promotion phase of tumorigenesis. 
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Several experiments were undertaken to examine the role that UVB-induced AP-1 

activity plays in skin cancer. Initially, Epstein et al. reported that in mammalian 

epidermis, UVB irradiation causes increased cell proliferation, a key feature of tumor 

promotion (Epstein, 1978). Subsequent studies went on to establish that UVB irradiation 

induces AP-1 activity in both mouse epidermal and human keratinocyte cell lines (Huang 

et al., 1996; Chen et al., 1998). AP-1 blocking compounds have also been reported to 

inhibit UVB-induced cell transformation and tumor formation in in vitro and in vivo 

models. For example, aspirin blocks UVB-induced JNK and p38 MAP kinase acitivity to 

ultimately reduce AP-1 transactivation in the skin of AP-l-luciferase transgenic mice 

(Huang et al., 1997c). In addition, epigallocatechin gallate (EGCG), a polyphenolic 

compound from green tea, blocks UVB induced p38 MAP kinase activity and 

consequently reduces skin cancer incidence in UV irradiated BALB/cAnNHsd mice 

(Gensler et al., 1996). Finally, Tang el al. reported that AP-1 transcriptional activity was 

significantly inhibited in human keratinocytes cells that had been transiently transfected 

with TAM67 (Tang et al., 2001a). Collectively, these results suggest that UVB-induced 

AP-I activity plays an important functional role in the promotion phase of skin cancer. 

IIV'B regulation of AP-1 activity 

To influence transcription factor activity, the UVB signal must be transmitted 

from the cell membrane to the nucleus. The identity of the primary chromophore in 

human skin that absorbs UV irradiation is still uncertain. Researchers have found that 

UV irradiation causes a wide variety of molecular alterations, but it has been difficult to 
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discern which of these alterations lead to the induction of stress signaling pathways 

(lordanov et al., 1998). Several conflicting literature reports suggest that the primary UV 

target may be EGF receptors, DNA, RNA, or phospholipids in the plasma membrane 

(Rosette and Karin, 1996). UV irradiation induces the clustering of EGF receptors on the 

cell membrane. This suggested that UV signaling may be mediated by ligand-

independent EGFR signaling pathways (Rosette and Karin, 1996). Thus, intracellular 

signaling events, such as activation of the MAP kinases p38 and JNK, should be identical 

in UV and EGF stimulated cells. However, studies by lordanov et al. in HeLa cells and 

Rat-1 cells established that UV-induced p38 and JNK activity was not inhibited by a prior 

down-modulation of growth factor receptors. This demonstrated that the UV-induced 

p38 and JNK kinase pathways were not mediated by the UV stimulated EGF receptors 

(lordanov et al., 1998). Since UV absorption by DNA causes mutagenic lesions and 

people lacking DNA repair mechanisms (XP patients) are very susceptible to skin cancer 

this suggests that DNA may be the primary chromophore for UV irradiation. Stein et al. 

measured levels of gene induction at various wavelengths. They found that maximum 

induction of three genes associated with carcinogenesis (c-fos, collagenase-1, and HIV-1) 

occurred at 265-275 nm, which is the UV absorption maxima for nucleic acid (Stein et 

al., 1989). This supported the idea that DNA is the primary UV chromophore. However, 

work by Devary et al. refutes this hypothesis. The UV response also includes 

transactivation of the transcription factor NF-kappa B, and Devary et al. report that 

induction of NF-kB can still be observed in enucleated cells. This suggested that UV-

damaged DNA is not required for transduction of the UV signal (Devary et al., 1993). 
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Studies by lordanov et al. suggest that UV-induced damage to ribosomal RNA may 

mediate UV signaling (lordanov et al., 1998). The response of mammalian cells to UV 

irradiation displays all characteristics associated with the ribotoxic stress response, a 

cellular reaction to cytotoxic interference with ribosomal RNA function. Furthermore, 

UV-induced MAP kinase signaling and gene expression was suppressed by ribosomal 

inactivation. This study, in addition to the action spectra of UV, suggest that RNA may 

be the nucleic acid that serves as the primary UV chromophore (lordanov et al., 1998), 

Studies by Dong et al. report that a phospholipid metabolite, phosphocoline, is required 

for UV-induced activation of AP-1. This would suggest that phopspholipids in the 

plasma membrane function as the primary UV chromophore (Dong et al., 1998). 

While the identity of the primary UV chromophore remains elusive, several of the 

downstream signaling components that mediate UV-induced AP-1 transactivation have 

been identified. Two predominant UV-induced signaling pathways have emerged from 

the accumulation of many studies. UV-induced EGFR signaling was found to mediate 

transactivation of AP-1 by inducing the activation of the downstream kinase Src (Coffer 

et al., 1995). Subsequent studies with dominant negative mutants of v-src, H-ras, and 

raf-/ went on to establish that this signaling pathway involves sequential activation of 

each of these kinases (Devary et al., 1993). Ras/Raf signaling lead to activation of MAP 

kinases, the proteins that directly phosphorylate AP-1 proteins (Geilen et al., 1996). 

Together, the studies established that UV induces a EGFR-Src-Ras-Raf-MAP kinase 

signaling pathway that leads to AP-1 activation in the nucleus (Devary et al., 1993; 
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Radler-Pohl et al., 1993; Derijardet al., 1994; Sanchez et al., 1994; Adler et al., 1995; 

Huang et al., 1999). However, UV-induced AP-1 transactivation was also detected in 

cells that did not express EGFR (EGFR knockout cells) or expressed a kinase-deficient 

EGFR (Huang et al., 1996; Huang et al., 1997c). This indicated that UV-induced AP-1 

activity could be mediated by other signaling pathways. UV was found to activate acidic 

sphingomyelinase, a membrane-associated enzyme that mediates the cleaveage of the 

phosolipid sphingomyelin. The resulting ceramide activates Protein Kinase C (PKC), a 

superfamily of proteins that also results in AP-1 activation via activation of the MAP 

kinase cascade (Lozano et al., 1994; Muller et al., 1995; Hannun, 1996; Chen et al., 

1999). 

MAP kinases are a family of serine/threonine kinases that are activated when 

phosphorylated at both tyrosine and threonine residues. The MAP kinases are the final 

target of a signaling cascade involving MAP kinase kinase kinase (MEK) activators and 

MAP kinase kinase activators. The MAP kinase signaling cascades function to regulate 

fundamental cellular processes in response to extracellular stimuli (Ono et al., 2000). 

The MAP kinase family consists of c-Jun N-terminal kinases (JNKs), extracellular-signal 

regulated protein kinases (ERKs), p38 kinases, and the multiple subtypes associated with 

each family member (Kumar et al., 1990; Davis, 1995; Cheng et al., 1996; Butterfield et 

al., 1999). While some downstream signaling pathways are associated with one specific 

MAP kinase, many studies report common substrates for two or more of the MAP 

kinases. This suggests that there may be crosstalk or cooperation between the signaling 

pathways mediated by each MAP kinase. MAP kinases regulate gene expression by 
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translocating to the nucleus, where they phosphorylate and activate transcription factors, 

such as AP-1 (Coso et al., 1995; Huang et al., 1999; Kaminska et al., 1999; Rosenberger 

et al., 1999; Thomson et al., 1999). 

In addition to these membrane initiated signaling pathways, ROS-mediated 

signaling pathways are also associated with skin carcinogenesis. ROS may cause 

permanent genetic changes in proto-oncogenes and tumor suppressor genes, as well as 

activate cytoplasmic signal transduction pathways that regulate cell growth and 

transformation (ScharflFetter-Kochanek et al., 1997). Topical antioxidant treatment has 

been reported to inhibit UVB-induced tumors in mice (Gensler & Magdaleno, 1991; 

(Wang et al., 1991). Oxidative stress can cause cellular proteins to release iron, which 

undergoes the Fenton reaction to generate more ROS, and thus further induces oxidative 

damage. Kramer-Stickland et al. reported that deferoxamine (DFO), an iron chelator, 

inhibits UVB-induced AP-1 transactivation in the HaCaT cell line. This suggests that 

UVB-induced ROS and iron release may promote skin cancer by mediating signal 

transduction pathways that result in AP-1 transactivation. 

Initial studies on UV-induced skin cancers focused on how UVC mediated cell 

signaling pathways. These studies provided clues about the signaling mechanisms that 

may be involved in UVB-induced AP-l activation, but specific observations suggested 

that studies on the molecular mechanisms involved in sun-induced skin cancers should be 

conducted with a UVB source of irradiation. UVB is a more relevant source of human 

skin cancer since atmospheric ozone prevents UVC irradiation from reaching the Earth s 
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surface (Matsui and DeLeo, 1995). In addition, there are distinct differences between 

UVC and UVB-induced signaling pathways. For example, JNK signaling mediates the 

UVC-induced transactivation of AP-1 (Ma, WY et al, 1998). In contrast, p38 and ERK 

were found to mediate the UVB-induced transactivation of AP-1 (Chen and Bowden, 

1999). Also, many of the UVC studies had been conducted in non- keratinocyte cell 

lines. Since the overall aim of this project was to gain insight to the molecular 

mechanisms involved in sun-induced skin cancer, I sought to characterize UVB-induced 

AP-1 activation in a cell line that was relevant to human skin cancer. Thus, my studies 

have been conducted in the human keratinocyte cell line, HaCaT. This is an 

immortalized cell line that contains two mutated p53 alleles, and is therefore a model of 

an initiated cell type (Boukamp et al., 1988). A dose range of 150 - 400 jW UVB 

irradiation significantly induced AP-1 DNA binding activity in HaCaT cells. A time 

course experiment with 250 J/m^ UVB showed that maximum binding activity occurred 

at 12 hours after irradiation. Cells that were stably transfected with a TRE containing 

human collagenase I promoter driving a luciferase reporter gene, demonstrated that 

maximum UVB-induced AP-1 transciptional activity was achieved with 250 J/m" UVB at 

24 hours after irradiation. Electrophoretic mobility shift assays with antibodies 

demonstrated that the UVB-induced AP-1 complex is specifically composed of c-Fos and 

JunD proteins. Jun D protein levels remain unchanged in irradiated cells, while c-Fos is 

induced in a manner that correlates with UVB-induced activation of .AP-1 (Chen et al., 

1998). 
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UVB-induced c-Fos expression 

Biological Junction of c-fos 

c-Fos is rapidly induced by a variety of stimuli, including serum, growth factors, 

TP A, and LTV irradiation (Robertson et al., 1995; Chen et al., 1998). As an immediate 

early gene and a component of the AP-1 transcription factor, c-Fos functions to regulate 

the expression of specific genes so that a cell can respond appropriately to extracellular 

signals, c-fos is a protooncogene that regulates genes involved in mitogenesis, 

differentiation, and transformation (Robertson et al., 1995). 

Studies with transgenic mice have provided many clues about the biological 

function of Fos. Fos knockout mice are viable, however they quickly develop severe 

osteoperosis (Okada et al., 1994). In addition, gametogenesis and T and B lymphocyte 

formation are dramatically reduced in the null mice. Overexpression of c-Fos is 

associated with various forms of cancer, such as osteosarcoma and lymphocytic leukemia 

(Ruther et al., 1989; Grigoriadis et al., 1994). These observations suggest that c-Fos 

expression must be tightly regulated for appropriate cellular function. 

In most cell types, Fos is expressed at low basal levels, however it is expressed at 

a high constitutive level in specific tissues such as normal human skin and post-natal 

bone marrow (Basset-Seguin et al., 1994; Muller et al., 1995). In the skin, c-Fos is 

localized in the nuclei of the cells in the stratum granulosum layer of the epidermis 

(Angel et al., 2001). Several studies suggest that c-Fos may play an important role in 

skin cancer. Expression of v-Fos in murine epidermis results in dysregulated 
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keratinocyte difTerentiation (Wisdom, 1999). In addition, c-Fos was found to be a 

necessary factor for cell survival and proliferation in UV-irradiated mouse 3T3 

fibroblasts (Schreiber et al., 1995; Karin et al., 1997). In another study, c-Fos deficient 

mice carrying a v-Ha-ras transgene could be chemically induced to develop benign 

papillomas, but these tumors did not undergo malignant conversion (Saez et al., 1995). 

Finally, studies in the HaCaT cell line demonstrate a dramatic UVB induction of c-Fos 

(Chen et al., 1998). Together, these studies suggest that c-Fos may play an important role 

in UV-induced skin carcinogenesis. 

Transcriptional Regulation of c-fos 

The fast and dramatic response of c-fos to many different stimuli have made c-fos 

an attractive model to study the molecular mechanisms involved in transcriptional 

regulation (Robertson et al., 1995). Not surprisingly, the signaling pathways that lead to 

c-fos induction vary according to the cell system and source of stimuli used in each study. 

In a wide range of studies involving different tissues and different sources of stimuli, four 

cis elements have been identified as critical for the induction of the c-fos promoter; the 

sis inducible element (SE), the serum response element (SRE), the c-fos AP-1 site 

(FAPl), and the cyclic AMP response element (CRE) (Robertson et al., 1995; lordanov et 

al., 1997; Wang and Prywes, 2000). The SIE is located at the 5' end of the promoter, and 

it is bound by growth factor-induced proteins belonging to the signal transducers and 

activators of transcription (STAT) family of proteins(Fu and Zhang, 1993; Sadowski and 

Oilman, 1993). The SRE is located 3' of the SIE. The SRE is bound by a heterodimer of 
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Serum Response Factor (SRF) and ternary complex factor p62TCF (Shaw et al., 

1989; Janknecht, 1995; Johansen and Prywes, 1995; Treisman, 1996). The third cis-

element, the FAPI, is located directly adjacent to the SRE. This site was discovered due 

to its sequence homology with an AP-1 binding site, which is also known as a TPA 

Response Element (TRE) (Fisch et al., 1989). Under various conditions, different 

members of the cAMP response element binding protein (CREB) and AP-1 protein 

families have been shown to bind to the FAPl cis element (Wang and Prywes, 2000). 

Finally, the cyclic AMP response element (CRE) is located at the 3' end of the promoter. 

It is bound by members of the CREB protein family (Sassone-Corsi et al., 1988; Ginty et 

al., 1994; Montminy, 1997). Like AP-1, the CREB transcription factor functions as a 

complex. CREB can exist as a homodimer or can bind other members of the CREB 

superfamily to form a heterodimer. Therefore, depending on the cell type and source of 

stimuli, the FAP1 and CRE elements may be bound by a wide variety of the CREB and 

AP-1 protein family members. 

