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ABSTRACT 
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Ultraviolet-B (UVB) irradiation is a complete carcinogen and a major cause of 

human non-melanoma skin cancer. Transcription factor activator protein-1 (AP-l) plays 

an important role in tumor promotion induced by chemical carcinogens in animal models. 

The mechanism of UVB induced tumor promotion may be through AP-1 activation. In 

this dissertation, the molecular mechanisms of UVB induced AP-1 activation were 

pursued in a hiunan keratinocyte cell line, HaCaT. 

UVB induced AP-l activation was observed by gelshift assays and transactivation 

assays. c-Fos and Jun D were identified as the main components of the bound AP-1 

complexes. Inhibition of RNA and protein synthesis significantly abrogated UVB 

induced AP-1 DNA binding, indicating that transcription and translation were required 

for UVB induced AP-l activation. Further investigation revealed a correlation between 

increased AP-l activity and accumulation of c-fos mRNA, activation of c-fos 

transcription and an increase of c-Fos protein after UVB irradiation. These results 

suggested that increased c-fos expression might play an important role in UVB induced 

AP-l activation. 

To fiulher examine the mechanism of UVB induced c-fos expression, the UVB 

signaling pathways were studied. Two members of mitogen-activated protein kinase 

(MAPK) family, p38 and extracellular signal-regulated kinase (ERK), were significantly 

activated after UVB irradiation. Blocking p38 significantly abrogated UVB induced c-fos 

gene transcription and c-Fos protein synthesis. Inhibiting ERK partially abrogated UVB 
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induced c-fos transcriptional and protein levels. Suppression of both p38 and ERK not 

only completely blocked UVB induced c-fos expression, but also decreased c-fos gene 

basal expression. These data suggested that both p38 and ERK were required in UVB 

induced c-fos expression in human keratinocytes. Furthermore, p38 appeared to play a 

more important role than ERK in this process. Since c-fos expression may play an 

important role in UVB induced AP-l activation, and AP-l activation is known to play a 

role in tumor promotion, both p38 and ERK could be potential targets for 

chemoprevention of skin cancer. 

(-)-Epigallocatechin gallate (EGCG), the major polyphenol isolated from green 

tea, has been shown to inhibit UVB induced mouse tumorgenesis. However, the 

molecular mechanisms that underline the inhibitory effects of EGCG are not well 

understood. In this study, EGCG was found to inhibit UVB induced AP-l transactivation, 

c-fos mRNA, and c-fos transcriptional and protein levels. Furthermore, EGCG inhibited 

UVB induced p38 activation. Thus, suppression of p38 signaling cascade was the 

mechanism of EGCG's inhibitory effect on UVB induced c-fos expression, which may 

further explain its inhibitory effect on UVB induced AP-l activation. 
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Ultraviolet B is a major source of human non-melanoma skin cancer 

Non-melanoma skin cancers (squamous cell and basal cell carcinoma) are the most 

prevalent malignancy in the United States. 900,000 to 1,200,000 new skin cancers are 

diagnosed each year (Weinstock 1993; Miller et ai, 1994). Most of these tumors are 

caused by excessive exposure to the ultraviolet (UV) part of sunlight. UV is divided into 

three ranges based on wavelength: UVA (320-400 nm), UVB (280-320 nm) and UVC 

(200-280 nm). Because Earth's ozone layer absorbs all high energy solar UVC, the UV 

light that reaches the Earth's surface is primarily UVA and UVB (Matsui et ai, 1995). 

UVB is partially absorbed by the ozone layer, and UVA is not absorbed at all. Solar 

ultraviolet radiation produces profound changes in human skin. Acute exposure results in 

inflammatory erythema, UV injury-response pigmentation, and immunologic alterations. 

Chronic exposure is responsible for deleterious changes in cutaneous structure and 

flmction as well as for neogenesis of the most common human malignancies in the United 

States. Most non-melanoma human skin cancers are induced by repeated exposure to 

UVB irradiation (Weinstock 1993; Miller et ai, 1994). Although UVB is most 

carcinogenic, UVA may also be capable of inducing skin cancer (Staberg et ai, 1983). 

However, the precise role of UVA in multistage carcinogenesis of non-melanoma skin 

cancer is not yet known. In addition, UVA induced skin cancers require much higher 

doses and longer exposure periods compared to UVB (Staberg et ai, 1983). 
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Stages of UV carcinogenesis 

Most cancers, including those caused by UV radiation, progress through an 

orderly sequence in which abnormal alterations of molecular and cellular events 

accumulate in target cells over a long period of time (DiGiovanni et a/., 1992). As shown 

in Figure 1, these events can be divided into three stages: initiation, promotion, and 

progression. The multiple stages of UV induced non-melanoma skin carcinogenesis are 

associated with changes in molecular and biochemical events in skin epidermal cells. The 

epidermal cells (keratinocytes) of skin consists of different layers of epithelial cells 

differentiated from proliferating basal cells to non-proliferating squamous cells. The 

basal cells attach to a basement membrane that separates the epidermis from dermis. 

UVB induced non-melanoma skin cancers (squamous cell and basal cell carcinoma) are 

originally derived from basal cells. Thus, keratinocytes are primary target cells of UVB 

induced non-melanoma skin cancers (de Gruijil et ai, 1995). In the tumor initiation stage, 

UV radiation induces DNA damage that leads to mutations in genes. The mutations that 

cause activation of oncogenes and/or inactivation of tumor suppressor genes are 

particularly important for initiation. Initiation is rapid and irreversible. However, tumor 

initiation is insufficient to produce skin cancer. In the second stage, which is referred to 

as tumor promotion, initiated cells are exposed to tumor promoters. UV irradiation is 

known to be a tumor promoter (Mukhtar et ai, 1995). Tumor promotion is a long-term 

process that requires chronic exposure to a promoting agent. The characteristics of tumor 

promotion include increased proliferation and clonal expansion of initiated cells. UV 
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Figure 1. Stages of UV carcinogenesis. 
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induced signal transduction pathways play an important role in this stage. In the third 

stage, called progression, further genetic changes occur, which result in benign lesions, 

papillomas, becoming malignant lesions, invasive squamous cell carcinomas. The murine 

model of UV carcinogenesis correlates well with the progressive alterations in 

chronically exposed human skin that are observed clinically (Kuflik et ai, 1994; Dodson 

et ai, 1991). At first, mild histological changes such as disordered keratinocytes occur 

(initiation). Then premalignant actinic keratoses (AKs) develop (promotion). AXs are 

histologically characterized by dysplasia of keratinocytes with alterations in cellular 

polarity. A small percentage of AKs progress to become squamous cell carcinomas that 

can invade into the dermis (progression). The rate-limiting steps in UV carcinogenesis 

occur during timior promotion and tumor progression. 

UV induced DNA damage, oncogene activation and tumor suppressor gene inactivation 

UV induced DNA damages, which lead to mutations, are the initiating factors in 

UV carcinogenesis. The prevalence of skin cancer on sun-exposed body sites in 

individuals with the inherited disorder xeroderma pigmentosimi (XP), a disease in which 

there are defects in DNA repair processes, suggests that defective repair of UV induced 

DNA damage can allow these DNA damages to lead to cancer (Cleaver et aL. 1995). UV 

radiation is unique in that some of the DNA damages it induces differ from the lesions 

caused by other carcinogens. There are several unique types of UV induced DNA damage 

including pyrimiditie dimers, (6-4) pyrimidine dimers, cytosine photohydrates and purine 
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photoproducts. Pyrimidine dimers and (6-4) photoproducts are the most prevalent types 

of damage with respect to UV carcinogenesis (Protic-sabljic et ai, 1986; Mitchell et aL. 

1989). However, (6-4) photoproducts were repaired at a faster rate than pyrimidine 

dimers in mammalian cells, which indicated that (6-4) photoproducts may not be the 

primary mutagenic lesion (Szymkowski et ai, 1993). 

Carcinogenesis in the skin, as elsewhere, is a multistage process in which a series 

of genetic and epigenetic events lead to the emergence of a clonal expansion of cells that 

have escaped normal growth control mechanisms. Genetic changes, such as activation of 

oncogenes and inactivation of tumor suppresser genes, lead to tumor initiation 

(Anathaswamy et ai, 1990; Brash et aL, 1991). Epigenetic changes, such as induced 

expression of certain genes that may be involved in cell proliferation, appear to play a 

role in tumor promotion (Angel et aL, 1991; Bruzzel 1993; Matsui et aL. 1995). 

Oncogenes encode proteins that control cell growth and differentiation (Stass et aL, 1997; 

Weinberg 1994). They include growth factors and their receptors, proteins involved in 

signal transduction, and nuclear proteins such as transcription factors. 

Approximately 25 - 40% of human non-melanoma skin cancers have been shown 

to contain a mutated ras oncogene (Pierceal et aL, 1991; van der Schroeff et aL, 1990). 

There are three members of the ras family: H-rcf5, N-ras and K-ras. Each ras gene 

encodes a protein of 188 to 189 amino acids in length. Ras protein plays a role in 

transmitting signals from the extemal to the intemal surface of cells by coupling surface 

receptors to downstream kinases. Expression of an activated viral ras gene has been 

shown to inhibit terminal differentiation of keratinocytes (Yuspa et al.. 1985). In most 
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cases, mutations in the ras oncogenes have been localized to pyrimidine-rich sequences, 

which suggests that these sites are the targets of UV induced DNA damage and 

subsequent mutations. The finding that activation of ras oncogenes in benign and self-

regressing keratoacanthomas in both humans and animals indicates that a mutated ras 

plays a role in an early stage of carcinogenesis (Corominas et al., 1989; Kumar et ai. 

1990). Activation of ras oncogenes alone in cultured keratinocytes is insufficient to 

produce malignant tumors (Roop et ai, 1986). Tumor growth and progression into 

malignant stages require additional molecular events involving activation of other 

oncogenes. In addition, amplification of proto-oncogenes or other genes may also be 

involved in tumorgenesis. 

In addition to the role of oncogenes in UV carcinogenesis, inactivation of tumor 

suppressor genes also contributes to UV carcinogenesis (Nataraj et ai, 1995). The p53 

tumor suppressor protein is involved in multiple cellular processes including 

transcription, DNA repair, genomic stability, senescence, cell cycle control, and 

apoptosis (Harris 1996). Over 90% of squamous cell carcinomas and more than 50% of 

basal cell carcinomas from an investigation of New England patients contained UV 

"signature" mutations in the p53 gene, as this type of mutations are common in skin 

cancers but not in internal cancers (Brash et al, 1996). In a study of patients in New 

England and Sweden, 58% of invasive squamous cell carcinomas of the skin contained 

mutations in the p53 (Brash et ai, 1991). Each mutation altered the amino acid sequence. 

Involvement of UV light in these p53 mutations was indicated by the presence of a CC— 

-TT double-base change, which is associated mainly with exposure to UV radiation. UV 
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was also implicated by an UV "signature" mutations such as a high frequency of C—T 

substitutions. Particular codons of the p53 gene are most susceptible to mutations, 

apparently because of slower DNA repair at specific sites. Sunlight is sufficiently 

mutagenic to mutate both p53 alleles. These p53 mutations are also found in the 

premalignant lesions for squamous cell carcinoma, actinic keratoses, implying an early 

role for these mutations in UV skin carcinogenesis. 

Tiunor promotion involves clonal expansion of initiated cells harboring activated 

oncogenes and/or inactivated tumor suppressor genes and may involve both 

hyperproliferation and a resistance of initiated cells to UV induced apoptotic cell death. A 

model has been suggested in which UV irradiated epidermal cells containing p53 gene 

mutations are resistant to UV induced apoptosis, whereas the UV irradiated cells that 

express wild type p53 protein would undergo apoptotic cell death (Ziegler er aL, 1994). 

This model was supported by the observation that inactivation of p53 in mouse skin 

reduces the appearance of apoptotic keratinocytes generated by UV exposure (Brash ei 

ai, 1996). Thus, skin appears to possess a p53 dependent "cellular proofreading" 

response to UV induced DNA damage in which severely damaged precancerous cells 

self-destruct. If this apoptotic response is reduced in a single cell by a pS3 mutation, 

sunburn can thereafter result in clonal expansion of the p53-mutated cell into actinic 

keratotic cells. 

UV induced signal transduction pathways 
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In contrast to UV induced DNA damages, which play a role predominantly during 

the initiation stage of UV carcinogenesis, the roles of UV induced signal transduction 

pathways are associated primarily with the promotion stage of UV carcinogenesis. 

UV irradiation produces alterations in the cell membrane. The major consequence 

of these cell membrane perturbations is activation of signal transduction pathways. An 

early reaction in UV irradiated cells is the phosphorylation of several growth factor 

receptors at tyrosine residues (Coffer et ai, 1995). Recent studies indicate that 

breakdown of phospholipid on the cell membrane by UV may also play a role in 

triggering UV induced signaling pathways (Huang et ai, 1997c). The combined action of 

these pathways determines the fate of UV irradiated cells. In general, UV irradiation 

activates many kinases that are intermediates in UV signaling pathways. Activation of 

these pathways leads to delivery of signals from the exterior of cells to the nucleus. This 

results in activation of transcription factors such as AP-1 and NF-kB, which induce the 

transcription of many genes, and ultimately cause changes in cell growth and 

differentiation (Sachsenmaier e/ ai, 1994; Yan et ai, 1994). The list of UV induced 

genes has grown to more than 100 genes (Bender er ai, 1997). By activating these signal 

transduction pathways, UV causes the clonal expansion of mutated keratinocytes. This 

suggests that UV induced signaling pathways are primarily involved in the promotion 

stage of UV carcinogenesis. 

Reactive oxygen species (ROS) are produced by cellular metabolic reactions and 

have been implicated in mutagenesis, carcinogenesis, and tumor promotion (Frenkel 

1992; Kenslerera/., 1986). Recently, molecular and cellular approaches have 
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demonstrated that ROS and antioxidants can directly affect the cellular signaling 

apparatus and, consequently, the control of gene expression (Numazawa et ai, 1997; 

Kanterewicz et ai. 1998; Ding et ai, 1999). It has been reported that some ROS, such as 

hydroxy 1 radicals, can be generated by stress agents such as UVB light (Zhang et ai, 

1997). The ROS generated by UV irradiation are required for activation of cellular 

signaling cascades (Scharffetter-Kochanek et ai, 1997). Thus, UV induced signal 

transduction pathways might be related to UV increased ROS. 

The activator protein 1 plays an important role in tumor promotion 

Transcription factor activator protein 1 (AP-l) complex 

In the process of tumor promotion, carcinogen induced alterations of gene 

expression are required to alter growth regulation or differentiation. In general, changes 

in the transcription of a specific set of cellular genes are mediated by regulatory DNA 

binding proteins, known as transcription factors, that control gene expression by binding 

to specific DNA sequences in promoter regions (Devary et ai, 1991; Angel et ai, 

1987b). The transcription factor, activator protein 1 (AP-l), modulates expression of 

genes involved in growth regulation, differentiation, neoplastic transformation and 

apoptosis. AP-l is a protein complex that consists of Jun and Fos family members. There 

are three Jun proteins (i.e. c-Jun, Jun B, and Jun D) and four Fos proteins (i.e. c-Fos, Fos 

B, Fra-1, and Fra-2). Jun proteins form homodimers with other Jun proteins or 
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heterodimers with Fos proteins; however, Fos proteins cannot dimerize with themselves 

(Angel et al.. 1991). Different AP-1 dimers may regulate different target genes and thus 

execute distinct biological functions. In addition, Jun proteins also can form a 

heterodimer with activating transcription factor 2 (ATF2) (Herr et al., 1994). The AP-1 

family members dimerize through their leucine-zipper structure. Their DNA binding 

domains are located at the C-terminal basic region and the transactivation domains are 

located at the N-terminal region (Angel et al., 1991). Dimerization of AP-1 induces a 

conformational alteration in the basic region of Fos and Jun that promotes an association 

with the general transcription factors TFIIE-34 and TFIIF, thus contributing to 

transcription initiation (Martin et al., 1996). AP-1 binds to an enhancer consensus motif 

(TGAC/GTCA) in the promoters of AP-1-induced genes and mediates transcriptional 

activation of these genes (Angel et al., 1991). Since this consensus element also exists in 

genes induced by phorbol esters such as l2-0-tetradecanoylphorbol-l3-acetate (TP A) 

(Lee et al., 1987), the consensus sequence to which AP-l binds is referred to as the TP A 

response element (TRE). The TRE element is palindromic and contains two AP-l half-

sites. It has been shown that Jun-Fos heterodimers may form more stable complexes with 

the TRE and these complexes display stronger transactivation activity than Jun-Jun 

homodimers (Halazonetis et al., 1988; Nakabeppu et al., 1988). A number of genes, such 

as collagenase, stromelysin, urokinase-type plasminogen activator, metallothioneinellA, 

S V40 early promoter and IL-2 contain the TRE consensus motif. These genes have been 

shown to be transcriptionaly regulated through AP-1 (Angel et ai, 1987a; Fisher er ai, 

1998b; Domannera/., 1994). 
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Regulation of AP-1 activity 

AP-l mediates diverse gene expression that can be induced by multiple stimuli 

including UVC irradiation, TP A, growth factors, cytokines, and transforming 

oncoproteins (Angel et al., 1991). The mechanisms of AP-1 activation may be through 

either post-translational modification of pre-existing AP-l or synthesis of new AP-l 

members such as Fos and Jun proteins (Karin, 1995). In general, the abundance of AP-l 

protein is regulated by controlling the transcription of the AP-l genes. However, there is 

evidence that the protein levels of both of c-Jun and c-Fos can also be regulated by 

modulation of their stability (Treier ef a/.. 1994; Tsurumi e/a/., 1995). 