Most previously published studies on c-fos regulation focused on a model in 

which each cis element acted in an independent manner. Investigators often used specific 

sources of stimuli to study one cis element at a time. For example, the SRE was reported 

as a major cis element responsible for UVC induction of the c-fos promoter. A fifty 

percent decrease in c-fos expression was observed in UVC irradiated NIH3T3 cells that 

had been transfected with a delta-SRE c-fos plasmid (Buscher et al., 1988). In a similar 

manner, studies with a delta CRE c-fos construct suggested that the CRE also mediates 
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fifty percent of the UVC induction of c-fos(Iordanov et al., 1997). While it can be 

inferred from these two studies that the SRE and CRE mediate the UVC induction of c-

fos, the other cis elements within the promoter have not been examined for their 

responses to UV irradiation. Studies on all four cis elements will provide a more 

complete characterization on UV regulation of c-fos expression. In addition, new studies 

suggest that the four cis elements do not function in an independent manner. Robertson 

et. al created transgenic mice carrying fos-lacZ fusion genes with point mutations in each 

of the four cis elements. They found that mutations in any one of the cis elements 

inhibited proper expression of c-fos in response to serum, TP A, growth factors, or cyclic 

AMP (Robertson et al., 1995). Studies by Wang and Prwyes also suggest that TPA 

induction of c-fos requires both the SRE and FAPl elements (Wang and Prywes, 2000). 

Thus, these types of studies suggest that maximum c-fos activity results from 

interdependent interactions between two or more cis elements. 

Studies in HaCaT cells have established that 250-400 J/m^ UVB induces c-fos 

promoter activity, mRNA, and protein levels (Chen et al., 1998). In addition, studies 

with pharmalogical inhibitors have identified p38 and ERK as the upstream kinases that 

mediate the UVB-induced activity of c-fos (Chen and Bowden, 1999). However, the 

downstream substrates of p38 and ERK, including the transcription factors that bind at 

each cis element of the c-fos promoter are still unknown. 



35 

UVB-induced signal transduction pathways that mediate c-Fos expression 

p38 MAP kinase pathway 

Studies with UVC had identified the serum response element (SRE) as a major 

mediator of c-fos promoter activity (Buscher et al., 1988). The SRE is recognized by a 

heterodimer of serum response factor (SRF)-Temary Complex Factor (TCF, also called 

Elk) (Janknecht, 1995). All three members of the MAP kinase family had been reported 

to phosphorylate Elk (Price et al., 1996). Thus, Chen et al. investigated whether JNK, 

ERK, or p38 MAP kinases played a role in the UVB-induced expression of c-Fos. In the 

HaCaT cells, p38 and ERK MAP kinase activity was induced for up to ten hours after 

UVB exposure. Transient activation of JNK suggested that p38 and ERK were more 

likely to account for the sustained activation of c-fos. Treatment with a pharmalogical 

inhibitor for MEK-1, a specific upstream kinase for ERK, was found to slightly decrease 

levels of c-fos transcription and protein. When p38 kinase activity is prevented by a 

pharmological inhibitor (SB202190), c-fos transactivation is dramatically reduced (Chen 

and Bowden, 1999). This suggested that p38 was the key mediator in the UVB-induced 

expression of c-Fos. 

The p38 group of MAP kinases consists of five subtypes; p38a, p38P, p38 (3 2, 

p38y, and SAPK4. While the p38a and p383 subtypes are ubiquitously expressed, the 

other subtypes are differentially expressed, depending on cell type (Jiang et al., 1996). 

The p38 kinases are activated by a wide number of stimuli, including pathogens, 

cytokines, growth factors, and UV irradiation. Therefore, the p38 MAP kinases are 



activated by many different signaling pathways. In turn, p38 regulates many substrates, 

including kinases and transcription factors, to activate downstream signaling pathways. 

Thus far, p38 activated transcription factors have been shown to regulate over one 

hundred genes that control cell processes such as inflammation, cell proliferation, 

differentiation, and apoptosis (Ono et al., 2000). 

The downstream targets in the UVB-induced p38 signaling pathway that mediate 

c-fos induction have not yet been identified in the HaCaT cell line. Several lines of 

evidence suggest that p38 signaling may induce the transcription factor CREB to bind to 

the c-fos promoter to stimulate its activity. p38 substrates, including Mitogen- and 

stress-activated protein kinase-1 (MSKl) and p38/HOG-l-dependent protein kinase, have 

been shown to directly phosphorylate CREB (Deak et al., 1998; lordanov et al., 1998). In 

addition, two different cis elements within the c-fos promoter, the CRE and the FAPl, are 

bound by members of the CREB protein family (Sassone-Corsi et al., 1988; Ginty et al., 

1994; Montminy, 1997; Wang and Prywes, 2000). Finally, a dominant-negative CREB 

mutant was also found to significantly inhibit UVC-induced c-fos promoter activity 

(lordanov et al., 1998). Thus, p38 may induce c-Fos expression by mediating CREB 

binding to multiple cis elements within the c-fos promoter. 

In addition to regulating transcription of c-fos, p38 signaling has also been 

reported to mediate the UVB-induced stabilization of c-fos transcripts (Winzen et al., 

1999; Blattner et al., 2000). Thus, p38 activity may regulate c-Fos expression at both 

transcriptional and translational levels. 



PI 3-kinase pathway 

Specific properties of Class 1 Phosphatidylinositol 3-kinase (PI 3-ldnase) suggest 

that it is likely to function as a mediator molecule in the UVB-induced signaling 

pathways that upregulate c-fos and AP-I expression. PI 3-kinase, a heterodimer that is 

composed of a catalytic subunit (pi 10) and a regulatory subunit (p85), functions as a key 

upstream regulatory enzyme for a number of signaling pathways that are deregulated in 

carcinogenesis (Carpenter et al., 1990; (Roymans and Siegers, 2001). PI 3-kinase activity 

can be induced by a number of different stimuli and upon activation, the catalytic subunit 

phosphorylates phosphatidylinositol, Ptdins (4)P, or Ptdins (4,5) bisphosphate to generate 

PtdIns(3)P, Ptdins (3,4)P2, and Ptdins (3,4,5)P3 products (Stoyanov et al., 1995; Stephens 

et al., 1997; Toker and Cantley, 1997). These products help regulate cellular processes 

such as cell proliferation, motility, and survival (Roche et al., 1994; Ibuki and Goto, 

2000). Therefore when increased copy number or genetic mutation alters PI 3-kinase 

activity, it functions as an oncogene by upregulating these cellular processes (Roymans 

and Siegers, 2001). 

Studies on how PI 3-kinase functions within specific signaling pathways report 

that PI 3-kinase activity has been found to affect c-fos and AP-1 expression. Studies in 

the JB6 murine epidermal cell line demonstrated that insulin or EGF-induced AP-I 

transactivation required PI 3-kinase activity (Huang et al., 1996). Other studies in 

insulin-responsive rat fibroblasts (HIRc-B cells) demonstrated that microinjection of the 

SH2 domain of the regulatory subunit p85 could inhibit the insulin-induced expression of 
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c-Fos (Jhun et al., 1994). In another case, NIH 3T3 cells that were transfected with a 

constitutively active mutant pi 10 construct displayed a marked increase in c-fos 

transactivation (Hu et al., 1995). 

In regards to the association between PI 3-kinase and UVB, experiments in 

human skin fibroblasts demonstrated that PI 3-kinase activity was induced by UVB 

irradiation (Kabuyama et al., 1998). Work from this laboratory has demonstrated that 

UVB-induces phosphorylation of Akt, a downstream substrate in the PI 3-kinase 

signaling cascade. PI 3-kinase activity induces Akt translocation to the cell membrane 

where it is phosphoryiated at Serine 473 and Threonine 308 by 3-phosphoinositide-

dependent kinases (PDKs) (Vanhaesebroeck and Alessi, 2000). In turn, activated Akt 

phosphorylates a number of proteins to induce cell survival and inhibit apoptosis 

(Sabbatini and McCormick, 1999). One particular substrate of Akt is Glycogen Synthase 

Kinase-3 beta (GSK-SP). When Akt is not active, GSK-3P remains in a non-

phosphorylated state and exerts a negative regulatory function by phosphorylating and 

inhibiting several transcription factors. However, when phosphoryiated by an active Akt 

kinase, GSK-3P is inactivated, and its inhibitory regulation is diminished (Cross et al., 

1995) 

The UVB-induced phosphorylation of Akt results in upregulation of COX-2 in 

HaCaT cells (Tang et al., 2001a). Induction of Cyclooxygenase-2 (Cox-2) transcription 

causes increased prostaglandin synthesis, a phenomenon associated with UV-induced 

tumorgenesis (Grewe et al., 1993; Fischer et al., 1999). 



Thus, PI 3-kinase functions as an oncogene, affects c-fos and AP-1 expression, 

becomes activated by UVB, and induces expression of another gene that is associated 

with skin cancer. Collectively, these observations suggest that UVB irradiation induces 

the PI 3-kinase signaling pathway so that it could be involved in the upregulation of c-fos 

in the HaCaT cell line. 

Statement of the problem and specific aims 

The ultraviolet component of sunlight has been established as a key causative 

agent in the development of human non-melanoma skin cancer. Studies in the human 

keratinoctye cell line, HaCaT, established that UVB irradiation induces transactivation of 

Activator Protein-1 (AP-1). Several lines of evidence suggest that this transcription 

factor complex plays a prominent role in the promotion phase of skin tumorigenesis. In 

HaCaT cells, the UVB-induced AP-1 complex is composed of c-Fos and Jun D. 

Additionally, there is a direct correlation between UVB-induced AP-1 activation and 

increased c-fos gene expression. This suggests that c-Fos plays a prominent role in the 

induction of AP-1. 

Previous studies in HaCaT cells had identified the p38 and ERK Mitogen 

Activated Protein (MAP) kinases as the major upstream regulators of the UVB signaling 

pathways that induce c-fos transcription (Figure 3). However, the downstream targets 

that p38 and ERK use to mediate the increased c-fos promoter activity remain unknown. 

To gain insight to those molecular mechanisms that function downstream of the MAP 
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kinases to induce c-Fos expression and AP-1 transactivation, studies on c-fos 

transcriptional regulation were needed. 

The main objective of this dissertation project was to identify the molecular 

mechanisms that mediate UVB-induced c-Fos expression. I hypothesize that UVB 

irradiation induces various cellular mechanisms to regulate transcription of c-fos. Four 

specific aims were formulated to address this hypothesis; 

Specific aim 1; To identify which cis element(s) in the c-fos promoter mediate the LTVB-

induced transcription of c-fos. 

Specific aim 2: To identify the transcription factors bound to those cis elements 

Specific aim 3: To characterize LTVB-induced signaling pathways that mediate UVB-

induced c-Fos expression 

Specific aim 4: To investigate how a potential chemopreventive agent, 

nordihydroguaiaretic acid, modulates UVB-induced c-Fos expression 
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Figure 3 : UVB-induced signal 
transduction pathway in HaCaT cells 

Chen, W. etal. (1998). J Biol Chem, 273, 32176-81. 
Chen, W. et al. (1999). Oncogene, 18, 7469-7476. 
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II. Materials and Methods 

Plasmids and Reagents: The following piasmids were used for transfection; fos/luc 

plasmid, provided by Drs. Ken-ichi Arai and Sumiko Watanabe, University of Tokyo, 

Tokyo, Japan. Dominant- negative Akt mutant Akt AAA and wild-type GSK-3P 

plasmids were gifts from Dr. Woodgett (Ontario Cancer Institute, Toronto, Ontario, 

Canada). Dominant- negative CREB, CREBMl, was a gift from Dr. M. Montminy (Salk 

Institute, San Diego, CA, USA). NDGA was purchased from Sigma Chemical Co. (St. 

Louis, MO). Wortmannin was a gift from Dr. Garth Powis (Arizona Cancer Center, 

Tucson, Arizona, US). The firefly and dual luciferase kits were purchased from Promega 

(Madison, WI). Variants of c-fos-luc were created with the Quik Change Kit (Stratagene, 

La Jolla, CA) and oligonucleotides containing clustered point mutation sequences 

adapted from Robertson et ai, 1995. 

mSIE: 

m 1; 5-GGCTGCAGCCCGCGACCAGTTGGGCAGAATCCCTCCCCCCTTAC-3 . 

m2,5-GTAAGGGGGGAGGGATTCTGCCCAACTGCTCGCGGGCTGCAGCC-3' 

mSR£: 

ml,5'-CTCCCCCCTTACACAGGATGTGGATATTACCACATCTGCGTCAGC-3'; 

m2, 5'GCTGACGCAGATGTGGTAATATCCACATCCTGTGTAAGGGGGGAG-3' 

mFAPl: 

m 1 5'-GTCC ATATTAGGAC ATCTGCC AGTGC AGGTTTCC ACGGCCTTTC-3" 

m2B, 5'-GAAAGGCGTGGAAACCTGCACTGGCAGATGTCCTAATATGGAC-3" 
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mCRE: 

ml, 5'-CCACCGTGGTTGAGCCCCTCAGCTTTACACTCATTCATAAAACGC.3' 

m2,5'-GCGTTTTATGAATGAGTGTAAAGCTGAGGGGCTCAACCACGGTGG-3' 

Cell culture: The human keratinocyte cell line, HaCaT, was established from cells that 

were obtained from adult sun-damaged skin. This cell line underwent spontaneous 

transformation, but still maintains normal differentiation patterns. The cell line is 

immortalized, but it does not cause tumor formation upon injection into nude mice 

(Boukamp et al., 1988). The HaCaT cells were cultured in DMEM with 10% fetal bovine 

serum and 100 units/ml penicillin/streptomycin at 37 °C and in 5% CO2. The cells were 

cultured to 90 - 95% confluence and then serum starved for 24 h prior to UVB exposure. 

Cell lines: The HaCaT cell line was used to collect nuclear extracts for EMSA assays or 

whole cell lysates for western analysis. The FL30 cell line was used to measure c-fos 

promoter activity. This cell line was derived from HaCaT cells that had been stably 

transfected with a region (-404+41 nt) of the human c-fos gene driving a luciferase 

reporter gene (Chen et al., 1998). The HCL 14 cell line was used to measure AP-1 

transactivation. This cell line derived from HaCaT cells that had been stably transfected 

with a region (-73-^+63) of the human collagenase-I gene promoter with one 

endogenous TRE driving a luciferase reporter gene(Chen et al., 1998). 