The most common post-translational modification to modulate protein activity is 

phosphorylation/dephosphorylation. Examination of c-Jun in a variety of cell types 

revealed that c-Jim could be phosphorylated on five and up to seven serine and threonine 

residues (Boyle et al., 1991). Phosphorylation can positively or negatively regulate c-Jun 

activity. Hyperphosphorylation of c-Jun at serine 63 and 73 increased its transactivating 

potential (Smeal et ai, 1992). UVC irradiation caused dephosphorylation of c-Jun at 

three sites near the DNA binding domain (threonine 231, serine 243 and serine 249). 

These dephosphorylation events correlated with enhanced DNA binding activity (Boyle 

et ai, 1991). Fos was also phosphorylated at threom'ne 232 upon H-raj mediated 

transformation and in the presence of growth factors. This phosphorylation potentiated c-

Fos transcriptional activity (Deng et ai, 1994). Phosphorylation of the C-terminus of c-

Fos protein has been shown to be responsible for the newly synthesized c-Fos protein to 



25 

repress its own gene promoter (Guis et ai, 1990; Chen et ai, 1993). Truncation or 

mutations that block phosphorylation in this region enhanced the transforming capacity 

of c-Fos (Tratner et ai, 1992). C-terminal phosphorylation of both Fra-1 and Fra-2 

increased their DNA binding abilities (Gmda et ai, 1994). 

Transcriptional induction of the c-Jun gene occurs through post-translational 

modification mechanisms (Herr et ai, 1994). Rapid transient induction of the human c-

jun by TPA and UVC irradiation required the presence of two cis-acting elements, Junl 

and Jun2. These two elements were already fully bound with proteins before induction 

and the protein-DNA contacts were unchanged during gene activation by TPA and (JVC. 

In vitro binding studies suggested that both Junl and Jun2 sites were recognized with 

high affinity by protein complexes containing c-Jun and ATF-2. The binding of c-

Jun/ATF-2 complexes to Junl or Jun2 was not affected during early and late time points 

after induction. Transcriptional shut-off was not caused by a loss of binding of an 

activating protein or by additional binding of a putative repressor. The lack of detectable 

changes in DNA binding and factor composition strongly suggests that transcriptional 

activation and subsequent inactivation oic-jun promoter activity by TPA or UVC is 

mediated by post-translational modifications of prebound c-Jun and possibly ATF-2 

(Herr era/., 1994). 

Transcription of the human c-fos gene, in general, is exerted through the serum 

response element (SRE), an enhancer element located within the promoter region of c-fos 

gene (Buschev et ai, 1988; Janknecht, 1995), although the cyclic AMP response element 

(CRE) region also appears to be required for fiill activity of the c-fos promoter (Ginty et 
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ai, 1994). The SRE can be recognized by a heterodimer of Serum Response Factor 

(SRF)-Temary Complex Factor (TCF, also called Elk-l) (Janknecht, 1995). TCF can be 

activated through phosphorylation by upstream kinases at serine 383 and serine 389 

(Janknecht, 1995; Janknecht et ai, 1993). The activated TCF then triggers c-fos gene 

transcription. 

Biological roles of AP-1 

AP-l participates in diverse biological processes including cell proliferation, 

differentiation and apoptosis (Angel et ai, 1991; Karin et ai, 1997). Several lines of 

evidence support a role for AP-1 in cell proliferation and tumor promotion. AP-l activity 

was enhanced when cells were stimulated by agents that promote proliferation. This was 

shown by treatment of HeLa cells with TPA leading to a rapid 3 to 4-fold increase in AP-

l DNA binding (Angel et al, 1987b). This mechanism has also been demonstrated in the 

JB6 epidermal cell system. Clonal genetic variants of mouse epidermal JB6 cells that are 

genetically susceptible (P+) or resistant (P-) to promotion of transformation by TPA were 

transfected with a construct containing AP-1 c/5-enhancer sequences driving a reporter 

gene. Transfected JB6 P+, but not P- variants, showed TPA-inducible reporter gene 

expression. Epidermal growth factor (EGF) also caused P-f- specific induction of reporter 

gene expression. These results suggested that AP-1 was activated in tumor promotion-

sensitive mouse JB6 epithelial cells, but not in tumor promotion-insensitive cells 

(Bernstein et ai, 1989) and demonstrated an association between induced AP-1 function 
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and sensitivity to promotion of neoplastic transformation. In order to further test the 

hypothesis that AP-l activity is required for tumor promoter-induced transformation in 

JB6 P+ cells, stable clonal transfectants of P+ cells expressing TAM67, a dominant 

negative c-jun mutant encoding a transcriptionally inactive product, were analyzed. All 

transfectants showed a block in TPA and EGF induction of AP-l activity. All 

transfectants also showed inhibition of TPA induced transformation, and most 

transfectants showed a block in EGF induced transformation. These results indicate that 

AP-l activity is required for TPA or EGF induced transformation. This work 

demonstrated that a specific block in induced AP-l activity inhibited tumor promoter 

induced transformation (Dong et ai, 1994). To extend this work on the role of AP-l in 

human neoplastic progression, Li et al (1998) generated a number of transformed human 

keratinocyte cell lines with various malignant phenotypes. When TAM67 was transiently 

co-transfected with a vector containing an AP-l binding site driving a reporter gene, AP-

1 activity was found to be suppressed in the more malignant cell lines but not in the less 

malignant cell lines. Stable transfectants of TAM67 in the more progressed cell lines 

showed reduced AP-l activation and reduced anchorage-independent growth (Li et ai. 

1998). These results indicate that activation of AP-l contributes to neoplastic progression 

in immortalized human keratinocytes. In vivo studies have shown that blocking AP-l 

transactivation by TAM67 in two malignant mouse epidermal cell lines not only inhibited 

their AP-l transactivation response, but also inhilsited their ability to form squamous cell 

carcinomas upon subcutaneous injection into athymic nude mice (Domaim et ai, 1994). 

Expression of v-fos has been shown to play a role in the progression of a benign 
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q)idermal tumor to malignancy in mice (Greenhalgh et ai, 1995). Upon phorbol ester 

treatment, c-fos knockout mice carrying a w-H-ras transgene were able to develop benign 

papillomas without malignant conversion, while papillomas developed from wild type 

mice eventually progressed into malignant tumors (Saez et ai, 1995). These results 

indicate that c-fos was required for the malignant progression of these skin tumors. 

At the time we started this UVB project a few years ago, the knowledge of roles 

of AP-1 in UVB induced human skin carcinogenesis was limited since most UV studies 

involved the use of UVC (specifically the wavelength of 254 nm) and HeLa cells or 

fibroblasts. Preliminary data showed that UVB irradiation leads to cell proliferation in 

mammalian epidermis in vivo (Epstein et ai, 1970). It was hypothesized that UVB 

induced cell proliferation can lead to tumogenesis (Berton et ai, 1996). Dong's group 

reported that AP-l transactivation was observed in UVB irradiated JB6 cells, which is a 

mouse epidermal cell line (Huang et al, 1996)> In light of the evidence indicating a 

functional role for AP-1 activation in epidermal carcinogenesis, we hypothesized that 

AP-l activation plays an important role in UVB induced tumor promotion. 

Recent pharmacological studies of some chemoprevention agents support the 

hypothesis that AP-l plays an important role in tumogenesis. Aspirin and aspirin-like 

salicylates inhibit the activation of AP-l in the same dose range at which they inhibit 

tumor promoter induced transformation (Dong et ai, 1997a). The mechanism by which 

certain retinoids block TPA induced cell transformation in vitro is through 

transrepressing AP-1, but not by transactivating a retinoic acid response element. These 

results indicate that induction of AP-1 is required in the tumor promoter induced 
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transformation in mouse JB6 epidermal cells. (Li et ai, 1996). An in vivo investigation 

confirmed the results from the in vitro study. An AP-1 inhibition-specific retinoid and 

other AP-l inhibitors such as all trans-retinoic acid and fluocinolone acetonide, were 

shown to markedly inhibit both TP A induced papilloma formation and AP-1 activation in 

7,12-dimethyl benz(a)anthracene-initiated AP-l/luciferase transgenic mouse skin. In 

contrast, repeated applications of a retinoid with transactivating activity on the retinoic 

acid response element, but devoid of an AP-1 inhibiting effect, did not cause significant 

inhibition of tiunor promotion (Huang et ai, 1997b). Topical treatment of mouse skin 

with perillyl alcohol significantly inhibited UVB irradiation induced skin tumogenesis 

without any apparent toxicity. In addition, perillyl alcohol inhibited UVB induced AP-l 

transact!vation in both AP-l/luciferase transgenic mice and cultured human keratinocytes 

(Barthelman et ai, 1998). These results suggest that inhibition of AP-1 activity is 

functionally related to inhibition of skin carcinogenesis. 

In addition to playing a role in tumor promotion, AP-1 may also be involved in 

the process of programmed cell death referred to as apoptosis. Apoptosis is a normal 

process that occurs during the development of a variety of embryonic and adult tissues, 

and is also observed in several pathological conditions. A number of studies, using both 

expression and fimctional assays, have indicated that AP-l played a role in the regulation 

of apoptosis (Colotta et ai, 1992). AP-l activity may be required for some types of cells 

to initiate apoptosis. Increased c-fos and c-Jun expression was found in cells that were 

induced to undergo apoptosis in response to various stresses (Colotta et ai, 1992). In 

mouse tissues in which apoptosis is part of normal development, high levels of c-fos 
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expression were observed (Smetne et al.. 1993). It was reported that c-Jun was required 

for ceramide induced apoptosis in human lymphoid tumor cells (Verheij et al., 1996). 

However, AP-1 may play a completely opposite role in response to some sUress signals 

such as UVC radiation. 3T3 fibroblasts lacking either c-fos or c-jun are much more 

sensitive to UVC irradiation in companson with wild type 3T3 cells (Schreiber et al., 

1995; Karin et al., 1997). Neither c-Fos nor c-Jun was essential for apoptosis during 

normal development in c-fos and/or c-jun null mice (Roffler-Tarlov et al., 1996). The 

effect of AP-1 on apoptosis is complicated. It is unclear, at the present time, which set of 

target genes is activated by which AP-1 components to achieve these diverse functions. 

Current knowledge of UV induced signal transduction pathways for AP-1 activation 

UV radiation is a well known DNA damaging agent that has been shown to cause 

mutations in genes such as ras or p53 (Pierceal et al., 1991; van der Schroeff et ai, 1990; 

Brash et ai, 1991; Brash et al., 1996). Because of the importance of these genes in 

growth and differentiation, a DNA damaging effect has been proposed as the mechanism 

of UV induced initiation (Setlow, 1974; Ley, 1993). The mechanisms behind the tumor 

promoting ability of UV may be related to UV induced signal transduction leading to 

changes in gene expression. 

The primary targets of UV, which initiate the signal transduction, are presently 

unclear. Based on studies with DNA repair deficient XP cells, DNA damage has been 

hypothesized to provide the primary signaling pathways mediating the UV response. It 
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has been reported that UV induced DNA damage was an intermediate step in UV induced 

expression of human immunodeficiency virus type I, collagenase, c-fos, and 

metallothionein (Stein et ai, 1989). However, the rapid UV activation of signal 

transduction pathways and other evidence did not agree with the idea that DNA damage 

was the primary signal (Devary et al. 1992; Devary et ai 1993). Because inactive 

transcription factor NF-kB is stored in the cytosol, analysis of its activation directly tests 

the involvement of a nuclear-initiated signaling cascade. Enucleated cells were fully 

responsive to UV in NF-kB induction and activation of c-jun NH2-terminal kinase (JNK) 

(Devary et al. 1993). Therefore, it appears that the UV induced signal transduction 

response does not require a signal generated in the nucleus and is likely to be initiated at 

or near the plasma membrane. 

Activation of AP-1 requires certain signal transduction pathways to transfer 

signals from the extracellular environment to the nucleus of the cells. As our knowledge 

of signal transduction pathways for AP-l activation has increased, the complexity of the 

signaling has also increased. The vanation of signaling pathways may be dependent on 

cell type and extracellular stimuli. So far, most of our understanding of the mechanisms 

ofUV induced activation of transcription factors are based on studies of UVC induced 

signal transduction pathways using fibroblast or HeLa cells, an epithelioid, cervix-

derived carcinoma cell line. However, it is not well understood which UVB signaling 

pathways are responsible for most of the carcinogenic effects of sun exposure. By 

combining various literature reports, two major pathways (Figure 2,3) are listed for 
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discussion. Most of the information was obtained from UVC studies. For the purpose of 

clarity, some of the kinases are not illustrated in the figures. 

EGFR-Src-Ras-Raf-MAPKs pathway 

Irradiation of HeLa cells with UVC induces modification and activation of AP-l 

and TCF/Elk-1, as well as protein synthesis independent transcriptional activation of the 

c-fos and c-jun genes. This is called the UV response. The initial target molecule of the 

UV response was found to be epidermal growth factor receptor (EGFR), which is located 

on the cell membrane. Sachsenmaier et al (1994) showed that UVC induced an 

immediate tyrosine phosphorylation of the EGFR, which could be suppressed by suramin 

(an inhibitor of receptor activation). Phosphorylation of EGFR is due to 

autophosphorylation as it occurs only in cells contaim'ng receptors with a functional 

kinase domain (Coffer et ai, 1995). The UV response was inhibited by prior down-

modulation of growth factor receptor signaling after EGF prestimulation, through 

suramin or through expression of a dominant negative EGFR mutant. These data suggest 

the involvement of EGFR in the UV response (Sachsermiaier et ai, 1994). 

Devary et al (1992) investigated the mechanism by which UVC irradiation 

induces c-jun in HeLa cells. The earliest detectable step was activation of Src tyrosine 

kinases, followed by activation of H-Ras and Raf-1. Since EGFR itself is a tyrosine 

kinase, the response to UV was blocked by tyrosine kinase inhibitors. Dominant negative 
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Figure 2. UV induced signal transduction pathway #1. 
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mutants of v-src, H-ras, and raf-1 also blocked the UV response. This signaling cascade 

led to increase phosphorylation of c-Jun on two serine residues (serines 63 and 73) that 

potentiated its activity (Devary et ai, 1992). Radler-Pohl et al (1993) further 

demonstrated that a dominant negative Raf-1 kinase mutant strongly interfered with UVC 

induced AP-1 activation, indicating Raf-1 kinase was an obligatory extranuclear step for 

AP-l activation caused by UVC. 

Mitogen activated protein kinases (MAPKs) belong to a large family of 

serine/threonine protein kinases. Phosphorylation of both tyrosine and threonine residues, 

which are found in the activation segment of the kinase domain, is essential for full 

kinase activity. The activated MAPKs translocate to the nucleus, where these kinases 

phosphorylate target transcription factors such as AP-1 (Coso et ai, 1995). MAPKs have 

been reported to be important regulators of activities of various transcription factors 

(Huang et ai, 1999; Kaminska et ai, 1999; Rosenberger et ai, 1999; Thomson et al 

1999). To date, the MAPK family has been found to include c-Jun N-terminal kinases 

(JNKs), extracellular-signal regulated protein kinases (ERKs) and p38 kinases (p38). 

Each family member has a number of subtypes. JNKs are encoded by three genes 

generating ten protein kinase polypeptides (p46, p54) (Butterfield et ai, 1999). ERKs 

have three members: ERKl (p44), ERK2 (p42) and ERK3 (p62) (Davis 1995; Cheng et 

ai, 1996). There are five different p38 subtypes: p38, p38p, p38p2, p38Y and stress 

activated protein kinase 4 (SAPK4) (Kumar et ai, 1997). The multiple members of 

MAPBCs reveal the existence of parallel MAPK cascades that may be activated 

independently or simultaneously. MAPK cascades are typically organized in a three-
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kinase architecture consisting of a MAPK, a MAPK activator (MEK or MKK, or MAPK 

kinase), and a MEK activator (MEKK or MAPK kinase kinase). The stress related 

signals, including UV, induce the MEK-ERK, SEK-JNK, and MKK3/6-p38 pathways 

(Aler et ai, 1995; Derijard et aL, 1994; Sanchez et ai, 1994). It has been shown that 

ERKs were strongly activated by TP A and growth factors. Whereas the JNKs and p38 

kinases were potently activated by various forms of stress, such as UV and heat shock 

(Canoera/., 1995; Hazzalineia/., 1996; Nagataera/., 1999). 

Derijard et al (1994) reported that H-Ras partially activated JNKl and potentiated 

the activation caused by UVC. JNKl bound to the c-Jun transactivation domain and 

phosphorylates it on Serine 63 and Serine 73. Thus, JNKl was a component of a signal 

transduction pathway that was activated by Ras and UVC irradiation (Derijard et ai, 

1994). Price et al (1996) showed that both the ERK and p38 MAPK pathways 

contributed to TCF/Elkl activation in response to UVC irradiation in HeLa TK and 

NIH3T3 cells. TCF/Elkl is a transcription factor known to be involved in c-fos 

transcription. Cavigelli et al (1995) found that the JNKl/2 were the predominant Elk-1 

activation domain kinases in extracts of UV irradiated cells, and that immunopurified 

JNKl/2 phosphorylated Elk-1 on the same major sites recognized by ERKl/2. Using a 

MEK inhibitor and a dominant negative ERK2 vector, Huang et al (1999) have shown 

that ERKs were required for UVC and UVB induced AP-1 activation in JB6 cells. Thus, 

it appears that UV induced AP-1 activation may be through aEGFR-Src-Ras-Raf-MAPKs 

signaUng pathway although these data were obtained from diverse studies. 
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Sphingomyelinase-Ceramide-PKC-MAPKs pathway 

Another UV induced signaling pathway for AP-l activation was also thought to 

be initiated from the cell membrane, but not through EGFR. By using murine fibroblasts, 

it was found that there was no difference for UVB or UVC induced AP-l transactivation 

among three different cell lines at all UV doses and time courses studied. These cell lines 

included (i) EGFR knockout cells, (ii) cells stably transfected with a kinase-deficient 

EGFR, and (iii) cells with wild type EGFR. In contrast, high levels of EGF induced 

AP-l activity were observed in wild type EGFR cells but not in cells devoid of EGFR. 