UVB treatment Cells were grown to 90% confluence and then serum starved for 24 h. 

Cells were then washed with phosphate buffered saline and exposed to UVB radiation. A 

bank of two SF20 UVB lamps (National Biological Corporation, Twinsburg, OH) 

providing a peak emission of 313 nm were used. Control cells were mock-irradiated. 

Transient transfections; HaCaT cells were cultured in DMEM supplemented with 10% 

fetal bovine serum and penicillin/streptomycin. Transient transfections were performed 

using Lipofectamine Plus reagent (GIBCO, Rockville, MD) according to the 

manufacturer's protocol. Briefly, cells were plated in 6-well plates the day before 

transfection and grown to about 90% confluence. One to 2 |ag of plasmid DNA per well 

were transfected. Transfections were allowed to proceed for 4 to 6 hours and cells were 

washed twice and allowed to recover for about 18 hours in DMEM before UVB or drug 

treatment. Transfection efficiency was corrected by co-transfection of Renilla luciferase 

plasmid (Promega, Madison, WI). 

Luciferase assay: After experimental treatments, cells were washed 2X with cold PBS, 

lysed in a passive lysis buffer, and assayed for luciferase activity according to the 

manufacturer's protocol. The data were presented as relative firefly light units or as a 

ratio between Firefly and Renilla luciferase activities (Promega, Madison, WI). 

Total cellular protein extraction: Cells were washed with cold phosphate-buffered 

saline two times and 100 |il of cell lysis buffer (25 mM glycylglycine, 15 mM MgS04, 4 



mM EGTA, and 1 mM DTT, 1% triton X-100) was added to each 34 mm well of a 6-well 

plate. The cells were then scraped to a 1.5 ml tube and centrifiiged at 14,000 rpm at 4 °C 

for 5 min. The supernatant was collected and concentration of protein was determined by 

Bio-Rad DC protein assay reagent (catalog #: 500-0116). 

Nuclear protein extraction: Cells were washed two times with cold HEGD buffer 

(25mM HEPES, 1.5 mM EDTA, 10% glycerol, 0.15 mg/ml DTT, 0.1 mg/ml PMSF). 

Cells were scraped into 5 ml HEGD buffer and centrifiiged for 5 min at 1200 rpm at 4 °C. 

Pellet was resuspended 0.5 ml HEGD buffer and homogenized for two minutes (20-30 

strokes). Homogenate was centrifiiged for 15 min at 12000 rpm. Pellet was resuspended 

in 40 jal HEGDK buffer (HEGD with 0.5M KCl) and incubated on ice for 1 hr. Samples 

centrifiiged at 12000 rpm for 15 min. Nuclear protein is present in supernatant. Protein 

concentration was determined by Bradford assay. All buffers contained IX cocktail of 

protease inhibitors (ImM Na3V04, 2 |ig/ml leupeptin, and 10 |xg/ml aprotinin). 

Eiectrophoretic mobility shift and supershift assays: The following sequences were 

derived from the human c-fos promoter to create a double stranded CRE oligonucleotide 

probe. CREl, 5'-GAGCCCGTGACGTTTACACT-3'; CRE2, 5'-

TGAGTGTAAACGTCACGG-3'. They were annealed and 5'-overhangs were labeled by 

incorporation of (Adier et al., 1995)dCTP (NEN Life Science Products, Boston, MA) 
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with Klenow DNA polymerase. Double stranded probes corresponding to the SRE and 

FAPl cis elements were designed with sequences derived from Wang and Prywes, 2000. 

SREFAPl: 

SFl,5'TCGAGGATGTCCATATTAGGACATCTGCGTCAGCAGGTTTCCA-3' 

SF2,5'-TGGAAACCTGCTGACGCAGATGTCCTAATATGGACATCCTGGA-3' 

SRE: SI, 5'-TCGAGGATGTCCATATTAGGACATCTA-3', 

S2, 5 -TAGATGTCCTAATATGGACATCCTCGA-3' 

FAPl; Fl,5'-TCGAGACATCTGCGTCAGCAGGTTTCCA-3', 

F2,5 -TGGAAACCTGCTGACGCAGATGTCTCGA-3' 

mFAPl: ml, 5'-TCGAGACATCTTATTCAGCAGGTTTCCA-3' 

m2, 5'-TGGAAACCTGCTGAATAAGATGTCTCGA-3' 

They were annealed and end labelled with gamma-P32-ATP (NEN Life Science 

Products, Boston, MA) and T4 polynucleotide kinase. Double stranded probes 

corresponding to the TRE were designed with sequences derived from the human 

collgenase 1 promoter: 

TREl, 5'-AAAGCATGAGTCAGAC-3'; TRE2, 5'-AGGTGTCTGACTCATG-3'; 

mTREl 5'-AAAGCACCGGCAGGAC-3', mTRE2 5'-AGGTGTCCTGCCGGTG-3' 

They were annealed and 5'-overhangs were labeled by incorporation of [^^P] dCTP (NEN 

Life Science Products, Boston, MA) with Klenow DNA polymerase. 
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For gel shift assays, 2 to S of nuclear protein extracts were incubated at room 

temperature for 15 min with a mixture containing 6 mM Hepes (pH 7.9), 0.4 mM EDTA, 

125 mM KCl, 10% glycerol, 0.05 ^g/^1 poly dIdC, 1 mM DTT, 2.5 mM Sodium 

pyrophosphate, 1 mM ^-glycerophosphate, 1 mM Na3V04, 10 mM NaF, 50 |ig/ml 

aprotinin, 50 ug/ml leupeptin. Approximate 1 ng labeled probe was added and the 

reactions were incubated at room temperature for another 30 min. In antibody supershift 

experiments, reactions were preincubated on ice for 1 h with various amounts of antibody 

(anti-ATF-1, anti-ATF-2, and anti-c-jun antibodies (Santa Cruz Biotechnology, Santa 

Cruz, CA); anti-CREB and anti-phospho-CREB (Cell Signaling Technology, Beverly, 

MA). Reactions were then fractionated on a nondenaturing 5% polyacrylamide gel in 

0.5X TBE (IX TBE = 89 mM Tris base/89 mM boric acid/2mM EDTA, pH7.2). The gels 

were dried and visualized with Phosphoimager (Molecular Dynamics, Sunnyvale, CA). 

Western analysis: Cells were lysed in a buffer containing 20 mM Tris-CI (pH 7.5), 150 

mM NaCl, 1 mM EDTA, 1 mM EOT A, 1% Triton X-100, 2.5 mM Sodium 

pyrophosphate, 1 mM P-glycerophosphate, 1 mM Na3V04, 10 mM NaF, 50 ^ig/ml 

aprotinin, 50 ug/ml leupeptin, and centrifiiged at 14000 rpm for 10 min. Protein 

concentration in the supernatant was determined by BioRad Dc reagent (Bio-Rad 

Laboratories, Hercules, CA). For western analysis, 30 to 40 |ig of protein were resolved 

on a 10 % of SDS-polyacrylamide gel. The protein was transferred to a PVDF membrane 
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by electroblotting. The membrane was then blocked in 5% nonfat dry milk, Tris buffered 

saline with Tween (TBST: 10 mM Tris, pH8.0, 150 mM NaCl, 0.05% Tween 20) at room 

temperature for 1 h. Primary antibody was diluted at 1:1000 in 5% BSA/TBST for 

antibodies against phospho-Akt or Akt (New England Biolabs Inc., Beverly, New 

England) or in 5% nonfat dry milk/TBST at 1:1000 for anti-c-Fos antibody (Santa Cruz 

Biotechnology, Santa Cruz, CA). The membrane was incubated at room temperature for 

2-3 h and washed 3X5 min with TBST. The membrane was then incubated with 

corresponding horse radish peroxidase-conjugated secondary antibodies in 5% nonfat dry 

milk/TBST at room temperature for 1 h and washed 3X5 min with TBST. Antigen-

antibody complexes were detected with LumiGlo reagent (New England Biolabs Inc., 

Beverly, New England). 

PI 3-Kmase Assay: Reactions and lipid extraction were essentially performed according 

to the method of Whitman (Wisdom, 1999) and Hayashi (Hayashi et al., 1992). The 

immunoprecipitates were subjected to the assay in a 50-(al reaction mixture (20 mM 

Tris-HCl, pH 7.4, 50 mM NaCI, 10 mM MgCl;, 0.5 mM EGTA, 120 |a.M adenosine, 50 

fiM ATP). Phosphatidylinositol sonicated in chloroform was added to the reaction at a 

final concentration of 0.2 mg/ml and vortexed before incubation at 30 °C for 10 min. 

NDGA was added to the pellet in various concentrations and samples were preincubated 

at 30 °C for 30 min. The reaction was initiated by the addition of 10 pCi of [y-^^]ATP. 

After 30 min of incubation at 30 °C, the reactions were stopped by adding 100 |il of 1 M 



49 

HC1. Phospholipids were immediately extracted with 200 jil of CHCb/MeOH (1:1, v/v). 

Equal volume aliquots from the bottom organic phase were spotted onto thin layer 

chromatography (TLC) Silica Gel 60 plates (Merck). The plates were developed in 

solvent for 2 h and visualized by autoradiography. 

ID. UVB Induction of the c-fos Promoter is Mediated by Phospho-CREB 

Binding to CRE and FAPl Cis Elements 

Introduction 

UVB (280-320 nm) irradiation functions as a complete carcinogen in mice and 

has been shown to contribute to the development of non-melanoma skin cancer (NMSC) 

in humans (Staberg et al., 1983). Initial research in the human keratinocyte cell line, 

HaCaT, revealed that UVB irradiation caused the activation of the transcription factor 

Activator Protein-1 (AP-1) (Huang et al., 1996; Barthelman et al., 1998a). Several 

experimental results suggest that AP-1 transactivation may play a role in skin tumor 

promotion. First, AP-1 regulates genes that control cell proliferation, it is only activated 

in tumor promotion sensitive cells, and pharmalogical inhibition of AP-1 prevents cells 

from undergoing transformation (Shaulian and Karin, 2001) (Dong et al., 1997; Huang et 

al., 1997b). 

The UVB-induced AP-1 complex in HaCaT cells is composed of c-Fos and JunD. 

In addition, induced c-Fos expression correlates with AP-1 transactivation. This suggests 
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that c-Fos activity may be tightly linked to the UVB-induced activation of AP-1. 

Identifying how UVB irradiation regulates c-Fos expression at the transcriptional level 

may provide further understanding of the molecular events leading to skin cancer. 

The purpose of this study was to contribute to the characterization of the UVB-

induced signaling pathways that result in increased c-fos and AP-I transactivation. 

Previous studies in HaCaT cells had identified the p38 and ERK Mitogen Activated 

Protein (MAP) kinases as the major upstream regulators of the UVB signaling pathways 

that induce c-fos transcription. However, the downstream targets that p38 and ERK use 

to mediate the increased c-fos promoter activity remain unknown (Chen and Bowden, 

1999). Studying the cis elements of the promoter will help characterize the UVB-induced 

expression of c-Fos, and may provide insight to those molecular mechanisms that 

function downstream of the MAP kinases to induce c-fos and AP-1 expression. 

Results 

IJl'B inducUon of c-fos is mediated in part through the CRE and FAPI cis elements 

Previous studies in HaCaT cells reported that UVB irradiation dramatically 

induced transactivation and protein levels of c-Fos (Chen et al., 1998). To determine 

which cis element(s) within the c-fos promoter are responsible for mediating this 

induction, four mutant variants of the plasmid c-fos-luc were created, c-fos-luc is a 

luciferase construct driven by 445 base pairs of the human c-fos promoter. Each mutant 

construct contained clustered point mutations in the SIE, SRE, FAPl, or CRE cis 
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element. HaCaT cells were transiently transfected with each of the constructs, and then 

irradiated with 250 jW UVB. As shown in Figure 4, As shown in Figure 1, all four 

mutations significantly inhibited UVB induction of c-fos. Mutations in the SIE and SRE 

elements did not affect basal activity, but did inhibit UVB-induced promoter activity. 

Mutation of either CRE or FAPl elements caused more dramatic effects by reducing both 

the basal and UVB-induced transactivation of each construct. The data from these 

experiments suggest that all four cis elements contribute to c-fos promoter activity and 

maximum UVB induction requires all four, functional elements. In addition, the CRE 

and FAPl elements are the two major cis elements that mediate most of the basal and 

UVB-induced transactivation of c-fos. 

Homodimers of CREB bind to the c-fos CRE 

Studies in a variety of cell types have reported that the consensus CRE sequence 

can be bound by members of the both the AP-1 family and the CREB/ATF family 

(Kerppola and Curran, 1993; Lee and Masson, 1993). To investigate which transcription 

factors bind to the c-fos CRE, electrophoresis mobility shift assays were preformed. 

Nuclear extracts were prepared from HaCaT cells receiving 250 J/m^ UVB irradiation 

and were then incubated with a probe corresponding to the c-fos CRE sequence. As a 

result, one prominent band and two minor bands were produced. All bands were 
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TTCCCGTCAA CCATATTAGG TGCGTCA GTGACGT 
TTGGGCAGAA GGATATTACC TGCCAGT CTCAGCT 

• basal 

• 250 J/m^ UVB 

J i J 
mSIE mSRE mFAPI mCRE 

Figure 4. All four cis-elements are involved in UVB-
induced c-fos transcription. 
HaCaT cells were transiently transfected with 0.75 )xg of 
wild-type c-fos-luc or one of the mutant c-fos-luc constructs 
(mSIE, mSRE, mFAPI, or mCRE) and 50 ng of pRL-TK. 
Cells were allowed to recover for 18 h and then irradiated 
with 250 J/m^ UVB or mock treated. Cells were harvested 
6 h post irradiation. Cell lysates were prepared and c-fos 
and Renilla gene transcription was measured by luciferase 
assays, s.e.m.; n=9. 
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competed with excess cold CRE probe. However, incubation with a mutant CRE probe 

had no effect on the prominent band and only competed with the lower, minor bands. 

This suggests that only the prominent, top band represented protein binding specific for 

the c-fos CRE (Figure 5). In addition, incubation with excess cold probe corresponding 

to an AP-1 binding site (TRE) effectively inhibited protein binding to the c-fos CRE 

probe. This suggests that transcription factors that are able to bind to the c-fos CRE are 

also be able to bind to TRE sequences. Next, nuclear extracts were prepared from 

HaCaT cells at 2, 5, or 8 hours after 250 J/m^ UVB or mock irradiation. At 2 hours, there 

was no apparent difference in binding between the control and irradiated extracts. 

However at 5 and 8 hours after treatment, the extracts from irradiated cells demonstrated 

significantly more binding than extracts from mock irradiated cells. This result suggests" 

that UVB irradiation induces binding of specific transcription factors to the c-fos CRE 

(Figure 6). 

To identify the transcription factors binding to the c-fos CRE, HaCaT nuclear 

extracts from irradiated and mock irradiated cells were incubated with the c-fos CRE 

probe, in the presence of c-Jun, CREB, ATF-2, and ATF-I antibodies. While c-Jun, 

ATF-2, and ATF-1 antibodies had no effect, incubation with the CREB antibody cleared 

and supershifted the c-fos CRE bands from irradiated and mock irradiated extracts. Since 

only the CREB antibody had this effect, the c-fos CRE may be bound by a homodimer of 

CREB (Figure 7). 
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Figure 5. Binding of HaCaT nuclear extracts to the human 
c-fos CRE element. 
Ten or fifty fold excess amounts of double strand 
oligonucleotides containing the c-fos CRE, a mutated CRE 
site (mCRE), or a consensus AP-1 sequence (TRE) were 
incubated with HaCaT nuclear extracts to determine 
binding specificity for the labeled c-fos CRE probe. 
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Figure 6. Time course for UVB-induced binding to the human 
c-fos CRE. 
Cells were grown to near confluence and starved in serum-free 
medium for 24 h, then treated with 250 J/m^ UVB or mock 
treated. Crude nuclear extracts were prepared at the indicated 
times and 5 fxg of protein were used per reaction. 
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Figure 7. Binding of CREB to tiie c-fos CRE element. 
Crude nuclear extracts were prepared from HaCaT cells 
that had been incubated for 8 h after receiving 250 J/m^ 
UVB irradiation or mock irradiated, (a) Five ̂ g of nuclear 
extracts were incubated on ice for one hour with two 
different amounts (0.1 ^g and 0.2 fxg) of antibodies for c-
jun, CREB, ATF-2 and ATF-1. One |ig of labeled c-fos 
CRE probe was incubated with each reaction for 30 min at 
room temperature. 
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Various studies in the literature suggest that inactive, or unphosphorylated, CREB 

has low affinity for asymmetric CREB-binding sites, such as the c-fos CRE (Nichols et 

al., 1992). However, upon activation, phosphorylated CREB is able to bind to 

asymmetric sites with high affinity. To test if such a phenomenon occurs in the HaCaT 

cells, nuclear extracts were incubated with the c-fos CRE probe and a phospho-CREB 

antibody. As shown in Figure 8, only the nuclear extracts from irradiated cells were 

supershifted in the presence of the phospho-CREB antibody. Previous work from this 

laboratory has established that UVB irradiation increases the amount of phospho-CREB, 

but does not increase the overall amount of CREB protein (Tang et al., 2001a). Together, 

these data suggest that UVB-induced c-fos promoter activity may be due to increased 

amounts of phospho-CREB on the c-fos CRE. 

CREB also binds to the c-fos FAPl 

Mutation of the AP-1 like cis element (FAPl) also significantly inhibited c-fos 

transactivation by UVB irradiation. Electrophoresis mobility shift assays were once 

again used to identify those transcription factors that bind to the FAPl element (Figure 

9). HaCaT nuclear extracts were incubated with the SREFAPl probe, which corresponds 

to the c-fos sequence spanning both SRE and FAPI elements. Electrophoresis of the 

reactions resulted in a pattern of four bands. Excess cold SREFAPl probe completely 

competed all four bands, while excess cold SRE probe competed bands one, three, and 

four. In addition, excess cold FAPl probe only competed band two while mutant FAPl 
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Figure 8. Binding of phospho-CREB to the 
c-fos CRE element. 
HaCaT nuclear extracts (2.5 ̂ g) were heated to 
65°Celsius, cooled on ice for ten seconds, and then 
incubated on ice for 1 h with two amounts (2.5ng and 5ng) 
of phospho-CREB antibody. Incubation with 0.1 )ig of 
CREB antibody served as a positive control. One )ig of 

labeled c-fos CRE probe was incubated with each 
reaction for 30 min at room temperature. 
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Figure 9. Binding of HaCaT nuclear extracts to 
the human c-fos FAPl element. 
A fifty fold excess of double strand oligonucleotides 

containing both the c-fos SRE and FAPl elements 
(SREFAPl), the c-fos SRE, the c-fos FAPl, a mutated 
FAPl site (mFAPl), the c-fos CRE, or a mutated CRE 
site (mCRE) were incubated with HaCaT nuclear 
extracts to determine binding specificity for the ̂ ^P-
labeled c-fos SREFAPl probe. The band identities are 
indicated on the left. 



probe did not compete any of the bands. Together, these resuhs demonstrate that only 

band two corresponds to protein binding specific for the FAPl element, and that bands 

one, three, and four represent binding to the SRE element. Of note, excess cold CRE 

probe competed with band two, while mutant CRE oligos were unable to do so. This 

suggests that those transcription factors binding to the c-fos CRE may also bind to c-fos 

FAPl element. In Figure 10, binding to the FAPl element is significantly increased in 

irradiated HaCaT nuclear extracts collected at 5 and 8 hour time points. In a manner 

similar to the CRE, UVB irradiation seems to induce binding of specific transcription 

factors to the FAPl element. 

Since cold CRE probe eflfectively competed with the FAPl band, we 

hypothesized that CREB was also bound to the FAPl cis element. In initial studies, 

incubation with anti-ATFl, ATF-2, or CREB antibody did not cause an observable 

supershift of the FAPl band. However, the slowest migrating band (band one) made it 

difficult to distinguish if these antibodies could supershift the FAPl band. Incubation 

with an anti-SRF antibody clears and supershifts band one, and therefore identifies it as a 

SRE specific band. To more clearly visualize a potential supershift of the FAPl band, we 

needed to compete out or clear band one (SRE factor). Therefore, HaCaT nuclear 

extracts from irradiated cells were incubated with labeled SREFAPl probe, antibody, and 

excess cold SRE probe in order to isolate the FAPl band. As shown in Figure 11, the 

CREB antibody caused a visible supershift of the FAPl band. The anti-ATFl and ATF-2 

antibodies did not supershift the FAPl band in the absence (Figure 11, lanes 7& 8) or 
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Figure 10. Time course for UVB-induced binding to tiie 
human c-fos SREFAPl. 
Cells were grown to near confluence and starved in 
serum-free medium for 24 h, then treated with 250 J/m^ 
UVB or mock treated. Crude nuclear extracts were 
prepared at the indicated times and 5 |ig of protein were 
used per reaction. 



+ UVB 62 

competitor 

Antibody 

Figure 11. Binding of CREB to the c-fos FAPl element. 
Crude nuclear extracts were prepared from HaCaT cells that had been 
incubated for 8 h after receiving 250 J/m^ UVB irradiation or mock 
irradiated, (a) In lanes 3,4, and 5, fifty-fold excess of double strand 
oligonucleotides containing the c-fos SRE, the c-fos FAPl, or a mutated 
FAPl site (mFAPl) were incubated with irradiated HaCaT nuclear extracts. 
In lanes 5,6,7,9, and 10, five ^g of nuclear extracts were incubated on ice 
for one hour with 0.2 |ig of antibodies for ATF-1, ATF-2, SRF, or CREB 
antibody. In order to isolate the band corresponding to factors bound at the 
FAPl element, the last three lanes were also incubated with 50 fold excess 
double strand SRE oligonucleotides. One |xg of ^^P- labeled c-fos CRE probe 
was incubated with each reaction for 30 min at room temperature. Anti-c-
jun antibody also tested in similar experiments, but did not cause a 
supershift or band clearance. 
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presence of excess cold SRE oligo (data not shown). Nuclear extraas from mock 

irradiated samples were used in similar experiments, but only the CREB antibody caused 

a supershift (data not shown). These results suggest that CREB binds the FAPl element 

as a homodimer. Next, we incubated HaCaT nuclear extracts with SREFAPl probe and 

phospho-CREB specific antibody (Figure 12). With high amounts of nuclear protein (10 

|ig), the phospho-CREB antibody caused a supershift of the FAPl band in irradiated 

extracts. This supershift indicates that phosphorylated CREB in UVB irradiated nuclear 

extracts also binds to the FAPl element. 

The Dominant Negative CREB mutant, CREBMI, inhibits UVB-induced c-fos 

transactivation 

Supershift analyses identified CREB as the major transcription factor binding to 

both the CRE and FAP1 elements. By binding the two major elements that mediate UVB 

induction of c-fos, CREB may play a critical role in the transactivation of c-fos. To test 

this idea, HaCaT cells were transiently transfected with c-fos-luc and CREBMI, a 

dominant negative mutant of CREB that cannot be activated by phosphorylation due to a 

Ser 131->Ala mutation (Figure 13). c-fos-luc was induced approximately seven fold 

over basal activity in HaCaT cells irradiated with 250 J/m^ UVB. However, in the 

presence of CREBMI, both basal and UVB-induced transactivation of c-fos were nearly 

abrogated. This reiterates the importance of CREB for both basal and UVB induced c-

fos transactivation. 
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Figure 12. Binding of phospho-CREB to the c-fos 
FAPl element. 
HaCaT nuclear extracts (10 fig) were heated to 65 ° 
Celsius, cooled on ice for ten seconds, and then incubated 
on ice for 1 h with two amounts (2.5ng and 5ng) of 
phospho-CREB antibody. Incubation with 0.1 ^g of 
CREB antibody served as a positive control. One mg of 

labeled c-fos SREFAPl probe was incubated with 
each reaction for 30 min at room temperature. In order to 
isolate the band corresponding to factors bound at the 
FAPl element, all reactions were also incubated with 50 
fold excess double strand SRE oligonucleotides. 
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Figure 13. Dominant negative CREB mutant blocks 
UVB induced c-fos activity. 
HaCaT cells were transfected with 0.75 )ag c-fos-luc, 
50 ng pRL-TK, and 0.5 jug or 0.1 ^g dominate-
negative CREBMl, or the corresponding amounts of 
vector. Cells were allowed to recover for 18 h and 
then irradiated with 250 J/m^ UVB or mock treated. 
Cells were harvested 6 h post irradiation. Cell 
lysates were prepared and c-fos and Renilla gene 
transcription was measured by luciferase assays. 
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Discussion 

In the HaCaT cell line, UVB induced transactivation of c-fos correlates with the 

UVB induction of the transcription factor AP-1. This suggests that upregulation of c-fos 

transcription may be a key event in the promotion phase of UVB-induced squamous cell 

carcinomas. While 

some studies have partially characterized LTV induction of c-fos, a more complete 

characterization was necessary. Separate studies report that the SRE and CRE mediate 

most of the UV induction of the c-fos promoter (Buscher et al., 1988; lordanov et al., 

1997). However, previous to this study, the SIE and FAPl cis elements had not been 

examined for their contribution to UV induction of c-fos. Thus, all four of the cis 

elements of the c-fos promoter and the transcription factors bound at each site were 

investigated in a UVB irradiated HaCaT cell system. Four variants of the c-fos-luc 

plasmid were created with clustered point mutations at the SIE, SRE, FAPl, or CRE 

elements. In comparison to wild type c-fos-luc, each of the four mutant constructs 

demonstrated significantly lower levels of UVB induction. Therefore, for the first time, it 

was established that the SIE and FAPl do contribute to UV-induction of c-fos. More 

importantly, these findings demonstrate that all four cis elements within the promoter are 

required for maximum UVB-induction of c-fos. These results agree with the model for c-

fos transcription put 

forth by Robertson et a\ (Robertson et al., 1995). In this model, the transcription factors 

bound at the cis elements cooperatively recruit transcription initiation proteins, such as 

TATA binding protein (TBP). Together, the transcription and initiation factors form an 
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interdependent transcription complex (ITC) on the promoter to initiate transcription of 

the associated gene (Robertson et al., 1995). However, before this ITC model can be 

applied to the UVB induction of c-fos, one must consider that mutation of each of the 

four cis elements resulted in different amounts of c-fos inhibition. While the SIE and 

SRE do significantly contribute to c-fos promoter activity, the CRE and FAPl cis 

elements appear to mediate more of the basal and UVB induction of the promoter. This 

suggests that the transcription factors bound at the CRE and FAPI elements are the main 

structural proteins stabilizing the entire ITC. In fact, a construct that contained mutations 

in both the CRE and FAPl elements retained the same amount of promoter activity as the 

constructs with a single mutated element (data not shown). This suggests that the 

proteins bound at the CRE and FAPI elements may function in a cooperative manner to 

recruit the required initiation factors for transcription. Thus, mutation of one or both of 

these cis elements would destroy the cooperative nature of the two cis elements and 

would result in inadequate recruitment of initiation factors to the promoter. 

Three lines of evidence led to the hypothesis that phosphorylated CREB was the 

transcription factor binding to both the CRE and FAPl cis elements to mediate UVB 

induction of c-fos. First, CREB proteins have been reported to bind to both CRE and AP-

1 sequences in many genes (Hai and Curran, 1991). Next, CREB is a transcription factor 

that must be phosphorylated at Ser 133 to exert transcriptional activation. Only 

phosphorylated forms of CREB can interact with CREB binding protein, CBP, a 

coaaivator that mediates transcription by communicating with the basal transcription 
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machinery (Lee and Masson, 1993). Finally, studies in HaCaT cells established that 

UVB induces activation of CREB. Time course experiments demonstrated that UVB 

irradiation induced phosphorylation of CREB at SerI33 for up to 10 hours, while total 

levels of CREB remain unchanged (Tang et al., 2001a). 