(Huang et ai, 1996; Huang et ai, 1997a). This evidence indicated that UV induced AP-I 

activation could occur without the involvement of EGFR. 

The sphingomyelin pathway is a signaling system initiated by sphingomyelinase 

(SMase). Smase in the cell membrane hydrolyzes sphingomyelin, a phospholipid largely 

confined to the outer leaflet of the cell membrane. The hydrolysis of sphingomyelin 

results in the generation of ceramide (Hannun, 1996). Ceramide is a sphingolipid that 

plays an important role in the regulation of cell proliferation, differentiation, growth 

arrest, apoptosis, and oncogenesis (Hannun 1996; Testi, 1996). Ceramide has been shown 

as a second messenger for a variety of stimuli including UVC. Exposure of U937 cells to 

UVC light rapidly induced an increase in ceramide with a reduction in sphingomyelin 

(Verheij et ai, 1996). Treatment of U937 cells with C2-ceramide caused activation of 

INK (Verheij et ai, 1996). Huang et al (1997c) investigated this issue directly using a 

genetic Smase deficient lymphoblast cell line. Their results showed that UVB and UVC 
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Figure 3. UV induced signal transduction pathway #2. 
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irradiation markedly induced JNK activation in a normal human lymphoblast cell line, 

but only weakly activated JNK in Smase deficient cells. In contrast, TPA induced JNK 

activation could be observed in both cell lines. Furthermore, significant JNK activation 

was observed in Smase deficient cells by exposure of the cells to SMase or C2-ceramide. 

These data demonstrate that SMase and ceramide play an essential role in UV induced 

JNK activation. In addition, ceramide was showed to induce phosphorylation of atypical 

protein kinase C (aPKC) in vivo and activate aPKC activity in vitro (Muller et ai, 1995; 

Lozano etai, 1994; Hannun, 1996). 

Protein kinase C (PKC) belongs to a superfamily consisting of at least 11 

members that are divided into three groups on the basis of sequence homologies and 

biochemical properties (cPKC for conventional PKC, nPKC for novel PKC, aPKC for 

atypical PKC). PKCs play important roles in a multitude of cellular processes, ranging 

from control of fundamental cell activities, such as proliferation, to more organismal 

functions, such as memory (Meller et al., 1998). The different PKC isotypes may have 

specific roles in signal transduction. It was reported that members of all three groups of 

PKC were able to activate ERK (p42) as well as its immediate upstream activator, MEK-

1. At the level of Raf, the activation cascade diverged; cPKC (a) and nPKC (ti) were 

potent activators of c-Rafl, while aPKC^ did not increase c-Rafl activity (Schonwasser 

et ai, 1998). However, PKC^ could directly activate MEK-ERK pathway in vivo (Berra 

et ai, 1995). It was observed that dominant negative PKCX and PKCi^ (both belonging to 

aPKC) blocked UVB and UVC induced AP-1 activity in all doses and time courses 

studied in JB6 cells (Huang et al., 1996; Huang et ai, 1997a). Either depletion of PKC by 
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prolonged treatment of cells with TPA or the inhibition of PKC by a selective PKC 

inhibitor, attenuated UVC induced activation of ERK without affecting activation of JNK 

in NIH3T3 cells (Zhuang et aL, 1997). However, a non-selective PKC inhibitor inhibited 

UVC induced ERK and JNK activation (Zhuang et aL, 1997). The latest studies showed 

that UVB significantly induced activation of PKCs and PKC5 (belonging to nPKC) 

indicated by translocation of these PKC isotypes to the mouse JB6 epidermal cell 

membrane. Furthermore, PKCE and PKCS were found to be required for UVB induced 

JNK and ERK activation by using either dominant negative PKC mutants or specific 

PKC inhibitors (Chen et aL, 1999). Thus it appears that a second major signaling 

pathway for UV induced AP-l activation may be through Sphingomyelinase-Ceramide-

PKC-MAPKs. 

Signaling pathways were initially believed to operate as linear signaling pathways 

that directly link a specific input to a specific biologic response. However, it now appears 

that commum'cation takes place through a complex network of signaling cascades and 

information flows not only firom the outside to the inside, but also laterally from one 

pathway to another. 

Statement of the problems and specific aims 

It is clear that UVB is a major cause of human non-melanoma skin cancer. AP-l 

may play an important role in UVB induced tumor promotion. The general mechanisms 

of regulation of AP-l have also been extensively studied. Investigation of UV induced 
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signal transduction pathways have uncovered tremendous amounts of new information. 

However, despite the particular relevance of UVB to human skin carcinogenesis, most 

published research dealing with mechanisms and signal transduction relating to AP-l has 

concentrated on UVC in HeLa cells or non-keratinocytes. UVB induction of AP-l in 

human keratinocytes, a relevant cell type to human skin cancer, was poorly understood at 

the start of this project. UVB also affects signaling cascades that are associated primarily 

with the promotion stage of skin carcinogenesis. Our knowledge of UVB signaling in 

human skin cells is not as advanced as UVC signaling. Thus, AP-l activation and its 

mecham'sms as well as AP-l signaling induced by UVB in human keratinocytes need to 

be defined. These studies are needed to provide valuable molecular targets for 

chemoprevention of human non-melanoma skin cancer. 

The overall goal of the studies was to understand the molecular mechanisms of 

UVB radiation induced AP-l activation in human keratinocytes. The general question 

was whether UVB irradiation could induce AP-l activation in human keratinocytes, and 

if so what were the signaling mechanisms involved. To address the question, three 

specific aims were proposed: 

Specific aim I: To determine whether UVB could induce AP-l activation in 

human keratinocytes and molecular mechanisms of this induction. 

Specific aim 2: To examine which MAPK family members contribute to the UVB 

induced AP-l signaling pathway in human keratinocytes and comparison of their 

contributions. 
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Specific aim 3: To investigate the effect of a chemoprevention agent (-)-

epigallocatechin gallate (EGCG) on UVB induced AP-l activation and study the 

potential mechanisms underlying the effect. 
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The general question of this dissertation was whether UVB 
irradiation could induce AP-I activation in human keratinocytes, 
and if so what were the signaling mechanisms involved. 
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Reagents and plasmids 

The following plasmids were used for transfection: AP-1 luciferase reporter 

plasmid (Huang et aL 1996), fos/luciferase plasmid (Watanabe et ai, 1996), pSV2-neo 

plasmid (Southern et aL, 1982). The following probes were used for Northern blot 

analyses: a 2.2-kb EcoRI fragment of mouse c-fos cDNA from plasmid pfos-ks. pFos-ks 

was generated by excising a 2.2-kb EcoRI-Sall fragment of mouse c-fos cDNA from 

plasmid pc-fos-3 (Miller et aL, 1984) and inserting the 2.2-kb fragment into the multiple 

clomng site of pBluscript II KS(+/) (Stratagene, La Jolla, CA); a 0.75-kb Pstl-Xbal 

fragment of human glyceraldehyde-3-phosphate dehydrogenase (GAPDH) cDNA from 

plasmid PTZ-GAP (Tso et aL, 1985); a 190 bp BamHI fragment of mouse 7S RNA 

cDNA from plasmid pA6 (Balmain et aL, 1982). Dulbecco's modified Eagle's medium 

(DMEM), G418, Lipofectin, and Lipofectamine were from Gibco BRL (Gaithersburg, 

MD). Fetal bovine serum was from JRH Biosciences (Lenexa, KS). Antibodies against 

AP-1 family members, MAPKAPK2 were from Santa Cruz Biotechnology (Santa Cruz, 

CA). Phospho-specific antibodies against phospho-p38, ERK, JNK and Elk-1, antibodies 

against p38, ERK and JNK, MEK inhibitor PD98059 and protein phosphatase 1 were 

from New England BioLabs (Beverly, MA). Actinomycin D, cycloheximide, and 

luciferin were from Sigma Chemical Co. (St. Louis, MO). p38 inhibitors SB202190 and 

SB203580 were from Calbiochem Corp (La Jolla, CA); (-)-EpigalIocatechin gallate 
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(EGCG), a chemoprevention agent was isolated and provided by Drs. Valcic and 

Timniermann(Valcicera/.. 1996). 

Cell line and culture conditions 

A human keratinocyte cell line, HaCaT (Boukamp et al., 1988) was used in these 

studies. The HaCaT cell line is a spontaneously transformed human epithelial cell line 

from adult skin, which maintains full epidermal differentiation capacity. The cell line is 

immortalized, and has a transformed phenotype in vitro (clonogenic on plastic and in 

agar) but remains nontumorigenic. Despite the altered and unlimited growth potential, 

HaCaT cells, similar to normal keratinocytes, reform an orderly structured and 

differentiated epidermal tissue when transplanted onto nude mice. 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 80 - 95% confluence and then serum 

starved for 24 - 36 h, then various experiments were performed. 

UVB irradiation 

The cells were washed with phosphate-buffered saline and exposed to 250 J/m" or 

400 J/m^ of UVB radiation without medium. The irradiation time was approximately I 

min. A bank of two SF20 UVB lamps (National Biological Co., Twinsburg, OH) with a 

peak emission at 313 nm was used. Control cells were mock irradiated. After exposure to 
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harvested. 
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Transient transfection 

The HaCaT cells were cultured with DMEM in 60 mm plates until they reached 

80% confluence and then serum starved for 12 h. The cells were transfected in 2.4 ml of 

antibiotics/serum free DMEM with 3 |ig of fos/luciferase plasmid in the presence of 6 |il 

lipofectamine reagent for 12 h. Then, the medium was replaced with serum free DMEM 

containing antibiotics. 10 h later, the cells were ready for gene expression experiments. 

Stable transfection 

The HaCaT cells were cultured with DMEM in a 60 mm plate until they reached 

50% confluence. For generating a stable transfectant containing a sequence from human 

collagenase-1 gene promoter (73 to +63) with one endogenous AP-1 binding site driving 

a luciferase reporter gene, the cells were co-transfected in 2 ml of antibiotics/serum free 

DMEM with 7.5 ^.g of AP-l luciferase reporter plasmid and 0.75 ng of pSV2-neo 

selection plasmid in the presence of 30 ^1 of lipofectin reagent. 24 h later, medium was 

then replaced with DMEM containing serum. After 48 h the cells were subcultured into 

five 100 mm plates with G418 (800 ng/ml) for 2 weeks, and selected cells were cloned 

by ring cloning. For generating a stable transfectant containing a sequence from human c-
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fos promoter (404 to +41) driving a luciferase reporter gene, the cells were co-trans fected 

in antibiotics/serum free DMEM with 3 ^g of fos/luciferase plasmid and 0.3 jig of pSV2-

neo plasmid in the presence of 6 ^l of Lipofectamine reagent for 15 h. The medium was 

then replaced with DMEM containing antibiotics and serum. After 72 h the cells were 

subcultured into eight 100 mm plates with G418 (800 ng/ml) for 2 weeks, and selected 

cells were cloned by paper cloning. All the stable transfectants were screened by 

luciferase assays after the cells were treated with TP A (100 ng/ml) and/or UVB (400 or 

250 ilm\ 

Nuclear protein extraction 

This entire procedure was performed at 4 °C. Cells in a 100 mm plate were rinsed 

once with cold phosphate-buffered saline and once with cold buffer A (10 mM HEPES, 

pH 7.9,1.5 mM MgC12, 10 mM KCl, and 0.5 mM DTT). Then 1 - 2 ml of cold buffer A 

containing 0.1% Nonidet P-40 was added to the plate. Cells were scraped, transferred to a 

2 ml tube and vigorously pipetted. The tube was rotated for 30 - 60 min. Nuclei were 

pelleted by centrifugation at 14,000 rpm for 5 min. The nuclei were then resuspended in 5 

- 10 Hi ofbuffer C (20 mM HEPES, pH 7.9, 25% glycerol, 420 mM NaCl, 1.5 mM 

MgC12,0.2 mM EDTA, 0.5 mM phenyhnethylsulfonyl fluoride, and 0.5 mM DTT). and 

incubated for 15 - 45 min without rotation. The extracts were centrifiiged at 14,000 rpm 

for 10 min, and the supernatant was diluted 1:6 with buffer D (20 mM HEPES, pH 7.9, 

20% glycerol, 100 mM KCl, 0.2 mM EDTA, 0.5 mM phenyhnethylsulfonyl fluoride, and 



0.5 mM DTT). The concentration of nuclear protein was determined with Bio-Rad 

protein assay reagent (catalog #: 500-0006). 
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Total cellular protein extraction 

This entire procedure was performed at 4°C. Cells in a 35 mm plate were rinsed 

three times with cold phosphate-buffered saline. Then 70-100 fil of cell lysis buffer 

were added to the plate. Different cell lysis buffers were used depending on nature of the 

experiments. The lysis buffer for luciferase assay contained 25 mM glycylglycine, 15 

mM MgS04,4 mM EGTA, and 1 mM DTT, 1% triton X-100. The lysis buffer for 

measuring phospho-MAPKs and other proteins contained 20 mM Tris (pH 7.5), 150 mM 

NaCl, 1 mM EDTA, 1 mM EGTA, 1% triton X-100, 2.5 mM Na4P07, I mM 

P-glycerolphosphate, I mM Na3V04, 1 ng/ml leupeptin. The cells were then scraped to a 

1.5 ml tube and pipeted. The tube was then centrifuged at 14,000 rpm for 5 min. The 

supernatant was collected and concentration of protein was determined by Bio-Rad DC 

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

Gel mobility shift assay and antibody clearing/supershift assay 

Two oligonucleotides containing TRE (TGAG/CTCA) were annealed to a double 

strand probe. The sequences of the oligonucleotides are listed below. Chain A: 5'-agcttga 

TGAGTCAgccg-3' (Angel et ai, 1987b). Chain B: 5'-gatccggcTGACTCAtag-3'. The 
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annealed probes was labeled by incorporation of [^^P]dCTP (NEN Life Science Products) 

into the 5'-overhangs of the probe with Klenow DNA polymerase. The AP-l DNA 

binding assay was performed as described below. 4.5 |ig of nuclear protein were mixed 

with l^g of poly(dI-dC) poly(dI-dC) (Amersham Pharmacia Biotech) at room 

temperature for 10 min. This step was designed to eliminate non-specific protein DNA 

binding. Then the AP-l DNA binding assay was performed by adding the labeled probe 

with gel shift buffer (10 mM Tris pH 7.5, 50 mM NaCl, I mM MgCh, 0.5 mM DTT, 4% 

glycerol), incubating at room temperature for 30 min. In antibody clearing/supershift 

experiments, various amounts of antibodies specific for the various Jun and Fos proteins 

were preincubated with the nuclear protein at 4®C for 2 h prior to the binding assay. 

Rabbit serum (Santa Cruz Biotechnology) was used as a nonspecific antibody control. 

DNA-binding complexes were resolved by gel electrophoresis on 5% polyacrylamide 

gels. The gel was dried and exposed to a X-ray film at -80 °C for 1 - 24 h using an 

intensifying screen. 

Luciferase assay 

10 - 30 (ig of total cellular protein was added to 180 (il of assay buffer (25 mM 

glycylglycine, 15 mM K3PO4,15 mM MgS04,4 mM EGTA, 1 mM DTT, 2 mM ATP). 

The luminescence reaction was initiated in a Monolight 3010 luminometer (Analytical 

Luminescence laboratory. Sparks, MD) with injection of 100 |il of 0.1 mM D-luciferin in 
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25 mM glycylglycine, 15 mM MgS04,4 mM EGTA, 2 mM DTT. Luciferase activity was 

measured as relative light units. 

RNA isolation 

Total RNA was isolated using a single step method by acid guanidinium 

thiocyanate-phenol-chloroform extraction (Chomczynski et ai, 1987). Cells in a 100 mm 

plate were rinsed with phosphate-buffered saline and lysed in guanidinium isothiocyanate 

buffer (4 M guam'dim'um isothiocyanate, 25 mM sodium citrate pH 7.0,0.5% sarcosyl. 

0.1 M p-mercaptoethanol). The cell lysates were transferred to a 13 ml tube. Sodium 

acetate (pH 4.0) and a solution of phenol/chloroform/isoamyl alcohol were added and the 

tube was incubated in ice for 20 min. Then the sample was centrifuged (10,000 g) at 4°C 

for 30 min. The lower phase (liquid phase) was transferred to a clean 13 ml tube. Same 

volume of isopropanol was added and the sample was incubated at -20°C for 1-12 h. The 

sample was then centrifuged at 4°C (10,000 g) for 30 min. RNA pellets were dissolved in 

guanidinium isothiocyanate buffer and transferred to a 1.5 ml tube. The same volume of 

Isopropanol was added. The sample was then incubated at -20°C for 1 - 2 h, centrifuged 

at 4°C for 10 min. The pellets were washed twice with 70% of ethanol. The pellets were 

air dried and dissolved in water. The RNA was quantified by a spectrophotometer. 