Gel shift analyses confirmed that phospho-CREB binds to the CRE and FAPl cis 

elements. Initially, it was observed that nuclear extracts fi-om irradiated samples 

demonstrated increased binding to both the CRE and FAPl elements over a time course 

of eight hours. Next, supershift analyses identified CREB as the transcription factor that 

binds to both the CRE and FAPl cis elements under basal and UVB-stimuiated 

conditions. Finally, an anti-phospho-CREB antibody was able to supershift protein ft'om 

irradiated nuclear extracts, but not mock irradiated extracts. This indicated that phospho-

CREB is only bound to these cis elements under UVB-stimuiated conditions. Thus, the 

presence of phospho-CREB at multiple sites is likely to contribute to the UVB-induced 

transcription ofc-fos. It is also possible that UVB-induced phosphorylation of CREB 

may increase its affinity for the CRE and FAPl cis elements. Several studies have 

reported that phosphorylation affects CREB binding to specific sites. CRE elements with 

the symmetrical TGACGTCA sequence have high affinity for both phosphorylated and 

unphosphorylated forms of CREB (Nichols et al., 1992). However, those CRE elements 

with asymmetric CRE sites have been reported to only have high affinity for 

phosphorylated CREB (Nichols et al., 1992). The c-fos FAPl and CRE sequences are 

both asymmetric, therefore it is likely that these sites have a low affinity for CREB, but a 

higher affinity for phosphorylated forms of CREB. 
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Reports that CREB forms a tetramer may lend further support to the idea that 

CREB may coordinate communication among multiple cis elements in the c-fos 

promoter. Bullock and Habener report that CREB associates as a tetramer in the 

presence of DNA (Bullock and Habener, 1998). They propose a model where two CREB 

dimers, bound independently to two DNA sequences, can interact to form a tetrameric 

complex between two DNA elements (Bullock and Habener, 1998). If one applies this 

model to c-fos transcription, phosho-CREB homodimers may bind to the CRE and FAPl 

elements, dimerize, and cooperatively recruit CBP to the promoter. This may explain 

why mutation of the CRE or FAPl cis element results in equal inhibition of UVB 

induction of the c-fos promoter. Finally, a dominant negative CREB mutant, CREBMl, 

caused complete abrogation of UVB-induced c-fos activity. This result supports the 

importance of CREB in the UVB-induced transactivation of c-fos. 

This link between UVB, CREB, and c-fos further contributes to this laboratory's 

characterization of the UVB-induced signaling pathways in HaCaT cells. Previous 

studies suggested that p38 and ERK are the major upstream mediators of the UVB-

induced signaling pathways that result in increased c-fos expression. This study suggests 

that CREB may be a major downstream mediator. Although it has been established that 

these MAP kinases do not directly phosphorylate CREB, recent studies report that 

downstream targets of p38 and ERK do function as CREB kinases. Therefore, UVB 

induced MAP kinases may activate downstream CREB kinases to mediate the 

phosphorylation of CREB. 
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These studies have established for the first time that all four cis elements of the c-

fos promoter are required for maximum UVB induction. In addition, CREB has been 

identified as a transcription factor that binds to multiple cis elements within the c-fos 

promoter. Therefore, CREB may be a major regulatory protein that helps mediate 

interactions among the cis elements of the promoter, as well as interactions between the 

cis elements and general transcription factors assembled at the transcriptional start site. 

In conclusion, CREB functions as an important regulatory protein in the UVB-induced 

expression of c-fos. 

IV. The Role of PI 3-Kinase in the UVB-Induced Expression of c-Fos 

Introduction 

UVB- induced non-melanoma skin cancer (squamous cell and basal cell 

carcinoma) is the most prevalent cancer among U.S. citizens (Miller and Weinstock, 

1994). Keratinocytes that are exposed to UVB irradiation undergo various genetic and 

epigenetic changes. Genetic changes include mutations in oncogenes and tumor 

suppressor genes resulting from unrepaired UVB-induced photoproduct lesions in DNA 

(Mitchell and Nairn, 1989). UVB-induced epigenetic changes include induction of 

particular cellular signaling pathways that ultimately induce the expression of specific 

transcription factors (Angel and Karin, 1991). In mammalian cells. Activator Protein-1 

(AP-1) is one of the major transcription factors that is upreguiated in response to UVB 
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irradiation (Barthelman et al., 1998b) (Huang et al., 1996). In addition, UVB-induced c-

Fos expression correlates with the transactivation of AP-l. 

Dysregulation of c-fos expression may contribute to the development of skin 

carcinogenesis (Ruther et al., 1987; Ruther et al., 1989). Therefore, identifying the 

proteins and signaling pathways that mediate UVB-induced c-Fos expression may reveal 

potential therapy targets in treating non-melanoma skin cancer. 

Phosphatidyl inositol 3-kinase has been identified as a protein that is activated by 

UVB irradiation in human keratinocytes (Kabuyama et al., 1998). Furthermore, several 

studies have reported that inhibition of PI 3-kinase affects c-fos and AP-l activity 

((Huang et al., 1996) (Jhun et al., 1994) (Hu et al., 1995). The purpose of this study is to 

investigate how PI 3-kinase activity affects UVB-induced c-Fos expression and AP-1 

transactivation in the HaCaT cell line. 

Results 

Ul 'B induces PI 3-kinase 

Previous work in the HaCaT cell line had shown that UVB irradiation induced the 

phosphorylation of the serine/threonine kinase Akt (Tang et al., 2001b). This 

demonstrated UVB activation of the PI 3-kinase signaling pathway and indirectly 

suggested that PI 3-kinase activity could be induced by UVB irradiation. In attempt to 

establish and quantify the increase in PI 3-kinase activity due to UVB irradiation, cell 

lysates were prepared from HaCaT cells that were irradiated with 250 J/m^ UVB. The PI 
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3-kinase activity that immunoprecipitated with an anti-PI 3-kinase antibody was 

quantitated based on the formation of the PI 3-kinase product, PIP3. As shown in Figure 

14, PI 3-kinase activity in irradiated ceils was approximately three times higher than the 

kinase activity in mock irradiated cells. 

To determine if this PI 3-kinase activity affected c-fos transcription, HaCaT cells 

were transiently transfected with two plasmids. One plasmid contained the human c-fos 

promoter driving a luciferase reporter gene (c-fos-luc), and the other contained a mutated 

form of the PI 3-kinase p85 subunit (p85a plasmid). The p85 subunit normally serves to 

interact with tyrosine phosphorylated proteins via its two SH2 domains and then relay 

this activation signal by binding the catalytic portion (pi 10) of PI 3-kinase (Carpenter et 

ai., 1990). The p85a plasmid encodes a mutant p85 subunit which has the 35 amino acid 

segment corresponding to the pi 10 binding site deleted (Hara et al., 1994). As a result, 

the catalytic activity of PI 3-kinase is abrogated. Without the presence of p85a, c-fos 

promoter activity increased by 14-fold over control after exposure to 250 J/m^ UVB 

(Figure 15). However, when p85a is expressed in a 2.1 ratio over c-fos-luc, the 

induction of c-fos is reduced to only 3 .5-fold over control. This suggests that in order to 

attain maximum c-fos induction, the UVB-induced signaling pathway requires a 

functional pi 10 subunit of PI 3-kinase. 

The PI 3-kmase inhibitor, worlmannin, inhibits c-fos 

To further establish that induction of PI 3-kinase leads to c-fos transactivation, the 
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Figure 14. UVB induces PI 3-kinase activation in HaCaT 
cells. Cells were serum starved for 24 h and then exposed to 
250 J/m^ UVB. Cell lysates were prepared immediately and 
immunoprecipitated with anti-p85 subunit PI 3-kinase 
antibody (Upstate Biotechnology, NY). The precipitates were 
incubated with [y ^^P| ATP and phosphatidyl inositol for 0.5 
h. Phospholipids were extracted and the ̂ ^P-labeled lipid 
products were separated by TLC. The origin contains 
residual [y ^^P| ATP that was not removed by the organic 
phase. PI 3-kinase activities were quantified by densitometric 
analysis of the TLC plate autoradiograms. P = 0.002; n=3. 



74 

U 
C 

s 

l29kiiti?UB 

vector p85 

Figure 15. Dominant negative PI 3-idnase inhibits UVB-
induced c-fos activation in HaCaT cells. 
Cotransfection of a dominant negative p85 (p85a) 
inhibits c-fos transcription. Cells were transfected with 
0.75 fxg c-fos-luc, 50 ng of pRL-TK, and 1.5 jig of p85a, 
or the p85a vector without the dominant negative insert. 
Cells were allowed to recover for 18 h and then 
irradiated with 250 J/m^ UVB or mock treated. Cells 
were harvested 6 h post irradiation. Cell lysates were 
prepared and c-fos and Renilla gene transcription were 
measured by luciferase assays P= 0.0007. 
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effects of wortmannin on the levels of c-fos transcription and protein were examined. 

Wortmannin is a microbial secondary metabolite that forms a covalent, irreversible 

adduct with the pllO subunit of PI 3-ldnase, therefore functioning as a highly selective 

inhibitor (Powis et al., 1994). HaCaT cells that were stably transfected with a luciferase 

reporter construct containing 445 base pairs of the human c-fos promoter (c-fos-luc) were 

treated with 0.25 uM or 0.5 uM wortmannin for thirty minutes prior to UVB irradiation, 

as well as for six hours after UVB irradiation. While 0.25 (xM wortmannin had little 

effect, a dose of 0.5 |jM inhibited UVB-induced c-fos transactivation by 42% (Figure 

16). To examine the effects that wortmannin had on c-Fos protein, we performed western 

analysis on whole cell lysates collected from HaCaT cells that had been treated with 

wortmannin both pre- and post-irradiation. c-Fos protein levels were elevated in cells 

that were irradiated with UVB. However, cells that had been treated with wortmannin 

before and after irradiation expressed much lower levels of c-Fos protein (Figure 17). 

Thus, wortmannin's inhibition of c-fos transactivation and c-Fos protein further suggests 

a causal relationship between PI 3-kinase activity and c-fos regulation. 

While wortmannin treatment did significantly reduce c-fos activity, there were 

residual amounts of activity that are most likely due to the induction from other UVB-

induced signaling pathways, such as the p38 MAP kinase pathway that has been 

characterized in UVB irradiated HaCaT cells. To test this hypothesis, HaCaT cells were 

treated with wortmannin, the p38 inhibitor SB 202190, or a combination of both 
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Figure 16. Wortmannin inhibits c-fos transcription. 
HaCaT cells that had been stably transfected with a luciferase 

reporter plasmid containing 445 base pairs of the human c-fos 
promoter (c-fos-luc) were grown to ninety percent confluency 
and incubated in serum free DMEM for 24 h. The cells were 
treated with wortmannin in serum free DMEM for 0.5 h and 
then exposed to 250 J/m^ UVB or mock irradiated. The cells 
were then cultured in serum free DMEM containing the same 
concentrations of wortmannin for 6 h. Cell lysates were 
prepared and c-fos gene transcription was measured by 
luciferase assays. P=0.02 
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Figure 17. Wortmannin inhibits c-Fos protein. 
HaCaT cells were serum starved for 24 hours and then 
treated with 0.5 wortmannin In serum free DMEM 
for 0.5 h and exposed to 250 J/m^ UVB or mock 
treated. The cells were then cultured In serum free 
DMEM containing 0.5 mM wortmannin for 6 h or 12 
h. Sixty )ig of whole cell lysate were resolved on 12.5% 
polyacrylamide gel and then probed with an antibody 
recognizing c-Fos (Santa Cruz Biotechnology, CA); as 
a loading and transfer control, the same blot was then 
probed with an antibody against a-tubulin (Oncogene, 
MA). The following values are based on densitometric 
analysis of the bands: irradiated samples; mean =156.2 
std dev =12.14; Irradiated samples In the presence of 
wortmannin; mean = 68.35; std dev. 31.78. n=3 ; 
average percent Inhibition = 56.5 % 
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compounds before and after UVB irradiation. As observed previously, 0.5|iM 

wortmannin had a greater efficacy than the 0.2S dose in inhibiting c-fos transcription 

and protein. However, cells that were treated with both 0.25 |aM wortmannin and 2.5 

)iM SB 202190 displayed significantly reduced levels of c-fos transcription and protein. 

In an identical manner, atreatment of 0.5 (xM wortmannin and 5.0 pM SB 202190 nearly 

abrogated all UVB-induced c-fos transcription and protein (Figures 18 and 19). 

Therefore, these experiments suggest that signaling pathways involving both PI 3-kinase 

and p38 MAP kinase are required for UVB-induction of c-fos expression. 

Akt and GSK-Sfi play significant roles in the LfVB-induction of c-fos 

To determine if downstream components of the PI 3-Kinase signaling pathway 

affect c-fos expression, the serine/threonine kinases Akt and glycogen synthase kinase 3(3 

(GSK-3P) were investigated. In HaCaT cells, it was previously demonstrated that UVB 

induced the phosphorylation of both Akt and GSK-3P and that these processes required 

PI 3-kinase activity (Tang et al., 2001b). Consequently, we wanted to determine if Akt 

and GSK-33 play active roles in the UVB signaling pathway that leads to c-fos 

upregulation. We transiently transfected HaCaT cells with the reporter construct c-fos-

luc and a dominant negative Akt mutant (Akt AAA), or empty vector. The Akt AAA 

construct encodes for a kinase-inactive and phosphorylation-deficient version of Akt. It 
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Figure 18. Treatment with both Wortmannin and SB 202190 nearly 
abrogates UVB-induced c-fos transcription. 
HaCaT cells that were stably transfected with a region (-404 to +41 nt) 
of the human c-fos gene driving a luciferase reporter gene were 
cultured in complete DMEM until 90% confluency and were then 
incubated in serum free DMEM for 24 h. The cells were treated with 
0.25 ^M or 0.5 ̂ M wortmannin, 2.5 ^M or 5.0 ^M SB 202190, or a 
combination of both compounds with final concentrations of 0.25 fxM 
wortmannin and 2.5 fxM SB 202190 or 0.50 ̂ M wortmannin and 5.0 
^M SB 202190 in serum free DMEM for 1 h and exposed to 250 J/m^ 
UVB or mock treated. After irradiation, the cells were cultured in 
serum free DMEM containing the same concentrations of wortmannin 
and/or SB 202190 for 6 h. Whole cell lysates were prepared and divided 
for luciferase assay and western analyses, (a) 30 ̂ g of protein was used 
to measure c-fos gene transcription by luciferase assay. 0 ^.M vs 0.25 
|iM wortmannn, P=0.42; 0 nM vs 2.5 jiM SB 202190, P=0.0.0007; 0 nM 
vs 0.25 (iM wortmannn + 2.5 jiM SB 202190, P=0.00067; 0 ̂ M vs 0.5 
jiM wortmannn, P=0.02; 0 jiM vs 5.0 jiM SB, P=0.00068 ; 0 ̂ iM vs 0.5 
HM wortmannn + 5.0 nM SB 202190 P=0.00066 
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Figure 19. Treatment with both Wortmannin 
and SB 202190 nearly abrogates UVB-induced c-
Fos protein. 
60 fig of whole cell lysate were resolved on 
12.5% polyacrylamide gel and then probed with 
an antibody recognizing c-Fos (Santa Cruz 
Biotechnology, CA); as a loading and transfer 
control, the same blot was then probed with an 
antibody against a-tubulin (Oncogene, MA). 
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was created by substituting alanine residues at both the major regulatory phosphorylation 

sites as well as the phosphate transfer residue in the catalytic site (Wang et al., 1995). 