Northern analysis 
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20 |ig of RNA were heated at 65 °C for 10 min in 50% formamide, 0.02% 

fonnaldehyde, 40 mM MOPS (3-[-N-morpholino]propanesulfonic acid), 10 mM sodium 

acetate, 1 mM EDTA, O.l mg/ml ethidium bromide prior to gel electrophoresis on 1% 

agarose, 66% formaldehyde, 40 mM MOPS, 10 mM sodium acetate, 1 mM EDTA. The 

RNA was capillary transferred to a GeneScreen membrane (NEN Life Science Products, 

Inc., catalog #: NEF983) using 25 mM sodium phosphate (pH 6.8) as a transfer buffer. 

After transfer, the membrane was UV crosslinked in an UV luminator (Bio-Rad GS Gene 

Linker). The membrane was prehybridized at 42 °C overnight in 50% formamide, lOx 

Denhardt's solution, 50 mM Tris (pH 7.5), 0.1% sodium pyrophosphate, 1% SDS, 10% 

dextran sulfate, 200 ^ig/ml sahnon sperm DNA and hybridized at 42 °C for 24 h in the 

same solution containing [^^P]dCTP-labeled probe. Labeling was performed with gel 

purified cDNA inserts using a RTS RadPrime DNA labeling system (Gibco BRL, catalog 

#: 10387-017). The membrane was washed at 65 °C for 15 min each as follows: twice in 

2x SSC (0.15 M NaCl, 0.0 15 M sodium citrate), 0.1 % SDS, twice in 0.5x SSC, O.l % 

SDS and twice in 0.1 x SSC, 0.5% SDS and exposed to a Kodak X-AR film at -80 "C for 

2 - 24 h using an intensifying screen. 

Western analysis 

10 - 40 (ig of protein were boiled in 2X sample buffer (100 mM Tris pH 6.8,200 

mM dithiothreitol, 4% SDS, 20% glycerol, 0.001% bromphenol blue) and resolved on a 

12% of SDS-polyacrylamide gel. The protein was transferred to a PVDF membrane 
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(Millipore Co., catalog #: IPVHOOOlO) by electroblotting at constant voltage overnight at 

4 "C in 25 mM Tris, 190 mM glycine and 20% methanol. The membrane was blocked in 

5% nonfat dry milk/TBST (10 mM Tris pH 8.0, 150 mM NaCl, 0.05% Tween 20) at 

room temperature for 1 h. The primary antibody was diluted at 1:1000 (general and 

phospho-specific p38, ERX, JNK) or 1:2000 (c-Fos) in 5% dry milk/TBST. The 

membrane was incubated at room temperature for 2 -3 h and washed with TEST three 

times for 10 minutes each. The secondary antibody horseradish peroxidase conjugated 

goat anti-rabbit IgG (Pierce Chemical Co., catalog #; 31462H) was added at a dilution of 

1:40000 - 60000 in TEST, incubated at room temperature for 1 h, and then washed three 

times for 10 minutes each with TEST. Antigen-antibody complexes were detected using 

ECL western blotting detection reagents (Amersham Pharmacia Biotech, catalog #: 

RPN2106). 

Kinase phosphorylation assays 

Total cellular protein was extracted with lysis buffer (20 mM Tris pH 7.5, 150 

mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% triton X-100, 2.5 mM Na4P07, I mM 

P-glycerolphosphate, 1 mM Na3V04,1 jig/ml leupeptin). Western analyses for 

phosphorylation of p38, ERK and JNK were performed by using phospho-specific 

antibodies against their respective phosphorylation sites. 

In vitro p38 activity assay 
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Cells were lysed in lysis buffer (20 mM Tris pH 7.5, 150 mM NaCl, 1 mM 

EDTA, 1 mM EGTA, 1% triton X-100,2.5 mM Na4P07, I mM P-glycerolphosphate, I 

mM Na3V04, I ^g/ml leupeptin). 100 of protein were incubated with phospho-

specific p38 antibody with gentle rocking overnight at 4 °C. Protein A-Sepharose beads 

were added, and the mixture was rotated at 4 °C for 3 h and washed twice in the lysis 

buffer and twice in kinase buffer (25 mM Tris pH 7.5, 5 mM -glycerol phosphate, 2 mM 

DTT, 0.1 mM sodium vanadate, and 10 mM MgCh). Beads were suspended in 50 ^1 of 

kinase buffer with 100 ^M ATP and 0.5 ^g of substrate (Elk-l fusion protein) and 

incubated at 30 °C for 30 min. Samples were boiled in SDS sample buffer (60 mM Tris 

pH 6.8, 2% SDS, 5% P-mercaptoethanol, 10% glycerol, and 0.001% bromphenol blue) 

and resolved on 12% SDS-polyacrylamide gels. Phosphorylated proteins were analyzed 

by westem blot using phospho-specific Elk-l antibody (New England Biolabs Inc.). 

In vivo p38 activity assay 

Total cellular protein was extracted with lysis buffer (20 mM Tris pH 7.5, 150 

mM NaCl, I mM EDTA, 1 mM EGTA, 1% triton X-lOO, 2.5 mM Na4P07, I mM 

P-glycerolphosphate, 1 mM Na3V04, 1 ^ig/ml leupeptin). 10 (ig of protein was heated at 

55 °C in 2X sample buffer (100 mM Tris pH 6.8, 200 mM dithiothreitol, 4% SDS, 20% 

glycerol, 0.001% bromphenol blue), loaded on a westem gel, and run at low vohage over 

night at 4 °C. The protein was transferred to a PVDF membrane. The membrane was 

blocked in 5% of bovine serum albumin(BSA)/TBST. The primary antibody. 
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MAPKAPK2 at 1:1000 dilution, was incubated with the membrane overnight at 4 °C in 

5% BSA/TBST. Secondary antibody, horseradish peroxidase conjugated anti-goat IgG 

(Santa Cruz Biotechnology, catalog #: sc-2020) was diluted to 1:110,000 in 5% 

BSA/TBST. The rest of the procedures were similar to our regular western protocol. Both 

phospho-MAPKAPK2 (the upper band) and nonphospho-MAPKAPK2 (the lower band) 

could be detected by this method. 

Assay for determination of nonphospho- and phospho-IVIAPKAPK2 

15 ^g of total cellular protein, isolated either from UVB irradiated or control 

cells, was treated with 1.5 units of protein phosphatase 1 (PPl) in 40 |il reaction buffer 

(50 mM Tris pH 7.0,0.1 mM EDTA, 5 mM DTT, ImM MnClz) for 3 h at 30 °C. The 

samples were heated at 55 °C for 5 min in 2X sample buffer before western analysis as 

described in "In vivo p38 activity assay". 
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in. UVB IRRADIATION INDUCED AP-1 ACTIVATION 
CORRELATED WITH INCREASED c-fos GENE EXPRESSION 
IN HUMAN KERATINOCYTES 

Introduction 

The major cause of non-melanoma skin cancer is exposure to sunlight, most 

notably to the UVB part of the spectrum (Hall et ai, 1988). Several lines of evidence 

supported a role for AP-l in cell proliferation and tumor promotion. Its activity was 

enhanced when cells were stimulated by agents that promote proliferation (Angel et ai, 

1987b). AP-l was activated in tumor promotion sensitive mouse JB6 epidermal cells, but 

not in tumor promotion insensitive cells (Bernstein et ai, 1989). Blocking tumor 

promoter induced AP-l activity inhibited neoplastic transformation (Dong et ai, 1994). 

An in vivo study showed that blocking AP-l transactivation in two malignant cell lines 

inhibited their ability to form squamous cell carcinomas upon subcutaneous injection into 

athymic nude mice (Domman et ai, 1994). UVB irradiation has been shown to lead to 

cell proliferation in mammalian epidermis in vivo (Epstein et ai, 1970). The consequent 

effect of UVB induced cell proliferation might lead to tumorgenesis (Berton et ai, 1996). 

Huang et ai (1996) reported that UVB irradiation induced AP-l transactivation in a 

mouse epidermal cell line. In light of the evidence of a functional role for AP-l activation 

in epidermal cell proliferation and tumor promotion, AP-l activation may also play an 

important role in UVB induced tumor promotion. 



55 

To date, most of the published research dealing with UV induced signal 

transduction, as it relates to activation of AP-1, has involved the use of UVC irradiation. 

Since UVB is more relevant to sun induced human skin cancers, and keratinocytes are a 

relevant cell type, this study deals with UVB and a human keratinocyte cell line, HaCaT 

(Boukamp et ai, 1988). Although HaCaT is an immortalized cell line, these cells cannot 

induce tumors when injected into mice. Thus, this cell line has been used extensively in 

different studies dealing with regulation of the AP-l family members (Isoherranen et ai, 

1998), reactive oxygen species (Goldman et ai, 1998), apoptosis (Aragane et ai, 1998), 

and signaling pathways (Shimizu et ai, 1998). The purpose of this study is to examine 

whether UVB irradiation induces AP-1 activation in human keratinocytes and to 

investigate the mechanisms involved in this induction. 

Results 

UVB induction of AP-1 DNA binding 

To determine whether UVB could induce AP-1 binding to its target DNA, gel 

shift assays were performed with nuclear proteins extracted from UVB irradiated and 

unirradiated HaCaT cells using a radiolabeled double strand 22-mer probe containing a 

consensus AP-1 binding sequence (TGAG/CTCA). An UVB dose response study was 

performed at first to ask which UVB dose could induce AP-l DNA binding using gel 

mobility shift assays. As shown in Figure 5, an AP-I DNA complex was found to exist in 
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unirradiated cells. With increasing UVB dose, this basal AP-I DNA binding activity was 

significantly increased in a dose dependent manner. The elevated AP-l DNA binding was 

detectable at 150 J/m^ and was further increased at 400 J/m'. A time course study was 

then carried out with an UVB dose of250 J/m^. As shown in Figure 6, AP-l DNA 

binding was induced as early as 4 h after UVB irradiation with maximum induction 

occurring at 12 h. This binding gradually decreased to close to basal level within 20 h. 

The specificity of this complex was determined with competition assays using wild type 

and mutated TRE probes. The results indicated that the protein DNA complexes were 

specific AP-l protein DNA complexes (data not shown). 

c-Fos and Jun D were the main components of the UVB induced AP-l DNA binding 

complex, whereas other AP-l members were minor components 

Since the same DNA element could be bound by various AP-l proteins with 

different affinities (Angel et ai, 1991), antibody clearing/supershift experiments were 

performed to analyze the composition of the bound AP-l complex(es). Prior to 

incubation with the radiolabeled TRE probe, 4.5 ^g of nuclear protein from UVB 

irradiated cells were incubated with varying amounts of antibodies against different Jun 

and Fos proteins. Gel mobility shift assays were then carried out. As shown in Figure 7, 

we observed that with the lowest amount of antibodies (300 ng), c-Fos and Jun D 

antibodies caused significant reductions in AP-l DNA binding. Furthermore, c-Fos 

antibody shifted the AP-l complex to a more slowly migrating form, a "supershift." 
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Figure 5. Dose response of UVB induction of AP-1 DNA binding in 
HaCaT cells. 

The cells were serum starved for 34 h and then washed with phosphate-
buffered saline. The cells were exposed to UVB at different doses as 
indicated. Control cells were mock irradiated. Alter exposure to UVB, 
the cells were cultured in serum free DMEM for 12 h. The cells were 
then harvested and nuclear protem was prepared. AP-1 DNA binding 
was determined by gel shift assays. The results indicated a UVB dose-
dependent induction of AP-1 DNA binding (as indicated by the arrow). 
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Figure 6. Time course of UVB iaductiou of AP-l DNA binding in HaCaT 
cells. 

The cells were serum starved for 34 h and then washed with phosphate-
buffered saline. The cells were exposed to 250 J/m^ UVB. At the indicated 
time after UVB irradiation, the cells were harvested, and nuclear protein was 
prepared. AP-l DNA binding was determined by gel shift assays. The results 
indicated that the peak of AP-l DNA binding (as indicated by the arrow) 
induced by UVB was around 12 h. -, mock irradiated; +, UVB irradiated. 
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Figure 7. Composition of UVB induced AP-l complex that bound to 
the TRE. 

HaCaT cells were serum starved for 36 h and then washed with phosphate-
buffered saline and irradiated with 400 J/m^ UVB or mock irradiated. At 
12 h after UVB, the cells were harvested, and nuclear protein was 
prepared. Prior to gel shift assays, 4.5 ^ig of nuclear protein were 
preincubated for 2 h at 4 °C with various amounts (300,600, and 900 ng) 
of antibodies as indicated by the triangles. Controls were preincubated 
without or with rabbit serum at various amounts (300,600, and 900 ng) as 
indicated by the triangle. The gel shift assays were performed. The results 
indicated that c-Fos and Jun D were the main components of the AP-l 
complex and c-Jun, Jun B, Fos B, Fra-1, and Fra-2 were minor 
components of the AP-l complex. Co, the sample without adding rabbit 
serum and antibodies. 
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These results suggested that c-Fos and Jun D were the main components of the 

complexes. c-Jun, Jun B, Fos B, Fra-1, and Fra-2 appeared to be minor AP-l members, 

since incubation with 300 ng of antibody did not significantly affect binding activity, 

whereas incubation with higher amounts of antibodies (600 and 900 ng) resulted in some 

band clearing. 

RNA synthesis and protein synthesis were required for UVB induced AP-l DNA binding 

To examine the possible molecular mechanisms involved in UVB induced AP-l 

DNA binding, experiments were performed to examine whether UVB induced AP-l 

DNA binding was dependent on RNA and protein synthesis. UVB induced AP-l DNA 

binding was examined in HaCaT cells treated with either the RNA synthesis inhibitor, 

actinomycin D, or the protein synthesis inhibitor, cycloheximide. The results showed that 

both actinomycin D and cycloheximide significantly abrogated UVB induced AP-l DNA 

binding (Figitfe 8), which suggests that RNA and protein synthesis are required for UVB 

induced AP-l DNA binding. 

UVB induction of AP-l transactivation 

Although UVB induced AP-l DNA binding (Figures 5, 6), this did not necessarily 

mean that AP-l was activated. To test whether UVB induced AP-l DNA binding could 

result in AP-l transactivation, HaCaT cells were stably transfected with an 
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Figure 8. Inhibition of RNA synthesis by actinomycin D and 
inhibition of protein synthesis by cycloheximide prevented the UVB 
induced AP-1 DNA binding in HaCaT cells. 

The cells were serum starved for 36 h and then treated with I ng/ml 
actinomycin D (RNA synthesis inhibitor) or 10 ^g/ml cycloheximide 
(protein synthesis inhibitor) for 30 min prior to irradiation. After 250 J/m' 
UVB, the cells were again cultured in inhibitor containing serum free 
medium until the cells were harvested at 12 h after UVB. Nuclear protein 
was prepared and the gel shift assays were performed. The results showed 
that UVB induced AP-1 DNA binding was significantly abolished by 
both inhibitors suggesting that both transcription and translation were 
required for UVB induced AP-l DNA binding. mock irradiated; +, 
UV^ irradiated; Act D, actinomycin D; Cyclo, cycloheximide. 
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AP-l luciferase reporter plasraid (HCL14 cells). This plasmid contained a 136 base pair 

fragment from the human collagenase-l gene promoter (-73 to +63) which contains one 

endogenous AP-l binding site driving a luciferase reporter gene. An UVB dose response 

study using the HCL14 cells showed induction of reporter gene expression by UVB 

(Figure 9). The pattern of UVB dose response for inducing AP-l transactivation (Figure 

9) was very similar to that for inducing AP-l DNA binding (Figure 5). A time course 

further showed that peak induction occurred at about 24 h after 250 J/m" UVB (Figure 

10). 

All of the above experiments were performed with HaCaT cells growing in 

monolayer on plastic. To investigate whether the results obtained from the monolayer 

cultures reflected what was happening in the epidermis, AP-l transactivation experiments 

were carried out using the HCL14 cells grown in an organotypic culture model (Borchers 

et al., 1997). This model system generates an epidermal skin equivalent by culturing air-

exposed keratinocytes over a bed of collagen embedded with dermal fibroblasts. Similar 

to what is seen in normal skin, keratinocytes grown under these conditions form fully 

stratified epithelium. The HCL14 cells were cultured over the collagen beds and UVB 

irradiated. The results showed that UVB induced AP-l transactivation in the organotypic 

model (Figure 11), which indicates relevance to skin. 

UVB significantly increased c-Fos protein level 
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Figure 9. Dose response of UVB induction of AP-1 transactivation 
in HCL14 cells. 

The HaCaT cells were stably transfected with a promoter region of 
human collagenase-1 linked to a luciferase reporter gene (named as 
HCL14 cells). HCL14 cells were serum starved for 30 h and exposed to 
the indicated doses of UVB. Cell lysates were prepared at 20 h after 
UVB. The AP-1 transactivation was measured by luciferase assay. The 
results indicated that UVB increased AP-1 transactivation in a dose 
dependent manner 
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Figure 10. Time course of UVB induction of AP-1 transactivation 
in HCL14 ceUs. 

HCL14 ceils were serum starved for 30 h and then exposed to 250 J/m" 
UVB. Control cells were mock irradiated. At the indicated time after 
UVB, the cell lysates were prepared. The AP-1 transactivation was 
measured by luciferase assay The results indicated that AP-1 
transactivation could be transiently induced with a maximum at 24 h 
after UVB. 
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Figure 11. UVB induction of AP-I transactivation in an 
organotypic skin model. 