UVB irradiation induced a 17-fold increase in c-fos promoter activity. However in the 

presence of Akt AAA, the c-fos promoter activity demonstrated only a 4-fold induction in 

response to irradiation. Those cells that were transfected with a plasmid containing wild-

type GSK-33, exhibited even lower levels (1.4 fold) of UVB-induced c-fos promoter 

activity. Both sets of results from the dominant negative Akt and the overexpression of 

GSK-33 (Figure 20) demonstrate that Akt activity is a necessary component of the PI 3-

kinase signaling pathway that leads to c-fos induction in UVB irradiated HaCaTs. 

LiCl inhibition of GSK-Sfi results in increased c-fos activity 

Since overexpresssion ofGSK-3P reduced UVB induction of c-fos, we 

investigated whether inhibition of GSK-3P by lithium chloride would induce c-fos 

promoter activity and protein levels. HaCaT cells were transiently transfected with c-fos-

luc and then treated with 30 mM LiCI, NaCI, or KCl for six hours. NaCl and KCl were 

used as negative controls to demonstrate that inhibition of GSK-3P by LiCI was a specific 

effect of the lithium ion and not the chloride ion. While NaCl and KCl had no 

significant effects, LiCI increased c-fos promoter activity by 43% (Figure 21). Since 

western analysis demonstrated that nuclear extracts from HaCaT cells contained 
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Figure 20. Cotransfection of a dominant negative 
Akt mutant or wild-type GSK-3P inhibits c-fos 
promoter activity. 
HaCaT cells were transfected with 0.75 fig c-fos-
luc, 50 ng pRL-TK, and 0.2 mg dominate-negative 
Akt (Akt AAA), wild-type GSK-3P, or the 
corresponding vector. Cells were allowed to 
recover for 18 h and then irradiated with 250 J/m^ 
UVB or mock treated. Cells were harvested 6 h 
post irradiation. Cell lysates were prepared and c-
fos and Renilla gene transcription was measured 
by luciferase assays. 
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Figure 21. Inhibition of GSK-3|3 by LiCl 
induces c-fos transcription. 
HaCaT cells were transfected with 0.75 jig of c-fos-
luc and allowed to recover for 18 h in serum free 
DMEM. Cells were treated with serum free DMEM 
containing 30 )aM LiCl, NaCI, or KCI and harvested 
six hours later. Cell lysates were prepared and c-fos 
gene transcription was measured by luciferase 
assays. 

P = 0.02, compared with the group that was 
treated only with DMEM 
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detectable levels of GSK-3P protein, we studied how LiCl affects protein binding to a 

DNA sequence corresponding to the endogenous cyclic AMP response (CRE) element 

located within the c-fos promoter (Figure 22). Nuclear extracts that were incubated with 

LiCl showed a significant increase in DNA binding, while incubation with KCI had little 

effect. These results suggested that by inactivating GSK-3P, the inhibitory 

phosphorylation events mediated by GSK-3P are prevented and thereby allow increased 

protein binding to the c-fos promoter. This mechanism most likely accounts for the 

induced transcription of c-fos in the presence of LiCl. 

In addition to these studies on how LiCl affects the c-fos promoter, western 

analysis was enlisted to measure c-Fos protein levels from HaCaT cells that had been 

treated with LiCl for 8 hours (Figure 23). It was observed that LiCl induced c-Fos 

protein to levels that are comparable to those resulting from UVB irradiation. Thus, these 

results demonstrate that GSK-3P negatively regulates c-fos, and inactivation of GSK-3P 

is necessary to observe maximum c-fos expression. 

Discussion 

Previous work from this laboratory has established in the HaCaT cell line that 

UVB-induced c-Fos expression correlates with the transactivation of AP-1 (Chen et al., 

1998). The Mitogen Activated Protein (MAP) kinases p38 and ERK were identified as 

two of the major components of a UVB signaling pathway that lead to this upregulation 
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Figure 22. GSK-3p is detectable in HaCaT nuclear extracts 
and LiCI induces protein binding to the c-fos promoter. 
GSK-3p protein is present in HaCaT nuclear extracts. Twenty 
|Lig of nuclear protein were resolved on 12.5% polyacrylamide 
gel, transferred to Immobolin-P membranes, and then probed 
with an antibody recognizing GSK-3P (Cell Signaling, MA). 
The same blot was then probed with an antibody against a-
tubulin. (c) LiCI induces binding of the c-fos promoter. 
HaCaT cells were serum-starved for 24 h and then exposed to 
250 J/m^ UVB or mock irradiated. The cells were cultured in 
serum free DMEM for 8 h post-irradiation and harvested. 
Whole cell lysates and nuclear protein were prepared. Nuclear 
protein was incubated in the presence of water, LiCI, or KCI. 
Then gel shift assays were performed. Densitometric analysis 
of increase in binding: *1 =24 %; *2 = 11% 
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Figure 23. LiCl induces c-Fos protein. 
60 )ag of tiie prepared wiioie cell lysates were 
resolved on 12.5% polyacrylamide gel, 
transferred to Immobolin-P membranes, and 
then probed with an antibody recognizing c-Fos; 
the same blot was then probed with an antibody 
against a-tubulin, which served as a loading and 
transfer control. 
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of c-fos and AP-1. However in addition to the MAP kinase signaling pathway, UVB has 

been reported to also induce a variety of other signaling pathways. This prompted us to 

consider that muhiple signaling pathways could lead to the UVB-induction of c-fos. The 

PI 3-kinase signaling pathway was of particular interest because various publications 

suggested there could be an association between UVB irradiation, PI 3-kinse activation, 

and c-fos expression. One study established that PI 3-kinase can be activated by UVB 

(Kabuyama et al., 1998), while another study established that insulin or growth factor-

induced PI 3-kinase activity affected c-fos and AP-1 expression (Jhun et al., 1994) 

(Huang et al., 1996). In addition, Nomura et al. reported that UVB-induced PI 3-kinase 

activity in the mouse epidermal cell line JB6 was inhibited by tea polyphenols (Nomura 

et al., 2001a). Epigallocatechin-3-gallate is a specific tea polyphenol that inhibits UVB-

induced c-fos and AP-1 transactivation (Chen and Bowden, 1999). Thus, the studies 

undertaken in this laboratory tested and demonstrated for the first time that the PI 3-

kinase signaling pathway helps mediate UVB stimulation of c-fos in HaCaT cells. 

Initially, we established that the PI 3-kinase enzyme was involved in a UVB-

induced signaling pathway in the HaCaT cells. UVB irradiation stimulated PI 3-kinase 

activity three fold over basal activity. While other studies have shown that PI 3-kinase 

activity can be induced up to 15-fold by insulin (Hara et al., 1994), reports of PI 3-kinase 

induction by UVB irradiation have been much lower. The intracellular PIP3 levels in 

skin fibroblasts only demonstrate a 5-fold increase in response to UVB (Kabuyama et al., 

1998), and studies in human skin in vivo demonstrated a 2.5-fold increase in PI 3-kinase 
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activity (Wan et ai., 2001). Thus, the 3-fold increase of PI 3-kinase activity in HaCaTs 

appears to be typical. 

Once it was established that PI 3-kinase activity was induced by UVB, we 

investigated how this affected c-fos, an oncogene known to be upregulated by UVB 

irradiation. Inhibition of endogenous PI 3-kinase reduced UVB-induced c-fos promoter 

activity to basal levels. Next, we investigated how the PI 3-kinase inhibitor wortmannin 

affected c-fos. Wortmannin slightly reduced UVB-induced c-fos transcription, but it 

nearly abrogated UVB-induced c-Fos protein. Therefore, it is possible that wortmannin 

may regulate both the transcription and translation of c-fos. Considering that multiple 

signaling pathways are activated by UVB and probably contribute to c-fos induction, it is 

not surprising that wortmannin's inhibition of PI 3-kinase did not completely abrogate c-

fos transcriptional activity. Based on previous reports, we hypothesized that p38 MAP 

kinase signaling pathways accounted for the UVB-induced c-fos activity that was not 

inhibited by wortmannin. c-fos activity in cells that were treated simultaneously with the 

p38 inhibitor SB 202190 and wortmannin displayed no response to UVB irradiation. 

This result suggests that maximum induction of c-fos by UVB irradiation requires both 

p38 and PI 3-kinase signaling pathways. 

While the nearly complete inhibition of c-fos by the combination of drugs may be 

due to each drug inhibiting its intended kinase and the corresponding signaling pathway, 

it is also possible that each drug is affecting both signaling pathways to provide a more 

complete downregulation of the UVB-response. In fact, it was found that p38 inhibitor 

SB 202190 and the MEK i/2 inhibitor PD 98059 prevented UVB-induced 



phosphorylation of Akt in the both JB6 and HaCaT cell lines (Nomura et al., 2001b; Tang 

et al., 2001a; Tang et al., 2001b). There are also reports that the two PI 3-kinase 

inhibitors, wortmannin and LY294002, can block UVC induction of p38 in N1H3T3 cells 

(Fritz and Kaina, 1997) as well as inhibit IL-1 induced AP-1 activation in a human 

glioblastoma cell line (Funakoshi et al., 2001). These inhibitor studies do not provide 

conclusive evidence that the MAP kinases and PI 3-kinase exist in a linear signaling 

pathway, but they do suggest that these two signaling pathways interact to influence Akt 

and AP-1 activation. While the results in Figures 18 and 19 demonstrate that both 

signaling pathways affect UVB-induction of c-fos, more studies are needed to discern if 

crosstalk does exist between these two pathways in the HaCaT cell line to provide a 

synergistic response to UVB. 

To determine if UVB affected the activity of other components of the PI 3-kinase 

signaling pathway, we used a dominant negative Akt and found that Akt activation is 

necessary to observe the maximum c-fos promoter activity in response to UVB. In 

addition, overexpression of wild-type GSK-3P inhibited c-fos transactivation, thereby 

establishing that GSK-3P activity has a negative effect on c-fos activity. 

Finally, inhibition of GSK-3P by lithium chloride resulted in increased levels of 

c-fos transactivation and protein. While c-fos transcription was induced by 

approximately forty percent, the protein levels seemed to be induced to a higher extent. 

This suggested that LiCl could also be affecting cellular signaling pathways that were 

regulating c-fos at the translational level. Western analyses on cell extracts demonstrated 
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that LiCI treatment resulted in induced p38 MAP kinase activation (data not shown). 

Since studies in Hela ceils have reported that p38 activation induces c-fos mRNA 

stabilization (Winzen et al., 1999), LiCI activation of p38 in the HaCaT cells may also 

cause c-fos transcript stabilization and result in increased c-fos protein levels. 

Increased DNA binding was also observed with nuclear extracts that were 

incubated with lithium chloride. This suggests that by inhibiting the negative regulation 

of GSK-3p, more protein(s) are allowed to bind the c-fos promoter. c-Jun and CREB are 

two examples of transcription factors that have been reported to have decreased aflfmity 

for their binding sites as a result of GSK-3P mediated phosphorylation (Nikolakaki et al., 

1993; Bullock and Habener, 1998). Therefore in preliminary studies, we used supershift 

assays to identify CREB as the protein that exhibits increased binding to the CRE 

sequence after LiCI treatment (data not shown). This result suggests that by preventing 

GSK-3P activity, more CREB is able to bind to the c-fos promoter and induce 

transcription. Thus, inhibition of GSK-3P may be one of the main mechanisms by which 

PI 3-kinase affects c-fos activity. 

In conclusion, the PI 3-kinase signaling pathway has been shown to play a 

significant role in the LTVB induction of c-fos. This signaling pathway that affects cell 

growth, survival, motility, and proliferation has now also been shown to contribute to the 

increased expression of two genes, Cox-2 and c-fos, that promote skin cancer. Insight 

into new molecular targets in the prevention and treatment of NMSC may arise through 
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characterization of signaling pathways, such as PI 3-kinase, that contribute to the UV 

response in keratinocytes. 

V. Nordihydroguaiaretic Acid Mediated Iniiibition of UVB-Induced AP-1 

Activation in Human Keratinocytes 

Introduction 

UVB-induced epigenetic changes, including increased cell signaling, play a 

critical role in the promotion phase of skin cancer (Barthelman et al., 1998b). In the 

human keratinocyte cell line HaCaT, UVB-induced p38 and PI 3-kinase signaling 

pathways cause the upregulation of Activator Protein-1 (AP-1) (Chen and Bowden, 

2000). As a transcription factor, AP-1 alters cellular gene expression and induces cell 

proliferation, key processes in tumor promotion (Holt et al., 1986; Angel and Karin, 

1991; Fanjul et al., 1994). c-fos expression is induced in a manner that correlates with 

the UVB activation of AP-I (Chen et al., 1998). This suggests that both c-fos and AP-l 

are potential molecular targets in the prevention of skin cancer. 

Effective prevention of skin cancer formation incorporates both primary and 

secondary prevention strategies. Primary prevention involves the use of sunblocks and 

sunscreens, as well as avoiding excessive sun exposure. Secondary prevention involves 

topical treatments that can be applied after sun exposure to inhibit cancer formation. 



Many natural products have been screened as potential chemopreventive compounds to 

be used in such topical treatments. 

NDGA is a particular polyphenolic lignan from the Larrea tridentata bush that 

has been reported to demonstrate chemopreventive activity against chemical induced 

carcinogenesis. NDGA prevented mammary, bowel, or skin tumors formation in 

chemically induced and promoted mouse models (Nakadate et al., 1985; Birkenfeld et al., 

1987; McCormick and Spicer, 1987; Athar et al., 1990). In these studies, NDGA was 

reported to exert its anti-cancer effects by inhibiting critical cellular processes, such as 

enzyme activity or DNA synthesis (Khan et al., 1993). 