The HCL14 cells were integrated into organotypic culture, which 
generated epidermal skin equivalents. The beds of collagen were 
cultured in serum free DMEM for 36 h before irradiation. At 20 h after 
500 J/m^ UVB, the cell lysates were prepared from the multiple layers 
of the HCL14 cells. AP-1 transactivation was measured by luciferase 
assay. The results indicated that AP-1 transactivation could be induced 
by UVB in the organotypic skin model, which suggested relevance to 
skin. 
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Since c-Fos and Jun D were the main components of UVB induced AP-l DNA 

binding complex, whereas other AP-I members were minor components (Figure 7), 

experiments were performed to test whether UVB induced AP-l DNA binding and AP-l 

transactivation correlated with expression of these AP-l proteins. As shown in Figure 12, 

Western analyses indicated that UVB significantly increased c-Fos protein level. 

However, other AP-l members did not show significant changes after UVB irradiation. 

These results implied that UVB induced c-fos gene expression might be an important 

mechanism of UVB induced AP-l activation in HaCaT cells. 

UVB significantly increased mRNA level and transcriptional activation of c-fos gene 

To further determine the mecham'sm of increased c-Fos protein after UVB, the 

effect of UVB on c-fos mRNA level was examined in HaCaT cells. As shown in Figure 

13, Northern analysis demonstrated that c-fos mRNA significantly increased after UVB, 

indicating that increased c-Fos protein might be the result of increased c-fos mRNA. The 

results of UVB increasing both c-fos mRNA and protein (Figures 12) were consistent 

with the observation that RNA and protein syntheses were required for UVB induced AP-

1 DNA binding (Figure 8). To further determine the mechanism of increased c-fos 

mRNA after UVB, we transiently or stably transfected HaCaT cells with a fos/Iuciferase 

plasmid. This vector contains a fi'agment of the human c-fos promoter (-404 to +41, 

including serum response element and cyclic AMP response element) driving a luciferase 

reporter gene. The stably transfected cell line was named as FL30. Luciferase activity 
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was examined with total cellular protein isolated from transiently transfected HaCaT cells 

or FL30 cells after 250 J/m" UVB treatment. The results showed significantly increased 

luciferase activity with time after UVB (Figure 14A, 14B), supporting the idea that at 

least part of the increase in c-fos mRNA after UVB was due to transcriptional activation 

of the c-fos gene. In addition, the patterns of UVB induced c-fos transcription were 

similar between transiently and stably transfected ceils (Figures 14A, 14B), suggesting 

that the resuhs we obtained by using FL30 cells were not due to clonal selection of stably 

transfected cells. 

Discussion 

UVB is a major cause of human non-melanoma skin cancer (Hall et ai, 1988). It 

is well known that UVB acts both as a tumor initiator and tumor promoter (Staberg et ai, 

1983). The AP-1 transcription factor is believed to be involved in tumor promotion 

(Bernstein et ai. 1989; Dong et ai, 1994; Domann et ai, 1994). In this study, we 

addressed the question of whether UVB irradiation could induce AP-l activation in 

human keratinocytes. We demonstrated, for the first time, that UVB increased AP-l 

DNA binding to a TRE in cultured human keratinocytes (Figure 5,6). More significantly, 

we demonstrated that this increased binding led to AP-l transactivation (Figure 9, 10). 

Both binding and transactivation were observed in dose dependent manners (Figures 5 

and 9). UVB induced AP-l transactivation was also detected in an organotypic skin 

model (Figure II), which implied that sunlight might lead to similar biological 
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Figure 12. Analyses of AP-1 family proteins after UVB irradiation in 
HaCaT cells. 

The cells were serum starved for 30 h and then exposed to 400 J/m* UVB. 
Control cells were mock irradiated. At 4 and 14 h after UVB, the cells were 
harvested, and nuclear protein was isolated. Western analyses were performed 
with antibodies against different AP-1 members. The results indicated that c-
Fos protein was significantly increased after UVB irradiation; while other AP-
1 members did not show significant changes after UVB. -, mock Radiated; 
UVB irradiated. 
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Figure 13. UVB induction of c-fos mRNA in HaCaT ceils. 

The cells were serum starved for 30 h and then exposed to 400 J/m' 
UVB. Control ceils were mock irradiated. At 2 and 12 h after UVB, the 
cells were harvested, and total EINA was isolated. Northern analyses 
were performed with the probes indicated by arrows. The results 
indicate that c-fos mRNA was significantly increased after UVB 
irradiation. mock irradiated; +, UVB irradiated; GAPDH, 
giyceraIdehyde-3-phosphate dehydrogenase. 
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Figure 14. UVB induction of c-fos transcription in HaCaT cells. 

A, The cells were serum starved for 12 h. Then, the cells were transiently 
transfected with a fos/luciferase plasmid containing the human c-fos promoter 
driving a luciferase reporter gene in serum free DMEM for 22 h. The cells were 
then exposed to 250 J/m^ UVB. The cells were harvested at the indicated time 
after UVB. The cell lysates were prepared and c-fos transcription was measured 
by luciferase assay. B, The cells were stably transfected with the same plasmid as 
above (named as FL30 cells). The FL30 cells were serum starved for 30 h and 
then exposed to 250 jW UVB. The cells were harvested at the indicated time 
after UVB, and cell lysates were prepared, c-fos transcription was measured by 
luciferase assay. The results indicated that UVB increased gene 
transcription. 
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alterations in human skin. It has been suggested that skin carcinogenesis is associated 

with a progressive increase of AP-l activity, and constitutively elevated AP-I activity 

might be required for maintenance of the malignant phenotype (Yuspa 1998; Domann et 

ai, 1994). UVB induced AP-l activation was also observed in mouse epidermal cells and 

AP-l transgenic mice (Huang et ai, 1996; Barthelman et ai, 1998). Our results, taken 

together with other reports (Angel et ai, 1987b; Bernstein et ai, 1989; Dong et ai, 

1994), suggest that AP-l may be an important mediator of UVB induced skin 

carcinogenesis. 

Using antibody clearing/supershift assays we found that UVB induced AP-l 

complexes consisted predominantly of c-Fos and Jun D proteins (Figure 7) in HaCaT 

cells. Whereas c-Jun, Jun B, Fos B, Fra-1 and Fra-2 were identified as minor components 

of the AP-l complexes. These results indicated that c-Fos and Jun D might mainly 

contribute to UVB induced AP-l activity, which may play an important role in tiunor 

promotion stage of UVB skin carcinogenesis. It has been reported that the components of 

AP-l complexes, which regulated tumor promotion, was cell type and/or tumor 

promoter-specific (Ben-Ari et ai, 1992; Wu et ai, 1992; Bernstein et ai, 1992). Ben-Ari 

et ai (1992) found that the overall TP A and EGF induced levels of c-jun but not c-fos 

expression were higher in tumor promotion-sensitive than in tumor promotion-resistant 

JB6 mouse epidermal cells. This suggested that tiuiior promoter regulated c-jun 

expression might contribute to the differential AP-l activation observed in these cells and 

might be important in determining sensitivity to promotion of neoplastic transformation. 

Our studies showed that, in the human keratinocyte cell line HaCaT, c-Fos and Jun D 
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were major components of UVB induced AP-1 complexes. This observation was similar 

to a recent report which suggested that Jun D might be the predominant heterodimer 

partner for c-Fos in normal human skin (Fisher et ai, 1998a). 

AP-1 can be regulated at two levels: activation of a pre-existing AP-1 complex 

through post-translational modification, or synthesis of new AP-1 proteins (Karin, 1995). 

Our results showed that both RNA and protein synthesis were required for UVB induced 

AP-1 DNA binding (Figure 8). Two possibilities may be considered in this process: 

synthesis of the main components of UVB induced AP-l complex may be required, or 

synthesis of some short-lived proteins that mediate UV induced post-translational 

modifications of pre-existing AP-1 may be required. Our western analyses showed that, 

of all AP-1 family members, only c-Fos protein was significantly increased after UVB 

(Figure 12). The results of our Northern analyses further showed that the steady state 

level of c-fos mRNA was significantly increased with time after UVB (Figure 13), which 

suggested a possible explanation for UVB increased c-Fos protein. The observation that 

the requirement for transcription and translation (Figure 8) correlated with increases in 

steady state levels of c-fos mRNA (Figure 13) and protein (Figures 12) indicated that the 

UVB induced increase in AP-1 activation, including AP-1 DNA binding and AP-1 

transactivation, might be primarily due to increased c-fos gene expression. 

Consistent with our observation, several lines of evidence indicate that 

stimulation of AP-1 activity requires de novo protein synthesis of its components 

(Rosenbergeref a/., 1996; Tanguay era/., 1994; Brooks ef a/., 1995; Yoza ef a/., 1992). 

Rosenberger et ai (1996) reported that the non-phorbol ester type tumor promoter 



okadaic acid induced AP-1 DNA binding correlated with accumulation offun B,jm D 

and fos B mRNAs and proteins in the 308 cell line of mouse keratinocytes. These AP-1 

members have been shown to be the major components of okadaic acid induced AP-l 

complexes in 308 cells. Inhibition of transcription with actinomycin D and inhibition of 

protein synthesis with cycloheximide abrogated the okadaic acid effect on AP-1 DNA 

binding, indicating that transcription and translation were required for okadaic acid 

increased AP-I DNA binding activity. Tanguary et al. (1994) showed that upon cross-

linking of surface immunoglobulin (sig) receptors, TRE-binding activity was induced 

within 2 h in primary B lymphocytes. Antibody against Jun B inhibited the majority of 

TRE-binding activity, indicating that Jun B was a primary component of B cell TRE-

binding complexes. Consistent with this result, the nuclear expression of Jun B protein 

was induced within 2 h of stimulation and was completely blocked by cycloheximide, a 

protein synthesis inhibitor. ^^S-labeling studies indicated that the increase in Jun B 

expression resulted from de novo protein synthesis. These results suggest that the 

induction of AP-1 binding activity in primary B lymphocytes following sIg cross-linking 

was coupled to the stimulation ofde novo Jun B protein synthesis. 

Although our observation indicated that c-Jbs gene expression was required for 

UVB induced AP-1 DNA binding, post-translational modification of AP-1 complexes 

could also occur in this process. Furthermore, synthesis ofc-Fos protein might be a direct 

consequence of post-translational modifications of other proteins which regulate c-/os 

expression. It has been reported that DNA binding activity of some AP-1 proteins was 

regulated predominantly by phosphorylation (Murakami et ai, 1999; Gruda et al., 1994). 
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Murakami et al. (1999) reported that the transcriptional activity of Fra-2/c-Jun 

heterodimer was greatly enhanced by cotransfecting a constitutively active mutant of 

MEKl gene into chicken embryo fibroblasts, indicating that Fra-2 was converted into an 

active transactivator after phosphorylation by MAPK. High level expression of the 

mutant of MEKl caused constitutive activation of endogenous MAPK, 

hyperphosphorylation of Fra-2, and elevation of fra-2 and c-Jun gene expression. These 

results indicate that phosphorylation of Fra-2 by MAPK played an important role in 

stimulating endogenous AP-1 activity. 

hiduction of c-fos transcription by UVC was observed in primary human skin 

fibroblasts (Stein et ai, 1989). Schreiberef al. (1995) reported that c-Fos was an essential 

component of the mammalian UVC response. They observed that transcriptional 

induction of the AP-l target genes by UVC was almost absent in mouse 3T3 cells lacking 

c-fos gene, which correlated with a reduced UVC induction of AP-l DNA binding and 

transactivation. Clonogenic survival and proliferation of cells lacking c-fos were 

significantly reduced following UVC irradiation. This UVC hypersensitivity was 

primarily due to the fact of increased cell death, partly by apoptosis. Transcriptional 

induction of the c-fos target genes collagenase I, stromelysin 1 and 2 by UVC was almost 

absent in cells lacking c-fos gene, which correlated with a reduced UVC induction of AP-

I DNA binding and AP-I transactivation. Our results showed that increased c-fos gene 

expression correlated with UVB induced AP-l DNA binding and AP-l transactivation 

suggesting that increased c-fos expression may play an important role in UVB induced 

AP-l activation in HaCaT cells. 
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Although UVB irradiation led to significantly increased c-fos mRNA in HaCaT 

cells (Figure 13), it was not clear whether this increase in message was due to 

transcriptional activation of the c-fos gene, or stabilization of c-fos mRNA. To begin to 

answer this question, we transfected the cells with a plasmid containing a fragment of the 

human c-fos promoter driving a luciferase reporter gene and analyzed luciferase activity 

from cell extracts after UVB. Our results showed that, in both transiently and stably 

transfected cells, UVB significantly stimulated c-fos gene transcription (Figure 14). Thus, 

transcriptional activation of the c-fos gene was, at least in part, responsible for the 

increase in c-fos mRNA and protein after UVB. However, we caimot rule out the 

possibility that c-fos mRNA stabilization could play a role as well. Similar results to ours 

have been reported in mouse epidermal cells (Shah et ai, 1993). 

In contrast to other studies, which reported a fast and transient induction of c-fos 

gene (Buscher ef ai, 1988; Treisman 1985), we observed in our system, that c-fos mRNA 

and protein levels were increased later and stayed elevated for more than 12 h (Figures 

12, and 13). This difference could be explained by the fact that different cell lines 

(fibroblasts) and different extracellular stimulators (serum, UVC) were used. This 

observation was supported by Shah et ai (1993) who reported similar results to ours 

using UVB and a mouse epithelial cell line. They observed that UVB induced an 

immediate early response of c-fos that was down-regulated within 2 h and a strong 

second phase of c-fos induction, which peaked at 8 h and returned to basal level after 24 

h. They suggested that UVB irradiated cells may release a factor with the ability to 

induce the second phase of c-fos induction. In addition, continuous expression of the c-
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fos gene has been reported in normal human skin under physiological conditions (Fisher 

et aL, 1998a; Basset-Seguin et al, 1990). UVB induction of c-fos mRNA in the 

epidermis of hairless mice has also been reported (Brunet et aL, 1990). 

UVB induced c-fos expression is of particular interest since c-Fos/Jun 

heterodimer formation appeared to be required for growth stimulation and cell 

morphological transformation in murine fibroblasts (Mehmet et aL, 1991; Schuermann et 

aL, 1989). Studies with mouse models indicated that c-fos expression was involved in 

bem'gn to malignant tumor progression (Greenhalgh et aL, 1995). Furthermore, in c-fos 

null mice initiated by v-H-ras, papillomas were induced by phorbol ester treatment, but 

these tumors did not convert to carcinomas, suggesting that c-Fos function was required 

for the progression of tumors fi*om benign papillomas to malignant carcinomas (Saez et 

aL, 1995). 

In conclusion (Figure 15), this study provides evidence that, in a human 

keratinocyte cell line, HaCaT cells, UVB irradiation induces sigm'ficant AP-l DNA 

binding and AP-l transactivation. Accumulation of c-fos mRNA and protein may be the 

main mechanism of UVB induced AP-l activation. Increased c-fos expression can be 

explained by UVB induced transcriptional activation of the c-fos gene. 
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Figure 15. c-/b5 gene expression plays an important role in 
UVB induced AP-1 activation in HaCaT cells. 
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IV. ACTIVATION OF p38 AND ERK WERE REQUIRED FOR 
UVB INDUCED c-fos GENE EXPRESSION IN HUMAN 
KERATEVOCYTES 

Introduction 

c-Fos was implicated as playing an important role in cell proliferation, which is 

related to carcinogenesis (Angel et ai, 1991; Kruijer et ai, 1986; Moore et al., 1986). We 

have shown that, in UVB irradiated keratinocytes, c-Fos was a major component of the 

AP-1 complex which bound to a consensus AP-1 binding site. We also foimd that 

increased c-fos gene expression correlated with UVB induced AP-1 activation. These 

results indicated that c-fos expression may play a key role in UVB induced AP-l 

activation in human keratinocytes. Thus, it is important to further study the signaling 

pathway of UVB induced c-fos gene expression in human keratinocytes. 

The molecular mechanism of UVB induced c-fos expression may be similar to 

that of serum (Treisman, 1985,1986). Serum induced c-fos transcription is through the 

serum response element, which is located in the promoter region of the c-fos gene 

(Treisman 1986; Janknecht 1995). It has been shown that the ternary complex factor 

(TCF), a transcription factor that binds to the SRE, is critical for triggering c-fos 

transcription by serum (Janknecht 1995). In addition, it has been reported that cyclic 

AMP response element binding protein (CREB) appeared to be required for full acdvity 

of the c-fos transcription (Ginty et ai, 1994). The MAPK family, which includes ERK, 

JNK, and p38, plays an important role in activating TCF (Janknecht 1995; Karin et ai. 
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1997; Janknecht et ai, 1993). ERK can activate TCP through phosphorylating the protein 

at serine 383 and serine 389 (Janknecht 1995; Janknecht et ai, 1993). The activated TCP 

then induces c-fos transcription (Janknecht 1995). In addition, it has been reported that 

the cyclic AMP response element (CRE) also appeared to be required for full activity of 

the c-fos promoter (Ginty et ai, 1994). Recent studies have shown that both JNK and 

p38, which are activated by UVC irradiation, are also able to phosphorylate the same 

major sites in TCP recogm'zed by ERK and activate the TCP (Cavigelli et ai. 1995; 

Raingeaud et aL, 1996). Thus, it appears that all three members of the MAPK family may 

participate in triggering transcription of the c-fos gene. Huang et aL (1999) have reported 

that ERK was activated in UVB irradiated mouse epithelial cells. Assefa et al. (1997) 

have shown that UVB caused differential stimulation of ERK and JNK activities in 

HaCaT cells. Herrlich et al. (1992) have shown that blocking ERK2 using a dominant 

negative ERK2 mutant vector could abrogate TPA induced c-fos transcription in HeLa 

cells. Based on these results we speculated that alterations of activities of MAPK family 

members might be a possible mechanism through which UVB induces c-fos expression in 

human keratinocytes. In this study, the roles of MAPKs in UVB induced c-fos gene 

expression have been investigated in HaCaT cells stably transfected with a plasmid 

containing a fragment of the human c-fos promoter driving a luciferase reporter gene 

(FL30 cells). The PL30 cells have been used in previous studies as shown in Pigure 14. 

Results 
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UVB significantly activated p38 and ERK 

In order to examine whether the MAPtC family plays a role in UVB induced c-fos 

expression, we carried out an experiment to determine whether UVB can induce MAPK 

activation in our system. Since phosphorylation ofMAPKs at specific sites by their 

upstream kinases indicates their activation, we used kinase phosphorylation assays with 

phospho-specific p38, ERK and JNK antibodies to determine UVB induced MAPK 

activation in FL30 cells. A time course of UVB induction of MAPK phosphorylation was 

examined. As shown in Figure 16A and 16B, UVB significantly increased p38 and ERK 

phosphorylation between 2 and 10 h after UVB irradiation. It appeared that p38 

activation was constant after UVB; however, phosphorylation of ERK gradually 

increased after UVB. The controls of phospho-p38 and phospho-ERK were shown in 

lower panels of Figure 16A and 16B using p38 and ERK antibodies. The results indicate 

that UVB induced kinase phosphorylation was not due to affects on the kinase protein 

levels. JNK was activated within I h after UVB; however, we were not able to detect 

JNK activation between 2 to 10 h after UVB irradiation (data not shown). 

UVB induced ERK and p38 activation were suppressed by MEK inhibitor and p38 

inhibitor respectively 

In order to examine whether ERK and/or p38 play a role in UVB induced c-fos 

expression, we first examined UVB induced kinase activity after treating cells with a 
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Figure 16. UVB significantly activated p38 and ERK in FL30 cells. 

The HaCaT cells were stably transfected with a fos/luciferase plasmid 
containing the human c-fos promoter driving a luciferase reporter gene 
(named as FL30 cells). The FL30 cells were serum starved for 24 h and 
washed with phosphate-buffered saline. The cells were then exposed to 400 
J/m" of UVB. Control cells were mock irradiated. At the indicated time after 
UVB irradiation, the cells were harvested, and kinase phosphorylation assays 
were performed with general and phospho-specific p38 (A) and ERK (B) 
antibodies. The results indicated that UVB significantly activated p38 and 
ERK without afifecting then* protein levels. mock irradiated; +, UVB 
irradiated. 



82 

specific MAPK/ERK kinase (MEK) inhibitor, PD98059, or a specific p38 inhibitor, 

SB202190, which is a pyridinyl-iraidazole type of compound. Since MEK is a specific 

upstream kinase of ERX, suppression of MEK should inhibit phosphorylation of ERX. 

Our dose response study for the MEK inhibitor (10 ~ 100 |iM) suggested that 20 (iM was 

sufficient to inhibit ERK phosphorylation (Figure 17A). As indicated in Figure 17B, the 

MEK inhibitor significantly inhibited UVB induced ERK activation at all time points. 

Further experiments were carried out to examine the effect of the p38 inhibitor on UVB 

induced p38 activation. The pyridinyl-imidazole type ofp38 inhibitors did not affect 

UVB induced phosphorylation of p38 since the inhibitors only binds to the ATP pocket 

of p38 and blocks its intrinsic ATPase activity without affecting its phosphorylation sites 

(Figure 19; Lee et ai, 1994; Cuenda et ai, 1995). In addition, the inhibition of p38 by the 

pyridinyl-imidazole type of compounds was reversible, therefore, the inhibitory effect 

could not be detected by an in vitro kinase assay of p38 (Figure 19, Young et al., 1997; 

Wilson et al., 1997). Therefore, an in vivo kinase assay was developed to determine p38 

activity. MAPK activated protein kinase 2 (MAPKAPK2) has been demonstrated to be a 

specific substrate and downstream kinase of p38 (Rouse et al., 1994; Tan et al., 1996). If 

p38 is activated, nonphospho-MAPKAPK2 can be phosphorylated to phospho-

MAPKAPK2. Thus, measuring nonphospho and phospho-MAPKAPK2 can be a marker 

to indicate p38 activity in vivo. A westem analysis was developed for measuring p38 

activity. As shown in Figure 20A, lanes I and 3, UVB increased p38 activity as indicated 

by the disappearance of the nonphospho-MAPKAPEC2 (lower band). To fiirther prove 

that the lower band was the nonphospho-form and the upper band was the phospho-form 
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of MAPKAPK2, the cell lysates from UVB irradiated cells were treated with protein 

phosphatase 1 (PPl) in vitro, then a western gel was run and the membrane was blotted 

with MAPKAPK2 antibody. The results showed that the lower band reappeared after PPl 

treatment (Figure 20 A, lanes 4) suggesting that, indeed, the lower band was a 

nonphospho-form and the upper band was a phospho-form of MAPKAPK2. As shown in 

Figure 20B, 5^M of p38 inhibitor SB202190 significantly suppressed UVB induced p38 

activation at all time points as shown by reappearance of the nonphospho-MAPKAPK2 

bands. 

In order to confirm the specificity of the inhibitors in our system, experiments 

were performed to test the effects of p38 inhibitor SB202190 on UVB induced ERK 

activation and MEK inhibitor PD98059 on UVB induced p38 activation. As shown in 

Figure 21 A, p38 inhibitor SB202190 did not affect UVB induced ERK activation. MEK 

inhibitor PD98059 did not affect UVB induced p38 activation (Figure 2IB). 

Suppression of either p38 or ERK inhibited UVB induced c-fos transcription and 

translation 

To investigate whether p38 and/or ERK were involved in the signaling pathways 

of UVB induced c-fos gene expression, the effects of inhibiting either p38 or ERK on 

UVB induced c-fos transcription were examined in FL30 cells. As shown in Figures 22 

and 24, c-fos gene transcription was significantly increased after UVB irradiation as 

measured by luciferase activity^. Blocking p38 activation with p38 inhibitor SB202190 
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Figure 17. Dose response and time course of inhibitory effect of MEK 
inhibitor on UVB induced phosphorylation of ERK in FL30 cells. 

The cells were serum starved for 24 h and then treated with MEK inhibitor 
PD98059 for 1 h in serum free DMEM. The cells were then washed with 
phosphate-buffered saline and exposed to 400 J/m" of UVB. Control cells were 
mock irradiated. After UVB, the cells were again cultured in inhibitor containing 
serum free DMEM until the cells were harvested. Kinase phosphorylation assays 
were performed with phospho-ERK antibody. A, dose response of inhibitory 
effect of MEK inhibitor PD98059 on UVB induced phosphorylation of ERK. 
The cells were harvested 6 h after UVB. B, time course of inhibitory effect of 
MEK inhibitor PD98059 (20 |iiM) on UVB induced phosphorylation of ERK. 
The cells were harvested at the indicated time. The resuhs indicated that 20 |iM 
of PD98059 was sufficient to inhibit UVB induced ERK activation at all time 
points studied. mock irradiated; +, UVB irradiated; PD, MEK inhibitor 
PD98059. 
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Figure 18. A pyridiny-imidazole type of p38 inhibitor did not 
affect UVB induced phosphorylation of p38. 

The mass culture cells were serum starved for 30 h and then treated 
with a pyridiny-imidazole type of p38 inhibitor SB203680 (10 ^iM) for 
2 h in serum free DMEM. The cells were then washed with phosphate-
buffered saline and exposed to 400 J/m" UVB. Control cells were mock 
irradiated. After UVB irradiation, the cells again were cultured in 
inhibitor containing serum free DMEM for I h. The cells were 
harvested and cell lysates were prepared. Kinase phosphorylation assay 
was performed with phospho-p38 antibody. The result indicated that the 
pyridiny-imidazole type of p38 inhibitor did not affect UVB induced 
phosphorylation of p38. mock irradiated; +, UVB irradiated; SB, p38 
inhibitor 203680. 
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Figure 19. An in vitro kinase assay was not able to detect the 
inhibitory efiect of a pyridinyl-imidazole type of p38 inhibitor on 
UVB induced p38 activity. 

The FL30 cells were serum starved for 24 h and then treated with a 
pyridiny-imidazole type of p38 inhibitor SB202190 (5 |iM) for 1 h in 
serum free DMEM. The cells were then washed with phosphate-
buffered saline and exposed to 400 J/m^ UVB. Control cells were mock 
irradiated. After UVB irradiation, the cells were again cultured in 
inhibitor containing serum free DMEM for 6 h. The cells were 
harvested and cell lysates were prepared. 100 ^g of total cellular protein 
were immunoprecipitated with phospho-p38 antibody. An in vitro 
kinase assay was performed using recombinant Elk-1 as substrate, and 
phosphorylated Elk-1 was detected by western analysis using a 
phospho-Elk-1 antibody. The result indicated that the in vitro kinase 
assay was not able to detect the inhibitory effect of the pyridinyl-
imidazole type of p38 inhibitor on UVB induced p38 activity. -, mock 
irradiated; +, UVB irradiated; SB, p38 inhibitor SB202190. 
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Figure 20. Development of an in vivo p38 activity assay and suppression 
of UVB induced p38 activation by a pyridinyl-imidazole type of p38 
inhibitor. 

The FL30 cells were serum starved for 24 h and then treated with the pyridiny-
imidazole type of p38 inhibitor SB202190 (5 ^M) for I h in serum free 
DMEM. The cells were then washed with phosphate-buffered saline and 
exposed to 400 J/m* of UVB. Control cells were mock irradiated. After UVB 
irradiation, the cells were again cultured in inhibitor containing serum free 
DMEM until the cells were harvested, and cell lysates were prepared. A, 15 {ag 
of total cellular protein were treated with protein phosphates 1 ̂ Pl) in vitro 
and westem analysis was performed to determine nonphospho and phospho-
MAPKAPK2. These cells were harvested 6 h after UVB; B, a time course of in 
vivo p38 activity assay was performed to determine inhibitory effect of 
SB202190 on UVB induced p38 activation. The results of PPl analysis 
demonstrated that the lower bands were nonphospho-forms and the upper 
bands were phospho-forms of MAPKAPBv2. The time course of p38 inhibitor 
study indicated that SB202190 inhibited UVB induced p38 activation at all 
time points studied. mock irradiated; +, UVB irradiated; SB, p38 inhibitor 
SB202I90. 
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Figure 21. Specificity determination of p38 inhibitor and MEK 
iniiibitor. 

The FL30 cells were serum starved for 24 h and then treated with either p38 
inhibitor SB202190 (5 (iM) or MEK inhibitor PD98059 (20 jiM) for I h in 
serum free DMEM. The cells were then washed with phosphate-buffered 
saline and exposed to 400 J/m^ of UVB. Control cells were mock irradiated. 
After UVB irradiation, the cells were again cultured in inhibitor containing 
serum free DMEM for 10 h. The cells were harvested and cell lysates were 
prepared. Kinase phosphorylation assays were performed with phospho-
specific ERK or p38 antibodies to determine effect of p38 inhibitor 
SB202190 on UV^ induced ERK activation (A) and effect of MEK inhibitor 
PD98059 on UVB induced p38 activation (B). The results indicate that p38 
inhibitor did not inhibit UVB induced ERK activation and MEK inhibitor 
did not inhibit UVB induced p38 activation. mock irradiated; +, UVB 
irradiated; SB, p38 inhibitor SB202190; PD, MEK inhibitor PD98059. 
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almost completely abrogated UVB induced c-fos transcription (Figure 22). Another 

pyridinyl-imidazole type of p38 inhibitor (SB203580, 10 |aM) had similar inhibitory 

effects on UVB induced c-fos transcription (data not shown). In addition, an experiment 

was performed to test the effects of both p38 inhibitors on UVB induced c-fos 

transcription in a mass culture of FL cells (Figure 23). The FL mass culture was the 

population of all clones of HaCaT cells stably transfected with the plasmid containing 

human c-fos promoter driving luciferase reporter gene. The results were the same as 

using a single clone of cell line FL30 suggesting that blocking UVB induced c-fos 

transcription by suppression of p38 was not due to clonal selection of stably transfected 

cells. 

To test whether ERK participated in UVB induced c-fos transcription in human 

keratinocytes, FL30 cells were treated with MEK inhibitor PD98059 and UVB induced c-

fos transcription was examined. As shown in Figiure 24, suppression of ERK partially 

blocked UVB induced c-fos transcription indicating that ERK also played a role in the 

signal transduction pathway of c-fos transcription. However, it appeared that ERK played 

a less critical role than that of p38 since suppression of p38 almost completely blocked 

the reporter gene expression. 

To further determine whether blocking UVB induced c-fos transcription by 

suppression of p38 and ERK affected the expression of c-Fos protein, western analyses 

were performed to examine the c-Fos protein. Correlated with effects on transcription of 

the c-fos gene, inhibition of p38 abnost completely abrogated c-Fos protein induced by 

UVB (Figure 25). In addition, inhibition of ERK partially suppressed UVB induced c-Fos 
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Figure 22. Suppression of p38 significantly iniiibited UVB induced c-fos 
transcription in FL30 ceils. 

The cells were serum starved for 24 h and then treated with p38 inhibitor 
SB202190 (5 pM) for Ih in serum free DMEM. The cells were then washed 
with phosphate-buffered saline and exposed to 400 J/m~ of UVB. Control 
cells were mock irradiated. After UVB irradiation, the cells were again 
cultured in inhibitor containing serum free DMEM until the cells were 
harvested at the indicated time. The cell lysates were prepared and c-fos gene 
transcription was measured by luciferase assays. The results indicate that p38 
is required for UVB induced c-fos gene expression. mock irradiated; +, 
UVB OTadiated; SB, p38 inhibitor SB202190. 
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Figure 23. Suppression of p38 significantly inhibited UVB induced 
c-fos transcription in a mass culture of FL cells. 

The FL mass culture was the population of all clones of HaCaT cells 
stably transfected with the plasmid contaim'ng human c-fos promoter 
driving a luciferase reporter gene. The cells were serum starved for 24 h 
and then treated with p38 inhibitors SB203580 (10 |aM) or SB202190 (5 
HM) for 1 h in serum free DMEM. The cells were then washed with 
phosphate-buffered saline and exposed to 400 J/m" of UVB. Control cells 
were mock irradiated. After UVB irradiation, the cells were again 
cultured in inhibitor containing serum free DMEM for 10 h. The cell 
lysates were prepared and c-fos gene transcription was measured by 
luciferase assays. The results indicated that both p38 inhibitors 
suppressed UVB induced c-yb5 transcription in mass culture cells. These 
results were similar as using a single clone cell line FL30 (Figure 22) 
suggesting that blocking UVB induced c-fos transcription by suppression 
of p38 was not due to cloning selection of stably transfected cells. mock 
irradiated; +, UVB irradiated; SB80, p38 inhibitor SB203580; SB90, p38 
inhibitor SB202190. 
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Figure 24. Suppression of ERK partially inhibited UVB induced c-fos 
transcription in FL30 cells. 

The cells were serum starved for 24 h and then treated with MEK inhibitor 
PD98059 (20 ^M) for 1 h in serum free DMEM. The cells were then washed 
with phosphate-bufifered saline and exposed to 400 J/m' of UVB. Control 
cells were mock irradiated. After UVB uradiation, the cells were again 
cultured in inhibitor containing serum free DMEM until the cells were 
harvested at the indicated time. The cell lysates were prepared and c-fos gene 
transcription was measured by luciferase assays. The results indicate that 
ERK is requved for UVB induced c-fos gene expression. mock irradiated; 
+, UVB irradiated; PD, MEK inhibitor PD98059. 
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Figure 25. Suppressioa of either p38 or ERK iniiibited UVB induced c-Fos 
protein. 

The FL30 cells were serum starved for 24 h and then treated with either p38 
inhibitor SB202190 (5 (iM) or MEK inhibitor PD98059 (20 ^iM) for I h in serum 
free DMEM. The cells were then washed with phosphate-buffered saline and 
exposed to 400 J/m^ of UVB. Control cells were mock irradiated. After UVB 
irradiation, the cells were again cultured in inhibitor containing serum free 
DMEM until the cells were harvested at the indicated time. The cell lysates were 
prepared and c-Fos protein level was determined by western analyses. The results 
indicated that suppression of p38 significantly inhibited UVB induced c-Fos 
protein; whereas suppression of ERK partially UVB induced c-Fos protein. 
These results suggest that both p38 and ERK are required for UVB induced c-Fos 
protein. Furthermore, p38 appeared to play a more critical role than ERK. -, 
mock irradiated; +, UVB irradiated; SB, p38 inhibitor SB202190; PD, MEK 
inhibitor PD98059. 
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protein expression (Figure 25). These results confirm that both p38 and ERK are required 

for UVB induced c-fos gene expression in human keratinocytes. 