Several lines of evidence suggest that NDGA may inhibit the UVB-induced 

signaling pathways that contribute to the development of skin carcinogenesis. For 

example, patients treated with masoprocol (Actinex,), a topical NDGA treatment, had a 

significantly reduced number of actinic keratoses (AK) (Olsen et al ., 1991) (Odom, 

1998). Actinic keratoses (AK) are red, scaly lesions on sun-exposed areas of the body 

that have been identified as premalignant precursors for some types of non-melanoma 

skin cancer (NMSC) (Stratton, 2001). Topical NDGA application inhibited skin tumors 

in mice that had been induced with 7,12-dimethylbenz[a]anthracene (DMBA) and treated 

with tetradecanoyi phorbol acetate (TPA), a promoting agent that induces AP-1 activity 

(Nakadate et al., 1982). In addition. Park et al. reported that in vitro Fos-Jun-DNA 

complex formation was inhibited in the presence of NDGA (Park et al., 1998). This 

suggests that NDGA's anti-cancer activity may result from its prevention of protein-DNA 

interactions. The antioxidant properties of NDGA have also been shown to inhibit redox 
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signaling (Kemal et al., 1987), a phenomenon associated with UVB irradiation (Zhang et 

al., 1997). UVB-induced reactive oxygen species (ROS) have been shown to stimulate 

p38 MAP kinase (Tao et al., 1996), an enzyme that in part mediates UVB induction of c-

fos and AP-1 in HaCaT cells (Chen and Bowden, 1999). Therefore, the action of ROS in 

UVB-induced signaling pathways may be prevented in the presence of NDGA. Finally, 

NDGA inhbits lipoxygenase (LOX) signaling. LOX mediated signal transduction 

pathways also induce c-fos, c-jun, and AP-1 transactivation, as well as promote skin 

tumor formation (Rao et al., 1996) (Glasgow et al., 1992). 

Collectively, these cited studies suggest that the diverse biological properties of 

NDGA make it a strong candidate for chemoprevention of skin cancer. The aim of these 

studies is to investigate if NDGA inhibits UVB-induced c-fos and AP-1 activation in the 

HaCaT cell line and to identify the molecular mechanisms by which it exerts its negative 

regulation. 

Results 

NDGA inhibits AP-1 activation and c-fos transcription 

AP-1 transactivation is one of the key downstream events that results from UVB-

induced signaling pathways (Chen et al., 1998). The HCL 14 cell line was used to 

investigate the effects of NDGA on AP-1 activation. This cell line was derived from 

HaCaT cells that were stably transfected with a plasmid containing a human collagenase I 

promoter with one endogenous AP-1 binding site (TRE) driving a luciferase reporter 
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gene (Chen et al., 1998). After 12 hours, 250 J/m^ UVB irradiaiton induced AP-1 activity 

by approximately thirty-fold over mock irradiated cells. In comparison, cells that were 

incubated in the presence of NDGA had significantly reduced levels of AP-I activation. 

Increasing concentrations of NDGA inhibited AP-1 transactivation in a dose dependent 

manner and the highest dose of 30 |jM reduced AP-l transactivation to basal levels 

(Figure 24). 

Since c-fos is the major regulatory component of the UVB-induced AP-1 

complex, c-fos expression was studied in the presence of NDGA. The FL30 cell line was 

incubated with increasing concentrations of NDGA after UVB irradiation. This cell line 

was also derived fi-om HaCaT cells that had been stably transfected with a region (-404 

+41 nt) of the human c-fos gene driving a luciferase reporter gene (Chen et al., 1998). In 

a manner similar to AP-1 transactivation, c-fos transcription was inhibited in a dose 

dependent manner in cells treated with NDGA. Both 20 and 30 ^iM concentrations of 

NDGA reduced c-fos transcription to the basal levels observed in mock irradiated cells 

(Figure 25). 

NDGA inhibits c-fos protein 

c-fos expression is often regulated at both the transcriptional and translational 

levels (Chen et al., 1998; Chen et al., 1999; Blattner et al., 2000). Therefore, c-fos 

protein levels were compared by western analysis between UVB or mock-irradiated cells 

treated with NDGA (Figure 26). c-Fos protein was not dectected in mock irradiated cells 
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Figure 24. NDGA inhibits AP-1 transactivation in a 
dose dependent manner. 
HCL14 cells were cultured in complete DMEM until 
90% confluency. The cells were serum starved for 24 
hours, washed with phosphate- buffered saline, and 
then exposed to 250 J/m ^ UVB. Control cells were 
mock-irradiated. The cells were then incubated in 
serum free medium with the indicated concentration 
of NDGA for 12 hours. Cell lysates were prepared 
and AP-t and c-fos mediated gene transcription was 
measured by the luciferase assay. 



96 

NoLVB 

290WlAB 

MXAonoeniratidi |̂ | 

Figure 25. NDGA inhibits c-fos transcription in a dose 
dependent manner. 
FL30 cells were cultured in complete DMEM until 
90% confluency. The cells were serum starved for 24 
hours, washed with phosphate- buffered saline, and 
then exposed to 250 J/m ^ UVB. Control cells were 
mock-irradiated. The cells were then incubated in 
serum free medium with the indicated concentration 
of NDGA for 12 hours. Cell lysates were prepared and 
AP-1 and c-fos mediated gene transcription was 
measured by the luciferase assay. 
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Figure 26. NDGA inliibits accumulation of 
UVB-induced c-Fos protein. 
FL30 cells were cultured in complete DMEM 
until 90% confluency. The cells were serum 
starved for 24 hours, rinsed with phosphate-
buffered-saline and then exposed to 400 J/m^ 
UVB. Control cells were mock irradiated. The 
cells were then incubated in serum free medium 
with the indicated concentration of NDGA. 
The cells were harvested at the indicated 
timeand c-Fos protein levels were observed by 
western analysis. 



that had been treated with NDGA. In comparison, c-fos protein was significantly 

induced in UVB-irradiated HaCaT ceils. However, c-fos expression in cells that were 

incubated in the presence of 10, 20, or 30 NDGA was significantly reduced. These 

data correlate with the c-fos and AP-1 transactivation assays. Thus, NDGA's inhibition 

of c-fos transcription may directly affect c-fos protein levels in HaCaT cells. 

To ensure that NDGA was specifically affecting c-fos expression and AP-1 

transactivation, several experiments were used to measure NDGA toxicity. A 4,5-

dimethylthiazol-2yl-2,5-diphenyltetrazolium bromide (MTT) assay showed that there was 

no significant difference in cell viability between cells that were mock irradiated, UVB 

irradiated, or irradiated and treated with NDGA (data not shown). In a ^'S-methionine 

incorporation assay, NDGA slightly inhibited total protein translation. However this 

slight inhibition of total protein translation could not account for the dramatic decreases 

in c-fos expression and AP-1 transactivation in NDGA-treated cells (data not shown). 

Finally, trypan blue assays indicated that cell viability was approximately equal between 

all experimental groups (data not shown). Together, these assays confirmed that the 

reduced expression of c-fos and reduced transactivation of AP-1 were not due to NDGA-

induced cell death. 

DNA Binding is inhibited in the presence of NDGA 

To investigate the effects of NDGA on DNA binding, crude nuclear extracts were 

prepared from HaCaT cells that had been irradiated and incubated with NDGA for 12 

hours. Extracts from mock irradiated cells demonstrated basal amounts of binding to a 
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AP-1 containing double stranded oligonucleotide. Extracts from UVB irradiated cells 

demonstrated significantly higher levels of DNA binding. However, extracts from 

irradiated cells that had been treated with NDGA did not bind DNA as efficiently. In a 

dose dependent manner, NDGA inhibited the nuclear extracts from binding to the TRE 

(Figure 27). In vitro studies of Park et al. suggest that NDGA can inhibit Fos-Jun-DNA 

complex formation (Park et al., 1998). To determine if this same type mechanism 

occurs in HaCaT cells, nuclear extracts from mock-irradiated and irradiated cells were 

incubated in the presence of NDGA. Under these in vitro conditions, AP-1 binding was 

not significantly altered in the presence of NDGA. This suggests that the reduced AP-1 

binding in Figure 27 was not due to the inhibition of AP-1-DNA complex formation, but 

was due to reduced c-fos transcription in the presence of NDGA. 

NDGA inhibits PI-3 kinase activity 

As a lignan, NDGA possesses a wide variety of biological properties, inculding 

the ability to inhibit enzyme activity (Nakadate et al., 1985). Previous work in UVB-

irradiated HaCaT ceJIs had identified phosphatidyl inositol 3-kinase as an enzyme that is 

specifically induced by UVB irradiation to mediate c-fos gene expression (Gonzales and 

Bowden, in press). In a PI 3-kinase assay, lysates from irradiated HaCaT cells were 

incubated with an anti-PI 3-kinase antibody. Kinase reactions were then performed in the 

presence of two different amounts of NDGA, 8 |iM or 25 fiM. Formation of the PI 3-

kinase product, PIP3, allowed quantitation of PI 3-kinase activity. As shown in Figures 
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Figure 27. UVB-induced AP-1 Binding is prevented by 
NDGA. 
HaCaT cells were cultured in complete medium until 90% 
confluency. The cells were serum starved for 30 hours and 
then exposed to 250J/m^ UVB. Control cells were mock-
irradiated. The cells were then incubated in serum free 
medium with the indicated concentration of NDGA for 12 
hours. The cells were then harvested and nuclear protein 
was prepared for gel shift analysis using an AP-1 containing 
double stranded oligonucleotide. 
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28 and 29, PI 3-ldnase activity was induced in UVB irradiated cells by approximately 

three fold over activity in mock irradiated cells. In the presence of 8 (iM NDGA, the 

UVB-induced PI 3-kinase activity was reduced by approximately 40%. In the presence 

of 25 ^iM NDGA, the UVB-induced PI 3-kinase activity was reduced to basal levels. 

Therefore, NDGA may also inhibit UVB-induced signaling pathways by preventing PI 3-

kinase activity in HaCaT cells. 

NDGA also prevents Akt phosphorylation 

In a previous study in HaCaT cells, it was determined that UVB irradiation also 

induced phosphorylation of the serine/threonine kinase Akt (Tang et al., 2001b). This 

kinase is a downstream component of the PI 3-kinase signaling pathway that is activated 

when phosphorylated at two residues. Serine 473 and Threonine 308 (Vanhaesebroeck 

and Alessi, 2000). Akt activity is required for UVB-induced c-fos activity in HaCaT 

cells (Gonzales and Bowden, in press). To determine if NDGA also had an effect on Akt 

activation, whole cell lysates from irradiated cells were probed with anti-S473 and anti-

T308 phospho-Akt antibodies in western analyses. Although basal levels of 

phosphorylation were detected in the mock irradiated samples, Akt phosphorylation at 

both S473 and T308 was significantly induced after UVB irradiation. Phosphorylation of 

both Akt residues was significantly reduced in irradiated cells that had been treated with 

20 or 30 |iM NDGA (Figure 30 and Figure 31). These results suggest that NDGA's 
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Figure 28. NDGA inhibits UVB-induced PI 3-kinase activity. 
Cells were serum starved for 24 h and then exposed to 250 
J/m^ UVB. Cell lysates were prepared immediately and 
immunoprecipitated with anti-p85 subunit Pi 3-kinase 
antibody (Upstate Biotechnology, NY). The precipitates were 
incubated with [y ^^P] ATP, phosphatidyl inositol, and the 
indicated amounts of NDGA for 0.5 h. Phospholipids were 
extracted and the ^^P-labeled lipid products were separated 
by TLC. The origin contains residual [y ^^P] ATP that was 
not removed by the organic phase. 
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Figure 29. NDGA inhibits PI 3-kinase. 
PI 3-kinase activities were quantified by 
densitometric analysis of the TLC plate 
autoradiograms. Results are expressed as fold of 
control. These data are representitive of three 
separate experiments. 
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Figure 30. NDGA prevents phosphorylation of Akt at Serine 
473. 
HaCaT cells were cultured in complete DMEM until 90% 
confluency. The cells were serum starved for 24 hours, 
rinsed with phosphate-buffered-saline and then exposed to 
250 J/m^ UVB. Control cells were mock-irradiated. The 
cells were then incubated in serum free medium with the 
indicated concentration of NDGA. The cells were 
harvested at 8 h and levels of Akt phosphorylation were 
observed by western analysis. 
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Figure 31. NDGA prevents phosphorylation of Akt at 
Threonine 308. 
HaCaT cells were cultured in complete DMEM until 
90% confluency. The cells were serum starved for 24 
hours, rinsed with phosphate-buffered-saline and then 
exposed to 250 J/m^ UVB. Control cells were mock-
irradiated. The cells were then incubated in serum free 
medium with the indicated concentration of NDGA. 
The cells were harvested at 8 h and levels of Akt 
phosphorylation were observed by western analysis. 
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negative regulation of PI 3-kinase extends to downstream components of the PI 3-ldnase 

signaling pathway as well. 

Discussion 

Previous work in the HaCaT cell line identified epigallocatechin gallate (EGCG), 

a polyphenolic compound from green tea, as a potential chemopreventive agent for UVB-

induced skin cancer. Both c-fos expression and AP-l activation were significantly 

inhibited in the presence of EGCG. In addition, EGCG was found to inhibit UVB-

induced activation of p38 MAP kinase (Chen and Bowden, 1999). This suggested that 

EGCG reduced expression of c-fos and activation of AP-1 by preventing UVB-induced 

p38 MAP kinase signaling. Recent studies have reported that EGCG also inhibits UVB-

induced PI 3-kinase activity in the mouse epidermal cell line JB6 (Nomura et al., 2001a). 

Studies from this laboratory have demonstrated that UVB-induced PI 3-kinase and Akt 

activity contribute to increased c-fos expression and AP-l activation in the HaCaT cell 

line (Gonzales and Bowden, 2002). This suggests that chemopreventive strategies for 

UVB-induced skin cancers could involve inhibition of PI 3-kinase signaling. 