Suppression of both p38 and ERK completely abrogated UVB induced c-fos transcription 

and translation 

To further evaluate the roles of p38 and ERK in UVB induced c-fos expression, 

FL30 cells were treated with both p38 and MEK inhibitors simultaneously and UVB 

induced c-fos transcription and c-Fos protein were examined. As shown in Figure 26, 

suppression of both p38 and ERK decreased both UVB induced c-fos transcription and 

basal c-fos transcription. In addition, c-fos transcriptional level in cells treated with UVB 

and inhibitors was even lower than that of non-UV irradiated control cells, which 

indicated that not only were both p38 and ERK required for c-fos transcription, but there 

was cooperation between p38 and ERK. Effects of both inhibitors in combination on c-

fos transcription correlated with their effects on c-Fos protein (Figure 27). This further 

supports the synergistic effects of both kinases on c-fos expression, hi addition, a trypan 

blue assay for cells treated with the combined inhibitors was carried out to determine 

whether these inhibitory effects were partially due to potential toxicity of the inhibitors. 

Our results indicated that there were no differences in the percent of living cells between 

different groups (Figure 28) suggesting that inhibitory effects of both inhibitors on c-fos 

expression were indeed through suppression of the kinases. 
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Figure 26. Suppression of botli p38 and ERK completely abrogated 
UVB induced c-fos transcription. 

The FL30 cells were serum starved for 24 h and then treated with p38 
inhibitor SB202190 (5 fiM) plus MEK inhibitor PD98059 (20 |iM) for I 
h in serum free medium. The cells were then washed with phosphate-
buffered saline and exposed to 400 J/m^ of UVB. Control cells were 
mock irradiated. After UVB irradiation, the cells were again cultured in 
inhibitor containing serum free DMEM until the cells were harvested at 
the indicated time. The cell lysates were prepared and c-fos gene 
transcription was measured by luciferase assays. The results indicated 
that combined inhibitor treatment completely inhibited UVB induced c-
fos transcription. mock irradiated; +, UVB irradiated; SP, p38 inhibitor 
SB202190 plus MEK inhibitor PD98059. 

• -UVB 

• -UVB -^SP 

• +UVB 

• -i-UVB -^SP 



96 

10 

SP SP SP 

- + - + - + - + - + -

ii i 

Hours 

inhibitors 

UVB 
-4- c-Fos 

Figure 27. Suppression of both p38 and ERK completely abrogated 
UVB induced c-Fos protein. 

The FL30 cells were serum starved for 24 h and then treated with p38 
inhibitor SB202190 (5 ^iM) plus MEK inhibitor PD98059 (20 ^iM) for I h in 
serum free medium. The cells were then washed with phosphate-buffered 
saline and exposed to 400 J/m^ of UVB. Control cells were mock irradiated. 
After UVB irradiation, the cells were again cultured in inhibitor containing 
serum free DMEM until the cells were harvested at the indicated time. The 
cell lysates were prepared and c-Fos protein level was determined by western 
analyses. The results indicated that combined inhibitor treatment completely 
inhibited UVB induced c-Fos protein. -, mock irradiated; +, UVB irradiated; 
SP, p38 inhibitor SB202190 plus MEK inhibitor PD98059. 
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Figure 28. Determination of toxicity in tlie study of combined 
inhibitor treatment. 

The cells were serum starved for 24 h and then treated with p38 inhibitor 
SB202190 (5 nM) plus MEK inhibitor PD98059 (20 ^M) for I h in 
serum free medium. The cells were then washed with phosphate-buffered 
saline and exposed to 400 J/m^ of UVB. Control cells were mock 
irradiated. After UVB irradiation, the cells were again cultured in 
inhibitor containing serum free DMEM until the cells were harvested at 
tfie indicated time. The cells were trypsinized and toxicity of combined 
inhibitor treatment was determined by trypan blue assays. The results 
indicated that there were no differences in the percent of living cells 
between different groups. This suggested that inhibitory effects of both 
inhibitors on UVB induced c-fos expression were not due to potential 
toxicity of the inhibitors. SP, p38 inhibitor SB202190 plus MEK inhibitor 
PD98059. 
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Discussion 

We showed previously that c-Fos was a major component of UVB induced AP-l 

complexes which bound to a consensus AP-l binding site in human keratinocytes; 

moreover, increased c-fos gene expression might play a key role in this process. It has 

also been reported that c-fos was an essential component of the mammalian UVC 

response (Schreiber et ai, 1995). The molecular mechanisms of transcriptional regulation 

of the c-fos gene by UVC light in HeLa cells and NIH3T3 cells has been reported (Price 

et ai, 1996). In both cell lines, the SRE was required for UVC induced c-fos 

transcription; the TCF binding site in HeLa cells contributed substantially to the 

activation. Consistent with this, UVC irradiation activated LexA-TCF fusion proteins 

more strongly in HeLa cells than in NIH3T3 cells. Activation of TCF by both p38 and 

ERX in vivo appeared to contribute to the UVC induced c-fos transcription in these cells. 

Since UVB induced AP-l activation plays an important role in tiunor promotion, the 

expression of the components of the AP-l complex, such as Fos and Jun family, is 

critical for UVB induced skin carcinogenesis. In this study, we further addressed the 

question of which signaling pathway was involved in UVB induced c-fos gene expression 

using the same human keratinocyte cell line. It has been shown that UVC strongly 

activates JNK; whereas UVC caused only insignificant activation of ERK in HeLa cells 

(Devary et al., 1991; Woodgett et ai, 1995). At present, it is still not understood 

completely how UVB influences these MAPKs, especially in human keratinocytes. 
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In this study, we have demonstrated that UVB irradiation significantly activated 

p38 and ERK without affecting their protein levels (Figure 16). p38 activation appeared 

to be constant, whereas activation of ERK gradually increased. UVB induced JNK 

activation appeared to be a transient event, only lasting about 1 h (data not shown). In 

contrast to other studies, which reported a transient activation of p38 and ERK (Huwiler 

et ai, 1999; Huang et ai, 1999), we observed in our system that activation of p38 and 

ERK remained elevated for at least 10 h after stimulation with 400 J/m" of UVB 

radiation. This difference likely results fi*om the use of different cell lines and different 

extracellular stimuli. The time course of elevated p38 and ERK activity also correlated 

well with the kinetics of UVB induction of c-fos mRNA, AP-1 DNA binding and AP-l 

transactivation. This correlation may indicate a relationship between p38/ERK and c-

ybs/AP-l. Further investigation showed that inhibiting either p38 or ERK abrogated c-fos 

transcription to different degrees (Figures 22, 23, 24). A novel finding in our study was 

that p38 appeared to contribute much more than ERK to UVB induced c-fos transcription 

and translation (Figures 22,25); however, inhibition of ERK only partially abrogated 

gene expression (Figures 24,25). Inhibition of both p38 and ERK simultaneously 

completely abrogated UVB induced c-fos transcnption and down regulated basal 

transcription of the c-fos gene (Figure 26). These data further supported the hypothesis 

that both p38 and ERK are required for c-fos transcription and that the p38 and ERK 

pathways act synergistically in potentiation of UVB induced c-fos expression. Our studies 

indicate that UVB activated p38 and ERK signaling pathways are not mutually exclusive; 

the cooperation between these pathways appears to be important for c-fos gene 



100 

expression in human keratinocytes. The significance of both p38 and ERK being required 

for c-fos expression is not presently known. Whether the balance of crosstalk between 

p38 and ERK signaling pathways plays a role in determining cell proliferation or death 

would be an interesting subject requiring fiirther investigation. 

Since p38 has five subtypes, it is unclear at the present time which subtype is 

actually involved in UVB induced c-fos expression in human keratinocytes. It has been 

demonstrated that a few p38 subtypes such as p38Y and SAPK4 are resistant to pyridinyl-

imidazole type of p38 inhibitors. p38Y and SAPK4 were shown to phosphorylate 

predominantly transcription factors such as ATF-2 and were less effective in 

phosphorylating MAPKAPK2 (Cuenda et al., 1997; Goedert et ai, 1997; Kumar et al.. 

1997). In addition, SB202190 has been reported to be a specific inhibitor of p38 and 

p38p (Nemoto et ai, 1998). Our study demonstrates that SB202190 significantly 

suppresses UVB induced phosphorylation of MAPKAPK2, which Implies that p38y and 

SAPK4 may play relatively less important roles compared to other p38 family members 

for UVB induced c-fos expression. 

UVB has been demonstrated to be a major cause of human non-melanoma skin 

cancer (Hall et al., 1988). In the mechanisms of stdn carcinogenesis, UVB acts as both a 

tumor initiator and a tumor promoter. Its role in tumor promotion involves induction of 

specific transcription factors including AP-1 (Huang et al., 1996). The mechanisms of 

AP-1 activation might be through either post-translational modification of pre-existing 

AP-1 or synthesis of new AP-1 members such as Fos and Jun proteins (Karin, 1995). 

Signal transduction pathways leading to activation of AP-1 by UV irradiation have been 



extensively studied. It was found that atypical PKCs (aPKCs) were required for UVB 

induced AP-l activation in mouse epidermal cells (Huang et ai, 1996). aPKCs were 

activated by ceramide. UV irradiation also increased ceramide and JNK activation 

(Verheij et ai, 1996; Lozano et ai, 1994; Muller et ai, 1995; Raines et al., 1993). 

Exposure of cells to C2-ceramide induced dose dependent activation of JNK (Huang et 

ai, 1997c). In addition, UVB induced activation of ERK and JNK was strongly inhibited 

by dominant negative mutants of PKCe and PKC5 (Chen et al., 1999). Recently, a line of 

evidence showed that inhibition of ERK activation blocked UVB induced AP-l 

activation in mouse epidermal cells, and over expression of ERK restored UV 

responsiveness, indicating that ERK was involved in UVB induced AP-l activation 

(Huang et ai, 1999). Since c-Fos protein was a major component of the UVB induced 

AP-l complex, and increased c-fos gene expression correlated with UVB induced AP-l 

activation in HaCaT cells as we showed before, it is important to further pursue the 

signaling pathways of UVB induced c-fos expression in the same cells. This study, for the 

first time, demonstrated that both p38 and ERK were required for UVB induced c-fos 

expression in human keratinocytes. Inhibition of both p38 and ERK may result in 

decreased phosphorylation of their substrates such as TCF, thereby inhibiting TCP 

mediated ternary complex formation, which would further interfere with c-fos 

transcription. Moreover, a novel finding in our study was that UVB induced c-fos 

expression was ahnost completely abrogated with p38 inhibitor SB202190 at low 

concentration in human keratinocytes, which may imply a critical role of p38 in UVB 

signaling. The mecham'sm of p38's role, which is more critical than ERK on UVB 
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induced c-fos expression in human keratinocytes, would be an interesting subject 

requiring further examination. Based on current knowledge of regulation of c-fos gene 

expression, cyclic AMP response element binding protein (CREB) appeared to be 

required for full activity of the c-fos transcription (Ginty et ai, 1994). In the context of 

the c-fos promoter, if the cyclic AMP response element (CRE) was destroyed, UVC 

induced c-fos transcription dropped to 50%, suggesting that the CRE cooperated with the 

other elements of c-fos promoter in the UVC response (Bender et ai, 1997). It was 

reported that CREB was activated by UVC through a p38 dependent pathway (lordanov 

et ai, 1997). Thus, it appears that p38 not only activates TCF, but also activates CREB. 

The combined effects of activation of these proteins may be responsible for the fiill 

activation of UVC induced c-fos transcription. 

In summary (Figure 29), we have shown that p38 and ERK are required for UVB 

induced c-fos gene expression in human keratinocytes. p38 appears to play a more critical 

role than ERK in this process. In light of the role of AP-1 activation and c-fos expression 

in photocarcinogenesis as well as our current study showing that both p38 and ERK are 

required for UVB induced c-fos gene expression, p38 and ERK may serve as valuable 

molecular targets forchemoprevention to fight skin cancer. 
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Figure 29. UVB irradiation induced signal transduction 
pathways for AP-1 activation in HaCaT cells. 
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in. (-)-EPIGALLOCATECHIN GALLATE (EGCG) INHIBITED 
UVB INDUCED AP-1 ACTIVATION, c-fos GENE 
EXPRESSION AND p38 ACTIVATION 

Introduction 

Chemoprevention is one of the strategies used to fight UVB induced skin cancer. 

Tea has been shown to have a preventative effect against skin carcinogenesis in animal 

models (Dreosti et ai, 1997; Huang et ai, 1992; Wang et al., 1994; Yang et ai, 1993; 

Yang et ai, 1997). The inhibitory effects of tea catechins on the growth of tumor cell 

lines have been shown (Lea et ai, 1993). EGCG is the most abundant polyphenolic 

catechin isolated from green tea. A number of studies showed that EGCG has anti-tumor 

promotion or anti-photocarcinogenesis effects (Huang et ai, 1992; Wang et ai, 1994; 

Gensleref ai, 1996). It was reported that EGCG inhibited UVB induced 

photocarcinogenesis in BALB/cAnNHsd mice with no visible toxicity. Skin cancer 

incidence in UVB irradiated mice was 96% at 28 weeks after the first UVB treatment; 

EGCG at 10 or 50 mg reduced this incidence to 62% and 29%, respectively (Gensler et 

ai, 1996). It has been suggested that EGCG inhibition of tumor promotion is related to 

the effects of EGCG on signal transduction pathways (Yang et al., 1997). Other ways in 

which EGCG may induce anticancer effects are (i) by its antioxidative properties (Yang 

et ai, 1993), (ii) by induction of apoptosis (Yang et ai, 1998), (iii) by inhibition of tumor 

promoter induced expression of protein kinase C and ornithine decarboxylase (Kitano et 

ai, 1997), and (iv) by enhancement of gap-junction intercellular commum'cation (Sigler 
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et ai, 1993). Recently, it has been shown that EGCG has an inhibitory effect on EGF and 

TPA induced AP-1 activation in mouse epidermal cells (Dong et ai, 1997b). In addition, 

we previously demonstrated that increased c-fos gene expression may play a key role in 

UVB induced AP-l activation in HaCaT cells. Therefore, we hypothesized that EGCG 

may inhibit UVB induced AP-l activation in human keratinocytes. In this study, we 

tested the hypothesis using HaCaT cells and two stably transfected cell lines derived from 

HaCaT cells, HCL14 (AP-l/luciferase) and FL30 (fos/luciferase). 

Results 

EGCG inhibited UVB induced AP-l activation 

To examine the effect of EGCG on UVB induced AP-l activation, we used 

HCL14 cells to perform the experiment. HCL14 cells were derived from HaCaT cells 

stably transfected with a plasmid containing an AP-l binding sequence driving a 

luciferase reporter gene. We previously used this cell line to conduct the AP-l 

transactivation assay (Figures 9, 10, II). Since EGCG may absorb UVB light (Dan 

Liebler, unpublished data), HCL14 cells were treated with EGCG immediately after UVB 

irradiation for 14 hours and then the cells were harvested. Cell lysates were prepared, and 

luciferase assays were performed. As shown in Figure 30, UVB significantly increased 

AP-l transactivation; at 5 nM of concentration, EGCG inhibited about 50% of UVB 

induced AP-l transactivation. 
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Figure 30. EGCG inhibited UVB induced AP-1 trnasactivation in [ICL14 
cells. 

The HaCaT cells were stably transfected with a plasmid containing a promoter 
region of human collagenase-l linked to a luciferase reporter gene (named as 
HCL14 cells). The HCL14 cells were serum starved for 24 h and then exposed 
to 250 J/m^ UVB. Immediately after UVB irradiation, the cells were treated 
with EGCG (5 ^iM) in serum free DMEM. Then, 14 h later, the cell lysates 
were prepared and luciferase assays were performed. 5 |iM of EGCG inhibited 
about 50% of UVB induced AP-1 transactivation. 
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In view of the important role of UVB induced c-fos gene expression in AP-l 

activation in human keratinocytes, we further hypothesized that a possible mecham'sm for 

EGCG's inhibition of UVB induced AP-l activation may be through inhibition of c-fos 

gene expression. To test this hypothesis, the effect of EGCG on the UVB induced c-fos 

mRNA, transcriptional, and protein levels were examined. 

EGCG inhibited UVB induced elevation of c-fos mRNA 

To determine whether EGCG had an inhibitory effect on UVB induced c-fos 

mRNA production, we performed Northern blot analyses. As shown in Figure 31, UVB 

significantly increased c-fos mRNA level (lane 2). EGCG suppressed UVB induced 

elevation of c-fos mRNA in a dose dependent manner. A significant inhibitory effect 

started at 5 (lane 6). There are two possible explanations for the inhibitory effect of 

EGCG on c-fos mRNA production: suppression of transcriptional activation of the c-fos 

gene and/or increasing degradation of c-fos mRNA. 

EGCG inhibited UVB induced transcriptional activation of the c-fos gene 

To begin to determine the mechanisms of EGCG on UVB induced c-fos mRNA, 

the effect of EGCG on c-fos transcription in FL30 cells were analyzed by luciferase 

assays. FL30 cells were derived from HaCaT cells stably transfected with a plasmid 

containing the human c-fos promoter driving a luciferase reporter gene. As shown in 



Figure 32A, UVB irradiation significantly increased luciferase activity (about 24 folds) 

compared with the control group (no UVB). However, UVB induced luciferase activity 

was markedly inhibited in EGCG treated cells. This inhibition appeared to be dose 

dependent (Figure 32B). Similar to the action of EGCG on c-fos mRNA as shown in 

Figure 31, the significant inhibitory effect started at a concentration of 5 |iM (Figure 

32B). These results suggest that at least one of the mechanisms by which EGCG inhibits 

of c-fos mRNA is through inhibition of UVB induced transcriptional activation of the 

c-fos gene. Interestingly, at 7.5 and 10 of EGCG, the c-fos transcriptional levels of 

UVB irradiated cells were 50% and 37%, respectively, compared to control UV irradiated 

cells (Figure 32B). However, at the same concentration of EGCG, the c-fos mRNA levels 

of UVB irradiated cells (Figure 31, lanes 8 and 10) were almost back to the basal level 

(Figure 31, lane I), implying that EGCG may also play a role in the degradation of c-fos 

mRNA. 

EGCG inhibited UVB induced increase of c-Fos protein 

Although there was a significant inhibitory effect of EGCG on c-fos mRNA and 

transcription, it was important to determine c-fos expression at the protein level, because 

increased levels of c-Fos protein might be critical for UVB induced AP-1 activation, as 

we have shown previously. To determine the c-Fos protein level, nuclear protein was 

isolated fi-om the cells with or without UVB irradiation, and with or without EGCG 
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Figure 31. EGCG inhibited UVB induced c-fos mRNA in HaCaT cells. 

The cells were serum starved for 30 h and then exposed to 250 J/m* UVB. 
Immediately after UVB irradiation, the cells were treated with various doses of 
EGCG in serum free DMEM as indicated. Then, 14 h later, the cells were 
harvested, and total RNA was isolated. Northern blot analyses were performed 
with the probes indicated by arrows. The results suggested that EGCG inhibited 
UVB induced c-fos mRNA accumulation in a dose dependent manner. mock 
irradiated; +, UVB irradiated. 
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Figure 32. EGCG inhibited UVB induced c-fos transcription in FL30 
cells. 

The HaCaT cells were stably transfected with a plasmid containing a 
fragment from the promoter of the human c-fos gene driving a luciferase 
reporter gene (named as FL30 cells). The FL30 cells were serum starved for 
30 h and then exposed to 250 J/m^ UVB. Immediately after UVB irradiation, 
the cells were treated with EGCG at a concentration of 7.5 (A) or 
various doses of EGCG (B) in serum free DMEM as indicated. Then, 14 h 
later, the cell lysates were prepared and luciferase assays were performed. 
The results suggested that EGCG inhibited UVB induced c-fos transcription 
in a dose dependent manner. 
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Figure 33. EGCG inhibited UVB induced accumulation of c-Fos protein 
in HaCaT cells. 

The ceils were serum starved for 30 h and then exposed 250 J/m" UVB. 
Immediately after UVB irradiation, the cells were treated with various does of 
EGCG in serum free DMEM as indicated. Then 14 h later, the cells were 
harvested, and nuclear protein was prepared. Western analyses were performed 
with c-Fos antibody. The results indicated that EGCG inhibits UVB induced c-
Fos protein accumulation in a dose dependent manner. 
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treatment, and then western analyses were performed. As shown in Figure 33, a marked 

reduction of UVB induced c-Fos protein production was mediated by EGCG. The 

inhibitory effect was dose dependent. These data suggested that one mechanism of 

EGCG inhibition of UVB induced AP-1 activation might be suppression of c-fos gene 

expression. 

EGCG inhibited UVB induced p38 activation, but not ERK and JNK activation 

To further investigate possible mechanisms of the inhibitory effect of EGCG on 

UVB induced c-fos expression, experiments were performed to determine the influence 

of EGCG on upstream activators of c-fos gene transcription, in particular the MAPK fam

ily. MAPKs play an important role in regulation of both AP-1 protein synthesis and 

post-translational modification of AP-1 components (Karin, 1995; Karin et al.. 1997; 

Whitmarsh et al., 1996). We have shown that p38 and ERK were required for UVB 

induced c-fos expression in FL30 cells, and p38 appeared to be the most critical MAPK 

member in this process. Because EGCG reduces UVB induced c-fos expression, it is 

possible that EGCG suppresses the MAPK by decreasing their phosphorylation state. To 

test which class of MAPKs might be involved in inhibition of UVB induced c-fos 

expression by EGCG, kinase phosphorylation assays were performed to examine the 

influence of EGCG on UVB induced activation of p38, ERK, and JNK by using 

phospho-specific antibodies against these kinases. As shown in Figure 34, exposure of 

FL30 cells to UVB resulted in significant activation of all three MAPKs I h after UVB. 
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EGCG significantly inhibited UVB induced activation ofp38 (Figures 34C and 35) at the 

same range (5-10 |iM) as that resulting in inhibition of UVB induced increases in c-fos 

mRNA, transcriptional and protein levels (Figures 31 - 33). However, EGCG did not 

inhibit JNK and ERK activation (Figure 34A, 34B). These results indicate that the 

inhibitory effect of EGCG on c-fos transcription occurs through inhibition of p38 

dependent, ERK and JNK independent pathways in human keratinocytes cells. 

Discussion 

Green tea is consumed worldwide, although at greatly varying levels. Recently, 

am'mal studies and epidemiological studies have indicated the anti-skin cancer effects of 

green tea (Katiyar et al, 1996; Yang et aL, 1997; Yang et ai, 1993). However, the 

molecular mechanisms by which green tea blocks carcinogenesis are still not completely 

understood. In this study, we have shown that EGCG, the most abundant polyphenolic 

catechin isolated from green tea, inhibited UVB induced AP-1 transactivation in human 

keratinocytes (Figure 30). Furthermore, we found that UVB induced c-fos gene 

expression was suppressed by EGCG (Figures 31 - 33). More interestingly, EGCG acted 

on the UVB signaling cascade by inhibiting UVB induced p38 activation (Figures 34, 

35). Since p38 plays a critical role in c-fos expression caused by UVB and c-fos 

expression correlates with UVB induced AP-1 activation, as we previously demonstrated, 

it appeared that the mechanism of the inhibitory effect of EGCG on UVB induced AP-l 
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Figure 34. EGCG inhibited UVB induced p38 activation but not ERK or 
JNK activation in HaCaT ceils. 

The cells were serum starved for 30 h and then exposed to 400 J/m" UVB. 
Immediately after UVB, the cells were treated with various doses of EGCG in 
serum free DMEM as indicated. Then I h later, the cells were harvested, and cell 
lysates were prepared. Kinase phosphorylation assays were performed with 
phospho-JNK (A), ERK (B), and p38 (Q antibodies. The results indicated that 
EGCG inhibited UVB induced p38 activation but not JNK or ERK activation. 
mock Radiated; +, UVB irradiated. 
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Figure 35. Quantitative analyses of the inhibitory effect of EGCG 
on UVB induced phospho-p38 in HaCaT cells. 

The experimental conditions were the same as those illustrated in 
Figure 34, which summarizes the three individual experiments. 
Phospho-p38 was detected by kinase phosphorylation assays with 
phospho-specific p38 antibody. The phospho-p38 bands on the original 
x-ray fihns were scanned by a densitometer and are presented as the 
integrated density of phospho-p38. Each column represents the mean 
and standard error of three experiments. The numbers on the top of the 
columns indicate the percentage of remaining integrated densities of 
phospho-p38 compared with the value of the UVB irradiated group 
without EGCG treatment. The results suggested that EGCG 
significantly inhibited UVB induced p38 activation at the dose range 
between 5 and 10 *, significantly different from the UVB 
irradiated group without EGCG treatment (Student's t-test),p < 0.05; 
**, significantly different from the UVB irradiated group without 
EGCG treatment (Student's f-test), /? < 0.01. 
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activation was through blocking p38 signaling and c-fos expression. On the other hand, 

our results further indicated that p38 signal transduction pathway may play an important 

role in UVB carcinogenesis since a known chemoprevention agent inhibited this 

particular signaling cascade induced by UVB. 

The mechanism by which EGCG inhibits UVB induced p38 activation in human 

keratinocytes is unknown at the present time. Reactive oxygen species (ROS) are 

produced by cellular metabolic reactions and have been implicated in mutagenesis, 

carcinogenesis, and tumor promotion (Frenkel 1992; Kensler et ai, 1986). ROS can 

cause DNA strand breaks and oxidative modification of DNA bases, which play an 

important role in mutagenesis and carcinogenesis. Recently, molecular and cellular 

approaches have demonstrated that ROS and antioxidants can directly affect the cellular 

signaling apparatus, in particular MAPK signaling pathways and, consequently, the 

control of gene expression (Numazawa et ai, 1997; Tao et ai, 1996; Kanterewicz et ai, 

1998). A possible mechanism of redox regulation of signaling by ROS is direct 

modification of specific amino acids in redox sensitive regulatory proteins (Lander et ai, 

1997). ROS have been shown to stimulate p38 and c-fos gene expression in human 

fibroblast cells (Numazawa et ai, 1997) and to partially mediate p38 activity in murine 

keratinocytes (Tao et ai, 1996). In addition, it has been reported that some ROS, such as 

hydroxyl radicals, can be generated by stress signals such as UVB light (Zhang et ai, 

1997). Exposure of human keratinocytes to UVB radiation leads to lipid peroxidation and 

a reduction in the activities of superoxide dismutase and catalase, enzymes that form a 

major cellular defense system against ROS (Punnonen et ai, 1991). The ROS generated 
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by UV irradiation are required for activation of kinases that are involved in cellular 

signaling (Scharffetter-Kochanek et ai, 1997). Antioxidant regulation of kinases 

involved in signaling, in particular MAP kinase, has been reported. Guyton et al. (1996) 

reported that ERK2 activation by H2O2 was blocked by pretreatment with a free radical 

scavenger N-acetyl-cysteine in NIH3T3 cells. Liu et al. (1996) showed that arsenite 

treatment potently activated both p38 and JNK, but only moderately activated ERK. 

Activation of all three MAP kinases was prevented by N-Acetyl-L-cysteine, suggesting 

that an oxidative signal initiated the responses. Our data suggested that UV6 markedly 

induced activation of MAPKs (Figure 34). It is possible that induction of ROS by UVB 

irradiation plays a role in activation of MAPKs in HaCaT cells. There is evidence that 

EGCG has antioxidative properties (Yang et ai, 1993; Lin et al., 1997). EGCG is a 

strong scavenger against two major ROS; superoxide am'on radicals and hydroxyl 

radicals (Yang et al., 1993). These two ROS species can initiate lipid peroxidation 

reaction (Yang et al., 1993). Because our study showed that EGCG inhibited UVB 

induced activation of p38 in human keratinocytes, it is possible that the inhibitory action 

of EGCG on UVB induced p38 activation was partially mediated by its antioxidative 

properties. It has been suggested that antioxidants might influence cellular signaling in 

two general ways: they may quench extracellular and intracellular ROS, or they may 

affect cellular signaling by modifying redox sensitive sites on molecules involved in the 

regulation of gene expression (Palmer et ai, 1997). In addition to examining scavenger 

action, it will be interesting to further investigate whether the antioxidative effect of 

EGCG also occurs by modifying signaling molecules or other novel mechanisms. 



118 

Our data showed that EGCG inhibited UVB induced phosphorylation of p38 

determined by kinase phosphorylation assays (Figure 34). Since phosphorylation of p38 

is carried out by its upstream kinases, the exact target(s) of EGCG for suppression of 

UVB induced p38 activation should be some p38 upstream kinase(s) or other 

molecule(s), but not p38 itself As discussed above, although there is evidence showing 

MAPK regulation by ROS and antioxidants, it is obvious that MAPKs are downstream in 

the signal transduction pathways. Redox modulation of their activity may have more 

direct effects on upstream activators. 

In summary (Figure 36), this study provides evidence that EGCG inhibited UVB 

induced AP-1 activation in human keratinocytes. The mechanism of the inhibitory effect 

may be through suppression of UVB induced c-fos gene expression. Furthermore, the 

mechanism of EGCG inhibiting UVB induced c-fos expression is through suppression of 

a p38 signaling pathway. The exact p38 upstream target(s) of EGCG requires further 

investigation. These results suggest a molecular mechanism for skin cancer prevention by 

polyphenolic catechins. 
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Figure 36. EGCG inhibited UVB irradiation induced AP-1 
activation through suppression of p38 signaling cascade and 
c-fos gene expression in HaCaT cells. 



120 

VI. CONCLUSIONS 

In this dissertation, the molecular mechanisms of UVB irradiation induced AP-1 

activation were studied in a human keratinocyte cell line, HaCaT. 

UVB significantly induced AP-1 DNA binding and AP-I transactivation. 

Additionally, UVB induced AP-1 transactivation was also observed in an organotypic 

culture skin model. c-Fos and Jun D were identified as major components of the bound 

AP-1 complexes. Transcription and translation were required for UVB induced AP-l 

DNA binding. Further investigation revealed a correlation between increased AP-l 

activity and accumulation of c-fos mRNA, and c-fos transcriptional and protein levels 

after UVB irradiation. These results suggested that increased c-fos gene expression might 

play an important role in UVB induced AP-1 activation. We presented evidence that 

RNA and protein syntheses in UVB induced AP-1 activation were required for c-fos gene 

expression, however, we could not rule out the possibility that syntheses of some other 

proteins, which might participate in UVB signaling, were also involved in this process. 

Since UVB irradiation is a major source of human non-melanoma skin cancer, and 

keratinocytes are a relevant cell type, these results may provide valuable information 

regarding a mechanism of UVB induced tumor promotion in human skin. 

In the studies of UVB signaling pathways, two members of the MAPK family, 

p38 and ERK, were significantly activated after UVB irradiation. The time course of 

elevated p38 and ERK activity correlated well with the kinetics of UVB induced c-fos 

mRNA, c-fos transcriptional activation, c-Fos protein, AP-1 DNA binding and AP-1 
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transactivation, which indicated a potential relationship between p38/ERK and AP-l/c-

Fos. Further examination showed that both p38 and ERK were required in UVB induced 

c-fos expression. Unlike the classic concept regarding the signaling cascade of c-fos gene 

expression, which claimed that ERK was necessary for different extracellular stimuli 

induced c-fos expression, a novel finding of our results was that p38 appeared to play a 

more important role than ERK in this process. This was shown by the fact that 

suppression of p38 almost completely abrogated UVB induced c-fos expression, whereas 

c-fos expression was only partially inhibited by suppression of ERK. Thus, a partial 

signaling cascade of UVB induced AP-l activation in HaCaT cells has been elucidated 

(Figure 29). One of the significant aspects of these studies was that the experiments were 

conducted using UVB irradiation and human keratinocytes, a relevant model for studying 

UV induced skin carcinogenesis. Since we demonstrated that c-fos expression may play 

an important role in UVB induced AP-l activation, and AP-l activation is known to play 

a role in tumor promotion, our results suggest that both p38 and ERK could be potential 

targets for chemoprevention of skin cancer. 

At the present time, the upstream intermediates of p38/ERK signaling cascades 

are unknown. One or a few subtypes of PKCs such as aPKC (^, X) and nPKC (e, 5) might 

be candidates based on current knowledge of UV signaling pathways as discussed in 

"Background Information". A specific subtype of PKCs may act on a specific p38 or 

ERK subtype cascade. Using biological inhibitors such as dominant negative PKC 

subtype vectors or specific chemical inhibitors may reveal the undiscovered 

intermediates, tn addition, other signal transduction pathways may also contribute to 



122 

UVB induced c-fos expression in human keratinocytes. The signaling pathways we 

examined were much more complicated than we had initially anticipated. We originally 

hypothesized that the signaling pathways were linear and that a specific input would elicit 

a specific biologic response. However, it now appears that communication takes place 

through a complex network of signaling cascades and information flows not only from 

the outside to the inside, but also laterally from one pathway to another. The cooperation 

between these pathways may determine the biological fate of cells. How this 

communication takes place and how the crosstalk is regulated will be interesting subjects 

requiring further investigation. 

In the chemoprevention study, EGCG, a major polyphenol isolated from green 

tea, was found to inhibit UVB induced AP-l transactivation, c-fos mRNA, c-fos 

transcription and c-Fos protein expression. Furthermore, EGCG inhibited UVB induced 

p38 phosphorylation without affecting ERK and JNK. Thus, suppression of the p38 

cascade at an upstream level was the mechanism of EGCG's inhibitory effect on UVB 

induced c-fos expression, which may further explain its inhibitory mechanism on UVB 

induced AP-l activation. Consistent with the results of our UVB signaling study, this 

investigation further indicate that the p38 signaling cascade is very important for UVB 

induced c-fos expression in human keratinocytes. The mechanisms of the inhibitory effect 

of EGCG on UVB induced p38 activation need further examination. A potential 

mechanism may be related to its antioxidant effect. The results of this study may provide 

a molecular mechanism for skin cancer prevention by polyphenoUc catechins. This study 

may also provide a novel approach to search and study potential chemoprevention agents 
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against skin cancer. UV induced signal transduction pathways are associated primarily 

with the promotion stage of UV carcinogenesis. Activation of these pathways result in 

activation of transcription factors such as AP-I that induces the transcription of 

oncogenes, and ultimately cause changes in cell growth. Blocking oncogene activation 

could be achieved by many different strategies, such as direct suppression of transcription 

and/or translation. Blocking signal transduction pathways may be an advanced way to 

inhibit oncogene expression since "cancer signals" would be blocked before they reach to 

nucleus, and therefore the tumor promotion should be stopped. An important prerequisite 

for pursuing this strategy is to determine which signaling cascade is responsible for 

specific oncogene expression or activation. One or a few biological markers need to be 

carefully selected in order to achieve the goal. In our future chemoprevention studies, 

UVB induced p38 cascade in human keratinocytes could be a potential target to test anti

cancer effect of various agents in vitro. 
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