In this study, UVB-induced protein expression was investigated in the presence of 

the polyphenolic compound NDGA. In HaCaT cells, NDGA inhibited c-fos 

transcription, c-fos protein levels, AP-l transactivation, and AP-I binding. These results 

demonstrated that NDGA prevented UVB-induced AP-1 transactivation by inhibiting c-

fos expression. Several sets of experiments were performed to identify the mechanism by 

which NDGA inhibits UVB-induced signaling in the HaCaT cell line. To determine if 
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NDGA prevented c-fos expression and AP-1 transactivation by inhibiting lipoxygenase 

(LOX) activity, UVB irradiated HaCaT cells were treated with another independent 

lipoxygenase inhibitor, phenidone. Despite using a wide range of doses, phenidone did 

not significantly inhibit UVB-induced AP-1 transactivation (data not shown). Although 

other studies had demonstrated that hydrogen peroxide-induced lipoxygenase signaling 

affects AP-l transactivation (Rao et al., 1996), these data suggest that lipoxygenase 

activity does not play a significant role in UVB-induced AP-1 transactivation. Therefore, 

NDGA's effects on UVB-induced signaling is not likely due to its inhibition of 

lipoxygenase pathways. 

The focus of the next set of experiments was to determine if the inhibition 

of UVB-induced signaling was due to the antioxidant action of NDGA. Chemically 

synthesized analogs of the parent NDGA compound were tested for the ability to inhibit 

UVB-induced AP-1 transactivation. The antioxidant activity of NDGA is due to a 

hydroxyl group on each phenol ring. Analogs of NDGA that have this hydrogen 

removed or replaced have diminished antioxidant activity. Therefore, two analogs, 

NDGA tetramethyl ether and NDGA tetra-acetate, were tested for their effects on AP-1 

transactivation in UVB-irradiated HCl 14 cells. In comparison to the parent NDGA 

compound, these analogs with diminished antioxidant activity did not significantly inhibit 

UVB-induced AP-1 transactivation (data not shown). Therefore, the antioxidant activity 

of NDGA may reduce UVB signaling in HaCaT cells. 
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In vitro studies by Park et al. suggested that NDGA could also prevent UVB-

signaling by inhibiting fos-jun-DNA complex formation (Park et al., 1998). However, 

evidence for this type of mechanism could not be found in UVB-irradiated HaCaT cells. 

Therefore, the reduced AP-l binding in NDGA treated cells most likely results from 

decreased c-fos expression. However, in the presence of NDGA, the decrease in DNA 

binding is not as dramatic as the decrease in c-fos transcription. This could be because 

other AP-l complexes that are expressed at basal levels constitutively bind to TRE 

sequences. The AP-l binding detected in mock irradiated samples suggests that these 

basal level AP-l complexes bind to the TRE despite the presence of NDGA. 

Next, we examined the effects of NDGA on p38 MAP kinase signaling. We 

hypothesized that NDGA functioned like EGCG to inhibit p38 MAP kinase and PI 3-

kinase signaling. Western analysis with an anti-phospho-p38 antibody demonstrated that 

NDGA did not significantly inhibit the UVB-induced p38 MAP kinase activity in HaCaT 

cell extracts (data not shown). Next, we investigated the effects of NDGA on PI 3-kinase 

signaling. UVB-induced activation of both PI 3-kinase and Akt were prevented in the 

presence of NDGA. This suggests that inhibition of the PI 3-kinase signaling pathway is 

sufficient to prevent UVB-induced c-fos expression and AP-1 transactivation. This 

finding was surprising because p38 signaling had been shown to be a major mediator of 

UVB-induced protein expression. However, many studies suggest that there may be 

interactions or crosstalk between the p38 and PI 3-kinase signaling pathways. Studies in 

the JB6 mouse epidermal cell line demonstrated that both UVB-induced p38 and PI 3-

kinase signaling pathways affect Akt activation. However, inhibition of PI 3-kinase 
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activity did not prevent UVB-induced activation of p38 (Nomura et al., 2001b). 

Therefore, in UVB-irradiated cells, PI 3-ldnase and p38 MAP kinase do not function in a 

linear signaling pathway, but do share Akt as a common downstream target. Thus, in the 

HaCaT cell line, NDGA inhibits UVB-induced Akt activation by preventing PI 3-kinase 

activity. Consequently, this inhibition of Akt may also downregulate UVB-induced p38 

signaling. 

Under basal conditions, NDGA slightly induces phosphorylation of Akt at Serine 

473 (S473), but not at Threonine 308 (T308). Activation of Akt requires phosphorylation 

at both of these residues. PDKl, a downstream target of PI 3-kinase, has been identified 

as the kinase that mediates phosphorylation of T308 (Kohn et al., 1996; Alessi et al., 

1997). However, PDK2, the kinase that phosphorylates S473, has not been identified. 

Therefore, NDGA may differentially affect the PDKl and PDK2 kinases. However, 

since Akt must be phosphorylated at both of these residues for activation, NDGA's 

induced phosphorylation of only S473 may not be sufficient to induce Akt activity under 

basal conditions. 

It must also be taken into account that both UVB-induced PI 3-kinase and MAP 

kinase signaling affect Akt activation (Nomura et al., 200lb). In the JB6 cell line, 

treatment with MAP kinase pharmological inhibitors partially inhibited UVB-induced 

Akt activation, while a PI 3-kinase inhibitor completely abrogated UVB-induced Akt 

activation (Nomura et al., 2001b). This suggests that in UVB-stimulated conditions, PI 

3-kinase signaling is the major mediator of Akt activity. Therefore, the slight increase in 
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Akt activation in mock irradiated HaCaT cells may be due to NDGA-induced MAP 

kinase activity. However this induction is no longer apparent in irradiated cells since 

NDGA inhibits PI 3-kinase signaling and reduces Akt phosphorylation. Furthermore, if 

this NDGA-mediated activation of Akt is relevant, downstream targets of p38 and Akt, 

such as c-fos, should be affected. Neither c-fos transcription nor c-fos protein was 

induced in those mock irradiated samples treated with NDGA. 

In conclusion, NDGA ef¥iciently inhibits the UVB-induced signaling and protein 

expression that may be associated with the development of skin carcinogenesis. NDGA 

may prove to be an effective agent for secondary prevention of skin cancer. 

VI. Conclusions 

The research presented in this dissertation identifies multiple molecular 

mechanisms that mediate UVB-induced c-Fos expression in the human keratinocyte cell 

line HaCaT. UVB-induced transactivation of AP-1, a transcription factor associated with 

skin tumor promotion, is directly dependent on c-Fos expression. Therefore, determing 

how c-fos is regulated at the molecular level in HaCaT cells may help identify strategies 

for the prevention of UV-induced skin cancers. Primary prevention of skin cancer aims 

to reduce exposure to UV irradiation by wearing proper protective clothing (long sleeve 

shirts, hats, etc.) and regularly applying sunblock. While primary prevention is very 

important, it is not completely effective because it is not possible to completely avoid 

sunlight exposure. Futhermore, strategies need to be identified to help those that have an 

increased risk for NMSC, as well as those that have already acquired significant exposure 
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to the sun. Secondary chemoprevention strategies aim to stop "initiated" cells, those ceils 

that have acquired LFV damage, from developing into malignancies (Stratton, 2001). 

Since AP-1 transactivation is dependent upon UVB-induced c-fos transcription, effective 

secondary prevention of UVB-induced skin cancer will involve strategies to inhibit c-fos 

expression. 

Mutant constructs of the c-fos promoter were used to identify the cis elements that 

mediate UVB-induced transcription of c-fos. For the first time, it was established that the 

CRE and FAPl cis elements mediate most of the UVB-induction of the c-fos promoter, 

but maximum UV induction of c-fos requires an interdependent relationship among the 

four cis elements of the promoter (ie. SIE, SRE,CRE, and FAPI). This suggests that c-

fos transcription can be significantly inhibited by manipulating one or more of the four 

cis elements. For example, triplex forming oligonucleotides (TFOs) that bind to target 

genes in a sequence-specific manner could be designed to bind to the c-fos promoter and 

inhibit c-fos transcription. The presence of the TFOs would prevent transcription factors 

from binding to the promoter to induce its activity. TFOs and their corresponding targets 

are typically 10-30 nt in length because they must bind to sites which have runs of 

purines on one strand and pyrimidines on the other (Knauert and Glazer, 2001). 

Strategies to inhibit UVB-induced c-Fos expression, such as TFO therapy, can target 

sequences, especially the CRE or FAPl cis elements, that mediate c-fos promoter 

activation. 
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Secondary prevention of UVB-induced skin cancer could also involve strategies 

to inhibit signaling pathway proteins, such as kinases and transcription factors, that 

mediate the UVB-induced expression of c-Fos. In irradiated HaCaT cells, the CRE and 

PAP I elements are bound by homodimers of phosphorylated CREB. In addition, a 

dominant negative CREB mutant nearly abrogated UVB-induced c-fos expression. 

Identifying CREB as a major mediator of UVB-induced signaling pathways also 

provided insight to the signaling molecules that function downstream of p38 to induce c-

fos transactivation. p38 is a proline directed kinase that accepts the substrate sequence 

(P)-X-S*/T*-P-X, but the sequence corresponding to the CREB phosphorylation site 

(SerI33) is RRPS*YRK (Karin, 1994; Treisman, 1996). Therefore, p38 cannot directly 

phosphorylate CREB, thereby indicating that a p38-dependent CREB kinase must be 

activated (lordanov et al., 1997). Subsequent studies on the UVB-induction of c-fos will 

need to investigate p38-dependent CREB kinases that have been identified in other cell 

systems, including the mitogen- and stress-activated protein kinase-1 (MSK-1), the 

ribosomal S6 kinase RSK-B, or the pi08 CREB kinase, (Deak et al., 1998) (Pierrat et al., 

1998) (lordanov et al., 1997). 

Thus, CREB plays a critical role in the UVB-induced expression of c-Fos. In 

addition, studies by Tang et al. have also reported that CREB is a major mediator of Cox-

2, another gene associated with UVB-induced skin cancer (Tang et al., 2001a). This 

suggests that CREB may be a potential molecular target in the chemoprevention of skin 

cancer. Chemoprevention strategies could aim to inhibit both c-fos and Cox-2 

transcription by preventing; (i) activation of the UVB-induced CREB kinase, (ii) the 
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phosphorylation of CREB, (iii) the dimerization of CREB, or (iv) binding of phospho-

CREB to the CRE and FAP-1 elements of the c-fos promoter or to the CRE of the Cox-2 

promoter (Figure 32). 

Previous work with the p38 pharmological inhibitor, SB 2020190, suggested that 

p38 MAP kinase was the major mediator of UVB-induced c-fos expression. In addition, 

the polyphenolic compound epigallocatechin gallate (EGCG) was determined to reduce 

c-Fos expression by inhibiting p38 activity. Another polyphenolic compound, NDGA, 

was also found to inhibit c-Fos expression and AP-1 transactivation. However, NDGA 

did not inhibit p38 activity. This indicated that another UVB signaling pathway could be 

mediating c-Fos expression and AP-1 transactivation. Thus, PI 3-kinase and its 

downstream targets were investigated and determined to be a UVB-inducible signaling 

pathway that increases c-Fos expression. However, wortmannin, a chemical inhibitor of 

PI 3-kinase, significantly reduced c-Fos protein levels but only moderately reduced c-fos 

transactivation. This suggested that PI 3-kinase signaling contributes, but does not 

mediate all of the UVB-induced c-fos transactivation. Experiments with both 

wortmannin and SB 202190 confirmed that complete abrogation of UVB-induced c-Fos 

activity requires p38 and PI 3-kinase inhibition. 

In the literature, there is considerable speculation about interactions between the 

p38 and PI 3-kinase signaling pathways. Inhibitors that are used to target one of the 

pathways have been found to inhibit components or downstream targets of the other 

pathway. While it has not been determined if p38 and PI 3-kinase exist in a linear 
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Figure 32. UVB Signal transduction pathway 
in human keratinocytes leading to c-fos and 
cox-2 transcriptional activation 
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signaling pathway, these reports do suggest crosstalk or cooperation between the two 

pathways. Due to the complexity of signaling pathways, the interactions, amplification, 

or signaling mechanisms that occur between these two pathways may be very difficult to 

unravel. Therefore, chemoprevention of UVB-induced skin cancer needs to incorporate 

agents that simultaneously target both signaling pathways. For example, topical 

treatments containing both SB202190 and NDGA could prevent two predominant UVB-

induced signaling pathways from stimulating c-Fos expression. Each of these 

compounds may inhibit its intended target pathway or may simultaneously inhibit both 

signaling pathways, thereby providing a greater degree of down regulation. In addition, 

an advantage of topical treatments is that the chemopreventive compounds would only 

affect c-Fos expression in the cells of the epidermis. Therefore, these treatments would 

only affect localized areas and systemic effects, such as internal organ toxicitiy, can be 

avoided. 

Another strategy to inhibit UVB-induced signaling would be to identify a 

common upstream mediator or a common downstream target of the p38 and PI 3-kinase 

signaling pathways. For example, UVB-induced p38 activity contributes to CREB 

phosphorylation in HaCaT cells. In addition, PI 3-kinase signaling has also been reported 

to affect CREB activity. Bullock el al. report that GSK-3P directly phosphorylates 

CREB and this results in decreased CRE binding (Bullock and Habener, 1998). Thus, PI 

3-kinase and Akt activity are required to phosphorylate and inactivate GSK-3P to prevent 

its negative regulation on CREB. These reports suggest that CREB may be a common 
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downstream target, as well as a converging point between p38 and PI 3-idnase signaling. 

Thus, inhibiting CREB activation may prevent oncogenic signaling though either or both 

of these pathways. This further supports the idea that skin cancer chemoprevention 

strategies need to inhibit multiple signaling pathways. This may be achieved by using 

topical treatments containing multiple chemopreventive agents or by using agents that 

can simultaneously block multiple pathways. For example, topical treatments with green 

and/or black tea hold considerable promise since work from the laboratory of Dr. Zigang 

Dong has established that tea polyphenols can block UVB-induced p38 and PI 3-kinase 

signaling in JB6 mouse epidermal cells (Nomura et al., 2001a). 

In conclusion, UVB stimulated p38 and PI 3-kinase signaling pathways mediate 

c-fos transcription by inducing phospho-CREB binding to the CRE and FAPl cis 

elements of the c-fos promoter. These findings identify multiple potential molecular 

targets for the chemoprevention of skin cancer. 
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